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Abstract

Metal additive manufacturing (MAM) technology is now changing the pattern of the high-end
manufacturing industry, among which microstructure simulation gradually shows its importance and
attracts many research interests. Until today, the simulation of solidification microstructure in MAM
remains challenging because of the complex solidification conditions. This research develops a data-
driven model to investigate the competitive grain growth behaviour and a novel method to quantitively
simulate the topology structures of the columnar grains in laser wire directed energy deposition (DED)

fabricated Ti6AlI4V.

With a thorough review of the literature, the development of existing solidification microstructure
simulation methods as well as their capacity and applicability on MAM are discussed. Traditional
solidification microstructure simulation methods all have their merits as well as drawbacks when applied
in MAM processes. To fill the gaps in the rapid solidification theory, a data-driven approach is developed
to analyze the anisotropic grain growth effect under a rapid directional solidification condition in laser
wire DED fabricated Ti6AI4V. A series of laser wire DED, optical microscope, and electron backscatter
diffraction (EBSD) experiments were carried out under the experimental design to gather the training and
testing data for the artificial neural network (ANN), which is used as an engine to predict the transient
grain boundary angles. After parameter tuning and model testing, the strategy and ANN model developed
in this work is demonstrated to be an efficient way to describe the competitive grain growth behaviour in
laser wire DED fabricated Ti6AIl4V. In conjunction with the regression relation found by the ANN, a
deterministic solidification microstructure simulation model named the “invasion model”, is established
to avoid the essential defects of traditional methods, such as the high computational cost and the handling
of rapid solidification phenomena. This model focuses on the interaction between the neighbouring bi-

crystals instead of simulating the growth kinetics of each columnar grain or deriving the field form of



variables. Within a bi-crystal system, the grain boundary tilt from the vertical direction of solidification
front is understood as a transient invasion behaviour of one grain to another, and the competitive grain
growth behaviour along the buildup process of MAM is an accumulation of all the invasions in bi-crystal
systems. Laser wire DED fabricated Ti6Al4V thin wall samples with full dendritic columnar grains (prior
beta) are used as a benchmark to test the validation of the novel simulation model. The grain structure of
reconstructed prior beta grains along the build-up direction has a good agreement with the simulation
result which shows the unique capabilities of the invasion model compared to the traditional ones. In the
end, the crystal (prior beta grain) introducing mechanism in laser wire DED fabricated Ti6AI4V is
investigated. Recrystallization is found to be the main reason that introduces new crystals into the printing
domain and influences the resultant solidification microstructure. The formation tendency of the early-
stage recrystallized grain indicates its strong dependency on the grain boundary alpha phase. Some of the
recrystallized grains are able to participate in the following competitive grain growth, thus influencing the

solidification microstructure in the fabricated part dramatically.



Résumé

La technologie de fabrication additive métallique (MAM) change l'industrie de fabrication de pointe,
incluant 1’adoption d’outils de simulation de microstructure progressivement démontre son importance et
par le fait méme le nombre de travaux de recherche. Jusqu'a aujourd'hui, la simulation de la microstructure
lors de solidification dans MAM reste difficile en raison des conditions de solidification complexes. La
présente recherche est basé sur le développement d’un modeéle pour étudier le comportement compétitif
de croissance des grains et inclut une nouvelle méthode pour simuler quantitativement les structures
topologiques des grains colonnaires dans une structure Ti6Al4V produite par dépdt d'énergie dirigée (DED)

au fil.

Suite a une revue approfondie de la littérature, le développement de méthodes de simulation de
microstructure de solidification existantes ainsi que leurs capacités et applicabilités sur MAM sont
discutées. Les méthodes traditionnelles de simulation de microstructure de solidification possédent des
avantages et inconvénients lorsqu'elles sont appliquées aux procédés MAM. Pour combler les lacunes
émergeant de la théorie de la solidification rapide, une approche basée sur les données est développée pour
analyser l'effet de croissance anisotrope des grains dans des conditions de solidification directionnelle
rapide pour le DED laser fil du Ti6Al4V. Une série d'expériences de DED laser au fil, de microscopie
optique et de diffraction par retrodiffusion d'électrons (EBSD) ont été menees selon un plan d’expérience
pour rassembler une base de données pour entrainer et tester un réseau de neurones artificiels (ANN), outil
utilisé pour prédire 1’angle de transition des joints de grains. Suite au réglage des parameétres et des tests
du modele, la stratégie et le modele ANN développeés dans ce travail s'avérent étre un moyen efficace pour
décrire le comportement compétitif de croissance des grains dans le DED laser fil du Ti6Al4V. En
conjonction avec la relation de régression trouvée par I'ANN, un modele de simulation de microstructure

de solidification déterministique nommé « modele d'invasion », fut établi pour éviter les limites
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essentielles des méthodes traditionnelles, tels que le colt de calcul élevé et la gestion des phénomenes de
solidification rapide. Ce modéle se concentre sur l'interaction entre les bi-cristaux voisins au lieu de
simuler la cinétique de croissance de chaque grain colonnaire ou de dériver la forme de champ des
variables. Dans un systeme bicristallin, lI'inclinaison des joints de grains par rapport a la direction verticale
du front de solidification est considérée comme un comportement d'invasion transitoire d'un grain a un
autre, et le comportement compétitif de croissance des grains le long du processus d'accumulation de
MAM est une accumulation de toutes les invasions. Des échantillons a paroi mince de Ti6AI4V fabriqués
par DED laser fil avec des grains colonnaires dendritiques complets (pré-béta) sont utilisés comme
référence pour tester la validation du nouveau modeéle de simulation. La structure des grains pré-béta
reconstruits le long de la direction de fabrication présente une bonne symétrie avec le résultat de la
simulation, qui démontre les capacités uniques du modeéle d'invasion par rapport aux modeles traditionnels.
Finalement, le mécanisme d’invasion du cristal (grain pré-béta) dans le DED laser fil pour le Ti6Al4V est
étudié. La recristallisation s'avere étre la principale raison qui germine de nouveaux cristaux dans la
structure imprimée et influence la microstructure de solidification résultante. La formation de grain
recristallisé a un stade hatif indique sa forte dépendance a la phase alpha au joint de grain. Certains des
grains recristallisés sont capables de participer a la croissance compétitive des grains subséquent,

influencant ainsi considérablement la microstructure de solidification dans la piéce fabriquée.
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Chapter 1.  Introduction and motivations

1.1.  Metal additive manufacturing

Additive manufacturing (AM, also known as 3D printing) refers to a process by which digital 3D design
is fabricated in a layer-by-layer fashion. Metal additive manufacturing (MAM) methods based on powder,
wire, sliced metals and alloys are famous for their flexibility, efficiency, and accuracy [1]. Due to the
nature of MAM process, which adds material only at the desired place, the lead-time and material waste
are reduced to a relatively low level. More importantly, since the tooling is no longer needed, MAM
unlocks a significant amount of constraints for the designers to design products with complex geometry
[2]. The technical features of MAM make it suitable for industries with small batch and high complexity
part geometry, especially hollow structures, and complex curved surfaces. There are already relatively

mature applications at present in aerospace, remanufacturing, medical industries and so on [3].

Following American Society for Testing and Materials (ASTM) classification, MAM technologies can be
broadly classified into two categories, namely directed energy deposition (DED) and powder bed fusion
(PBF) [4]. There are several technologies under each category branded by different manufacturers [5-7].
The PBF technologies (electron beam selective melting EBSM and selective laser melting SLM) enable
the building of complex features, hollow cooling passages and high precision parts; however, they are
limited by building envelop, single material per build, and horizontal layer-building ability. In contrast,
the DED technologies feature a larger build envelop and higher deposition rate but their ability to build
finer and complex geometry is limited. DED technology also offers the ability to deposit multiple materials
in a single build and add metal material on existing parts; thus, it is suitable for large component printing
and remanufacturing industries [5]. Commercially available MAM technologies are mainly based on three

types of heat sources: laser, electron beam and plasma arc, for melting the feedstock (powder or wire).



Laser and arc-based systems are usually operated under an inert atmosphere (especially for titanium
processing) compared to the vacuum environment for electron beam processes. Even though the high
vacuum systems are more expensive, they offer the advantage of low residual stress and gas element

contamination, and electron beam—processed parts can be used without any stress-relieving operation [7].

DED is an important branch in MAM, now showing strong potentials in the rapid fabrication of large
component prototypes and remanufacturing industry. A typical DED machine consists of a nozzle
mounted on a multi-axis arm or a gantry system, which deposits melted material onto the specified surface,
where it solidifies under a gas protection environment. Figure 1-1a shows the DED system (LAWS 1000
automated welding system equipped with a 1 kW YAG solid fibre laser) used in this research and Figure
1-1b is the schematic representation of a front feed laser wire DED process. The key process parameters
in this process are laser power, scanning speed, wire feed rate and angle, hatching space, dwelling time
between tracks and so on. To avoid gas contamination, a protection environment (Argon as shielding gas)

is provided during the sample fabrication process.
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Figure 1-1 (a) LAWS 1000 automated welding system (Liburdi) (b) schematic diagram of a gantry front
feed laser wire DED process [8]



Different from casting and forging, DED processes are characterized by heterogeneous nucleation,
epitaxial grain growth and rapid, directional solidification due to the layer-by-layer build-up fashion.
Uncertainties in the process-structure-property (PSP) linkage are restricting the development and
application of this technique [9], and recognizing the interplay between PSP linkage is crucial for quality
control and development of this technology. Modelling approaches and numerical simulations are the ideal
tools to fill the gap by saving time and experimental costs [10]. These models enable mechanical property
predictions from the process and material parameters and serve as a guideline for design, process control,
and optimization. Before going to the simulation methods, a detailed understanding of the solidification

process in MAM and the common resultant microstructural features (simulation targets) is necessary.

1.2.  Solidification in metal additive manufacturing

Solidification is never an easy problem since it involves the phenomena of heat and mass transfer, phase
transformation and interface movement. The solidification condition of MAM within a melt pool is more
complex than casting as the solidification interface in a melt pool is a relatively small, highly nonlinear
free-form interface. It usually takes place under a rapid and steep thermal gradient condition where various
physical parameters are difficult or even impossible to be quantified. Another problem for solidification
microstructure simulation techniques comes from the highly nonlinear interface evolution during the
solidification process, especially the frequently encountered dendritic structures in MAM. To depict the
microscale features of material microstructure, simulation techniques need to mesh the investigated
domain in an even finer manner, which is typically recommended to be ten times finer than the feature
scale to stabilize the simulation result. This leads to the requirement of enormous computational power

usually making it impossible for a part-level solidification microstructure simulation.



In metallurgy, solidification is considered to have two steps: nucleation and grain growth. The following
section begins with the issues of these two aspects in MAM first. As welding is usually considered as the
core of MAM techniques, the solidification phenomena in the welding technique are then elaborated. The
grain growth section mainly focuses on a constrained growth case of dendritic columnar grain case which

matches the research scope of this thesis.

Among the limited number of printable alloy systems including Ti-based, Fe-based, Al-based, Ni-based,
and Co-based alloys, MAM technologies inevitably lead to unique microstructural characteristics w.r.t.
traditional forming and manufacturing methods. These differences are inevitable results of the melting,
solidification and cooling condition provided by MAM, and the material aspects including nucleation,
grain growth behaviours and solid phase transformation, hence the different resultant mechanical
properties and defects. In this Chapter, the Ti6Al4V alloy is selected to explain the common
microstructural characteristics in MAM, including columnar grains, nucleation, and epitaxial grain growth
behaviour as well as the solid phase composition. These characteristics are also frequently observed in
other printable alloy systems. Most of the materials have all the mentioned microstructural features, and
the rest should be investigated individually. The dendritic columnar grains of as-solidified phases, such as
the primary beta of Ti6Al4V, are simulation targets and referred to as ‘grains’ or ‘column grains’ for

simplicity.

1.2.1 Nucleation v.s. epitaxial grain growth

Nucleation is the first step of the solidification process. Here, the basic introduction of traditional
nucleation theory is skipped to avoid redundancy. The detailed derivative from a thermodynamic point of
view can be found in most of the solidification books [11]. In the deterministic models of solidification,

the heterogeneous nucleation theory is widely used to explain the small undercooling needed for a
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conventional solidification process. In the heterogeneous nucleation theory, if the nuclei are
simultaneously generated at a critical undercooling value, it is unable to account for the grain density
changes in different cooling conditions. This is contrary to observation, where the grain size will decrease
drastically at a higher cooling rate. Currently, the instantaneous nucleation theory is broadly accepted by
researchers and has been implemented in solidification microstructure simulation where the nucleation
phenomenon is considered as a thermally activated process. Based on the experimental observation from
Oldfield [12] that the density of the grains is positively correlated to maximum undercooling, the nuclei

density increased by supercooling can be formed under a log Gaussian distribution [13]:

dn_ _ Npax 1 _1 InAT—-InAT, 2 .
d(AT) _ AT,V AT EXp[ 2(—”6 ) ] Equation 1.1

where n,,,, 1S the total nucleus number per unit volume; AT, and AT, are the standard deviation and mean
value of the log of supercooling respectively. Here, how to obtain the n,,,, is a critical question that
eventually decides the average grain size. Some research directly counts the grains in a unit volume or
calculates from the measured grain size [14, 15] before implementing the instantaneous nucleation theory.
This practice goes against the prediction nature of simulation, but it is a compromise of the reality that the
total nucleus number calculated from the traditional nucleation theory has a deviation of several

magnitudes of difference from the experimental result [16].

In term of nucleation behaviour in laser wire DED fabricated Ti6Al4V, epitaxial growth is a common
phenomenon and a single crystal (prior beta) usually run through multiple layers of material deposition
[17]. In some cases, the column grains even grow throughout the entire length of the printed part. If the
partially melted crystal is considered as the substrate for nucleation to start, there will be perfect
compatibility between the solid and the liquid phases. Theoretically, there is no nucleation energy barrier,

and the wetting angle is zero. It means there are little or no newly formed nuclei in the material deposition



process if the columnar to equiaxed transition (CET) cannot be achieved. Thus, the instantaneous
nucleation can also be neglected in most cases, and the column grains directly epitaxially grow from a
crystallographic orientation and grain geometry-defined substrate in many MAM solidification
microstructure simulations. However, external factors such as impurity, defects and recrystallization are
the main reason for new nuclei in MAM. These external factors also provide additional nucleation

positions and in turn change the microstructure dramatically.

1.2.2 Grain Growth

1.2.2.1 Solidification mode

Based on the morphology of the liquid and solid interface, the solidification is usually described in four
modes (shown in Figure 1-2): planar, cellular, columnar dendritic, and equiaxed dendritic. The planar
solidification model is believed to only take place for pure metal and is rarely encountered in real industrial
practice. The effect of the thermal gradient (G) and the solidification rate (R) on the resultant solidification
microstructure of an alloy is shown in Figure 1-3. The ratio G/R determines the mentioned four modes of

solidification while the product G*R decides the average size of the solidification structure.
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Figure 1-2 Basic solidification modes (observed in carbon tetrabromide): (a) planar solidification; (b)

cellular solidification; (c) columnar dendritic solidification; (d) equiaxed dendritic solidification.
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Figure 1-3 Effect of temperature gradient G and growth rate R on the morphology and size of

solidification microstructure (left). Variation in solidification mode across the fusion zone (right) [18].

Considering a solidification condition within a moving melt pool, the solidification rate increases from
zero at the fusion line to the scanning speed at the centerline. However, the value of the thermal gradient
decreases accordingly. The G/R ratio decreases from the fusion line toward the center line. The
solidification mode may change from planar to cellular, columnar dendritic, and equiaxed dendritic across
the fusion zone, as shown in Figure 1-3 right. The solidification mode transitions have been observed in
several different alloy systems in MAM. However, MAM fabrication of a fully equiaxial grain structure
for Ti6AI4V is difficult, especially for the DED process. As shown in Figure 1-4, the solidification
conditions provided by MAM techniques are analyzed in the G/R graph. The process window of the DED
is mainly located at fully columnar grain and mixed area. The scenario of PBF processes is similar but the
size of the developed microstructure is finer as a result of a higher solidification rate (scanning speed of

PBF is usually higher than DED processes).
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Figure 1-4 A solidification map using Ti6Al4V as an example highlighting the grain type dominating
under varying regimes of solidification front velocity and temperature gradient across the solidification
front [19].

1.2.2.2 Constitutional supercooling

Supercooling, also known as undercooling, is the driving force for the phase transformation from liquid
to solid. The constitutional supercooling which is due to the compositional changes ahead of the solid-
liquid interface results in cooling a liquid below the freezing point. For the solidification of an alloy system,
constitutional supercooling is usually believed to be the main contribution. And by increasing the degree
of constitutional supercooling, the solidification mode can also be changed from cellular/dendritic to the
equiaxed dendritic grain (Figure 1-5). The area where the solid (columnar or equiaxed dendrites) and

liquid phase co-existed is called the mushy zone (represented as M in Figure 1-5). With a very high value



of constitutional supercooling, the mushy zone becomes so wide that allows the nucleation to start directly
in the liquid. Two major recent breakthroughs to understand this problem are the Free Growth Theory
from Greer et al. [20] and the Interdependence Theory from StJohn et al. [21, 22]. By investigating the
growth restriction factor Q, a titanium-copper type of alloy is found to have sufficient constitutional
supercooling compares to the inadequate constitutional supercooling in Ti6Al4V at the solidification front
(Figure 1-6) which results in a fine equiaxed solidification structure and promising mechanical properties
[22]. Unfortunately, there is still no commercial grain refiner for Ti6Al4V that is able to achieve this type
of CET transformation as its constitutional supercooling is inadequate. Thus, the major effort of this thesis
focuses on the accurate simulation of the columnar grain structures in laser wire DED processed Ti6AI4V.
The recrystallization of the prior beta grains is studied in Chapter 6 as it is found to have an influence on
the columnar grain structures. When the fully equiaxed grain structure is achieved in the fabrication, the
number of nucleation sites and the average grain size become more important than the actual grain
structure morphology. Thus, the development of equiaxed grain structure is not include in the scope of

this thesis.
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Figure 1-6 Schematic diagram of the grain growth mechanism of Ti—8.5Cu and Ti6AIl4V alloys. TA is
the profile of the temperature of the melt and TE is the profile of the equilibrium liquidus temperature
[22].
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1.3.  General Microstructural Features in MAM

1.3.1. Columnar Grain, Texture and Anisotropy

MAM studies have shown that columnar grain is a common microstructural characteristic in the fabricated
samples [17, 23-30]. When considering the cooling condition of the bottom of the melt pool in terms of
the thermal gradient (G) and solidification rate (R), the cooling conditions of MAM technologies are
mostly located at the columnar zone of the G-R diagram (with a relatively large G and small R in Figure
1-4) [31-33]. The columnar grains frequently observed in MAM fabricated parts tend to elongate along
the build direction (e.g., the columnar grains of Ti6Al4V, Inconel 718 and 316L fabricated via multiple
MAM techniques in Figure 1-7), approximately parallel to the preferentially growing directions of crystals
or generally the buildup direction. This is the result of the onset of solidification where the fusion transfers
into crystallographically ordered solid phase characterized by body-centred cubic (bcc), face-centred

cubic (fcc) or hexagonal closed-packed (hcp) crystal structure.

The reason for the columnar grains going through multiple layers is the so-called ‘epitaxial growth’
behaviour in MAM [34]. From the energy point of view, it will save more free energy if nucleation starts
from partially melted grains in the previous layer rather than generating a new one. The newly formed
grains will inherit crystallographic information like crystal orientations and grain size from existing
crystals. Those with their preferred grain growth directions aligned with the thermal gradient direction
tend to stand out from the competitive grain growth and develop even bigger through MAM build-up
process. In the buildup direction of MAM, the steep thermal gradient of the melt pool provides a perfect
selection environment for grain growth. The columnar grains with their preferred grain growth direction
align with the thermal gradient direction have the growth advantage, and they are able to kill the adjacent
grains during the competitive grain growth process. In a single weld track of MAM, the columnar grains

tend to tilt towards the scanning direction to align their preferred growth direction with the maximum
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thermal gradient direction. Theoretically, if the columnar grains grow steadily and align with the thermal
gradient direction, it will result in a curvature of the grain shape because the grain will experience a
changing thermal gradient direction along the melt pool tail. However, this kind of grain curvature can
also be inhibited due to the constrained solidification among the highly textured grains (preferential

growth direction in the build-up direction) and the remelting in MAM.
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Figure 1-7 Column grains in Ti6Al4V parts produced by (a) DED [35] (b) SLM [36] (c) Gas Tungsten
Arc Welding (GTAW) [29]; (d) Column grains in Inconel 718 parts produced by DED [37] (e) SLM
[38] (f) Electron beam smelting layered solidification [39] (g) Column grains in 316L parts produced by
DED [40] (h) SLM [41] (i) EBSM [42]
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Different from conventional manufacturing methods like casting, forging, and rolling, the solidification
texture of MAM fabricated parts is usually more emphasized than the deformation texture. Most of the
conventional metallic materials processed by MAM are cubic crystal systems (either bcc or fcc). When
they are processed by this layer-by-layer building strategy, highly crystallographic solidification textures
are frequently encountered with the preferred grain growth direction of the crystals parallel with the
buildup direction (Nz) of MAM process (e.g., the strong <001> // Nz solidification fibre texture). The
texture becomes stable after a few layers of deposition when the competitive grain growth is complete

[43].

Also, the developed microstructure in MAM tends to generate anisotropic microstructural features like
the mentioned columnar grains, texture, networks of dislocation, precipitates, harmful phases and so on.
Combining with the manufacturing deficiencies during the printing process, this can further result in
anisotropic mechanical properties of the printed metal parts [44]. As the columnar grains are generally
parallel with the building direction, the dislocations within the crystals are easier to be accumulated on the
grain boundaries areas and result in stress concentration under a force loading on the build-up direction.
And on the other hand, in the vertical loading direction, more elongation before failure is found [45].
However, this conclusion is not always true as some study shows that cracks also have the propensity to
propagate along columnar grain boundaries in some cases [46, 47], like Ti, Ni and Al alloys [44].
Researchers attribute this mostly to the morphology of the columnar grain, as in the build-up direction of
MAM where grain boundaries lose their effect of cleavage-cracking resistance [48]. The segregation at
the grain boundary in some of the alloy systems also leads to a risk of hot cracking as a result of thermal
stress and segregation-induced liquation, especially at high-angle grain boundaries [49]. As a result, the
morphology of columnar grains in MAM samples leads to anisotropic mechanical properties in the as-

built condition [44]. Depending on the loading direction with respect to the morphological orientation of
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columnar grains, ductility differences were discovered between horizontally and vertically built test
specimens [47, 50, 51]. The frequently encountered cellular/dendritic solidification microstructure in
MAM is usually in a fine manner as a result of the rapid solidification. Compared to casting, it presents a
higher strength and superior mechanical properties. On the other hand, great efforts have also been made
to achieve the equiaxial grain morphology by investigating the CET phenomenon with the help of

numerical models [24, 52, 53].

1.3.2. Hierarchical Phase Composition

During MAM, local temperature history varies depending on the different spatial positions in the printed
part, and this has been extensively proved from both experimental and simulation points of view. As
shown in Figure 1-8, at a single point within a fabricated part, the material experienced a complicated
cooling and heating history. The combination of this repetitive thermal cycling and associated residual
stress developed during printing provides the activation energy for solid-phase transformations, which
gives a chance for the unstable solid phase (from rapid solidification) to dissolve. This is especially
exemplified for materials with solid-solid phase transformations, where hierarchical phase composition

within the printed part can be found.
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Figure 1-8 (a) Simulated temperature profile and thermal gradient versus deposited time of DED

fabricated part; (b) Simulated temperature profile and the measured temperature versus deposited time at
different locations [54].

Various solid phase compositions along with the newly added deposition layers can be depicted as

position-dependent microstructural “maps”, based on known relationships from the thermal history and

microstructural evolution. As in DED fabricated Ti6Al4V (Figure 1-9), the complex solid phase

transformation even takes place within several layers of printing. This type of microstructural evolution

map can be coupled with thermo-mechanical models to make predictions of the phase composition after

printing and provide the guideline for process parameters selection and optimization.
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Figure 1-9 Microstructural evolution map of Ti6Al4V fabricated by DED as each layer is deposited
(reproduced from [44, 55, 56]).

The microstructures in MAM tend to be finer than traditional manufacturing methods because of the rapid
solidification. If a sufficient cooling rate is imposed, diffusionless solid-solid phase transformation can be

activated.

1.4.  Metallurgy of MAM Ti6AI4V

Titanium alloys are famous for their light weight, high strength, heat, and corrosion-resistant properties
[57-61]. However, titanium is hard to extract as pure metal and normally used for high-value-added
products [62]. In the past few decades, titanium and its alloys are found to be a good combination with
AM. To date, there have been only a limited number of commercial alloys used in AM, among which

Ti6Al4V has been by far the most extensively investigated. This can be attributed to the strong business
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case of complex and low production volume titanium parts [27]. Titanium alloys are among the most
important categories of advanced materials being widely used in aerospace and terrestrial systems [7]. The
conventional titanium alloys are categorized based on the phases present at room temperature. With the
addition of different stabilizer elements, three types of titanium alloys predominately consist of alpha
(hcp), beta (bcc) and alpha + beta phase. Considering the combination of strength, workability, and
formability, Ti6AI4V becomes the most widely used titanium alloy. This argument also applies to the case
of AM with a lot of research and applications of titanium alloys focusing on Ti6Al4V because of its high
weldability. However, there are still several studies on other types of titanium alloys [63, 64]. Beyond
Ti6Al4V, another class being extensively investigated in MAM is Ti6242 (Ti-6Al-2Sn-4Zr-2Mo) [65].
This near-alpha titanium alloy composition shows promising properties compared to Ti6AI4V in aspects
of good toughness, high-temperature stability and good creep resistance [66]. Studies are also conducted
to understand the porosity formation [66], the effect of heat-treatment [67], alloy composition optimization

[68] and so on.

In Ti6AI4V MAM studies, the as-built microstructure is usually composed of the martensitic alpha prime
phase with little alpha or beta phases in a high cooling rate (diffusionless solid phase transformation in
PBF) [36, 69, 70]. And in EBSM and DED cases with a relatively lower cooling rate, it typically presents
an alpha-beta Widmanstatten structure. The heat input in the DED processed samples is usually higher
than that in SLM,; thus, the relatively slow cooling rate gives the opportunity for diffusion-controlled solid
phase transformation. This sometimes results in the alpha phase forming at the grain boundary of prior
beta grains (pointed out in Figure 1-10b). The thermal cycles in MAM process usually result in a changing
phase composition along the build-up direction. In most cases of Ti6Al4V, the secondary or higher-order
branches of dendritic columnar grains merge [71], and the solid-phase transformation eliminates the

original grain morphology. To investigate the original solidification microstructure of MAM fabricated
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Ti6Al4V, the EBSD technique is frequently used [50, 51, 72-76]. The prior beta grain can be characterized
by the EBSD reconstruction result to provide the crystal orientation information and the approximate grain
morphology as well. Detailed methodology is explained in Chapter 4 of this thesis. Post-processing can
also influence the microstructure in Ti6Al4V dramatically, this includes stress relieving, annealing, and
ageing, hot isostatic pressing and so on. The corresponding resultant microstructure under different

cooling conditions can be found in the titanium alloy handbook [77].

Figure 1-10 Phase Composition of Ti6Al4V fabricated by DED: (a-b) Micrographs of macrostructure

and fine microstructure of DED sample [78]

Studies also show that primarily alpha prime microstructure results in low ductility, and unlike the
martensite in steels, alpha prime in titanium alloys contributes little to the strength of the material. The
size of the alpha colony is a determining factor for the mechanical properties [79]. By applying post-
process heat treatments to decompose alpha prime into microstructures consisting of alpha and beta phases

(i.e., lamellar microstructure), ductility can be improved significantly [36]. Besides Ti6Al4V, post-
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processing and heat treatment are also powerful tools for MAM fabricated alloy systems to control their

solid phase composition and mechanical properties [26].

1.5. Fundamentals of Machine Learning and Application in MAM

A widely accepted definition of machine learning (ML) is given by Tom Mitchell as “a computer program
is said to learn from experience E with respect to some class of tasks T and performance measure P if its
performance at tasks in T, as measured by P, improves with experience E” [80]. The most commonly used
machine learning algorithms are categorized as supervised or unsupervised. Supervised machine learning
algorithms make the prediction from the learning of labelled data. Based on whether the prediction is made
on concrete or continuous value, the task can be further divided into classification or regression. Starting
from the analysis of a known training dataset, the learning algorithm produces an inferred function to
model the relationships and dependencies between the target prediction output and the input features. The
trained model can make predictions with new input and evaluate the accuracy, then modify the model
accordingly. The commonly used algorithms include nearest neighbour, naive Bayes, decision trees, linear
regression, support vector machines (SVM) and ANN. In contrast, unsupervised machine learning
algorithms work on data neither classified nor labelled. Unsupervised learning studies how systems can
infer a function to describe a hidden structure from unlabeled data like finding clusters of instances or
simplifying it through the removal of high-entropy features. The main types of unsupervised learning

algorithms include clustering algorithms and association rule learning algorithms.

Semi-supervised machine learning algorithms fall somewhere in between supervised and unsupervised
learning since they use both labelled and unlabeled data for training — typically a small amount of labelled
data and a large amount of unlabeled data. The systems that use this method can considerably improve

learning accuracy. Usually, semi-supervised learning is chosen when the acquired labelled data requires
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skilled and relevant resources in order to train and learn from it. Otherwise, acquiring unlabeled data

generally doesn’t require additional resources.

Reinforcement machine learning algorithms are a relatively new learning method that interacts with its
environment by producing actions and discovering errors or rewards. Trial and error search and delayed
reward are the most relevant characteristics of reinforcement learning. This method allows machines and
software agents to automatically determine the ideal behaviour within a specific context to maximize its
performance. Simple reward feedback is required for the agent to learn which action is best; this is known

as the reinforcement signal.

Compared to conventional manufacturing methods, there are more uncertainties in AM processes as they
usually involve complex designs, transport phenomena, phase transformation, and in-process control to
achieve the desired microstructure and properties. In the meantime, the enormous data generated from
design and PSP linkage [81, 82] in AM techniques brings challenges to researchers, and the traditional
trial and error methods are usually not efficient. Considering the melt pool size alone, it can change from
hundreds of micrometres in PBF to several millimetres in DED, and this may eventually result in very
different microstructures and properties. Modelling approaches and numerical simulations are the ideal
tools to fill the gap and save experimental costs [10, 83]. However, establishing mechanistic models [84]
usually requires domain knowledge and model validation process before their reliable applications. In
recent years, an increasing number of studies are looking into solutions by directly applying data-driven
approaches. ML continuously shows its advantages to dealing with the uncertainties and multiple types of
data from AM for various reasons. First, it avoids solving complex equations in many physical models.
Second, it fills the gap where traditional theories are either non-existent or lose function due to their
inability to solve application-specific problems. Finally, it is able to make a prediction for a long process

range based on the well-tested and reliable ML algorithms encoded by the open-source software [84].
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Thus, apart from physical-based mechanistic models, great efforts have been spent towards developing
the correlation in between by using the advanced data mining techniques of machine learning [85]. The
increasing interest in data-driven analysis, now, also extends to the field of AM [86-88]. Lu et al.
investigated the effect of main parameters (laser power, scanning speed and powder feeding rate) on the
depositing height of a single track in Laser Engineered Net Shaping (LENS). The backpropagation (BP)
based network improved with Adaptive learning rate and Momentum coefficient (AM) algorithm, and the
least square support vector machine (LS-SVM) network are both adopted. The performance of different
algorithms was compared [89]. Karimzadeh et al. used an ANN within a Bayesian framework to model
the effect of welding current and speed on average grain size in Ti6Al4V alloy weldments [90]. Ghosh et
al. developed a data-driven multilayer perceptron-based neural network model to predict the percentage
of total porosity and mechanical properties in A356 aluminum alloy during the solidification process [91].
Krol et al. have analyzed the impact of various process parameters on the dimensional accuracy of AM

fabricated part, at the meantime, calculated their decisive importance [92].

In the material deposition process of MAM, the melt pools generated from all kinds of high energy sources
are vital to the resultant microstructure and mechanical properties. Studies on weld bead modelling carried
out under regression analysis [93] are substituted into ML to achieve higher efficiency and accuracy.
Especially, the neural network has a greater capacity for approximating and predicting any nonlinear
processes than the traditional regression models. Xiong et al. established a neural network model to predict
the desired bead geometry in terms of bead width and height. The neural network performs better than the
second-order regression model with a higher efficiency [94]. Garg et al. proposed a modified multi-gene
genetic programming approach to reveal the hidden relation between process parameters and bead width

[95]. Ding et al. determine the relationship between single bead geometry and welding process parameters
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through an ANN model. The adaptive medial axis transformation (MAT) algorithm for void-free

deposition is introduced to achieve high geometrical accuracy [96].

The advantage of data-driven modelling is its efficiency and fidelity achieved. It turns out to be a more
realistic approach compared to the direct simulation when the physics behind are ambiguous and yet not
fully understood. However, data-driven modelling remains a challenge because enormous experimental
data is needed as training data to guarantee the accuracy under adapted machine learning algorithms.
Along with the booming of computer science and machine learning algorithm, there is a vast number of
opportunities for improvement of data-driven approaches in AM when investigating the PSP linkage and
controlling the uncertainties. It becomes an additional way aside from the direct numerical simulations

and has already shown great potentials.

1.6. Research objectives
The main goal of this research is to develop a practical model that is able to quantitively simulate the
solidification microstructure in laser wire DED fabricated of Ti6Al4V, with the support of a data-driven

approach. The specific objectives of this research are listed as follows:

e Develop a database to investigate the anisotropic grain growth behaviour in laser wire DED
fabricated Ti6Al4V and establish the regression relation between the crystal orientation,
solidification conditions and the resultant grain boundary angle.

e Develop a novel model focusing on the interaction within a bi-crystal system under different
solidification conditions of MAM and simulate the solidification microstructure in laser wire DED
fabricated Ti6AIl4V on a practical scale.

e Validate the “invasion model” under the configuration of laser wire DED fabricated Ti6Al4V thin

wall structure.
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e Investigate the crystal introducing mechanism in laser wire DED fabricated Ti6Al4V which

influences the solidification microstructure dramatically.

1.7.  Thesis organization

This thesis is composed of 7 Chapters. Chapter 1 presents an overview of the research background of the
thesis project and introduces the fundamentals of the related concepts. objectives and significance of the
study. Chapter 2 reviews the relevant literature of the current solidification simulation methods together
with their corresponding methodology. The difficulties and drawbacks are discussed at the end. Chapter
3 describes the proposed methodological framework. This strategy addresses the difficulties in MAM and
avoids the essential defects of traditional methods. Chapter 4 outlines the development of the ANN
enabled database recording the anisotropic grain growth behaviour of Ti6AI4V in laser wire DED process.
Chapter 5 presents the establishment of a novel deterministic model, called the “invasion model”, and the
experimental validation process. Chapter 6 investigates the crystal introducing mechanism in laser wire
DED fabricated Ti6Al4V. Chapter 7 concludes the major findings of the thesis and provides

recommendations for future research directions.
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Chapter 2. Literature review

2.1.  Introduction

This Chapter aims to provide a comprehensive review of the state-of-art microstructure simulation
methods for MAM fabricated parts to accurately predict the solidification microstructure in terms of grain
morphology and texture. These microstructural features can be further applied to mechanical property
prediction and process optimization. Existing thermal welding models were found to be inadequate for
describing MAM process due to inconsistencies in predictions of the microstructures [90, 97, 98]. MAM
deposition processes are characterized by rapid, directional solidification due to the layer-by-layer build-
up process; the microstructure and mechanical properties of the deposited materials depend strongly on
the cooling condition and subsequent thermo-mechanical cycles. The grain-scale simulation approaches
used to numerically model the solidification process in MAM are discussed in detail and compared w.r.t.
their respective capacity and applicability. Finally, the challenges and opportunities in the area of

microstructure simulation for MAM are addressed.

2.2.  Current Solidification Microstructure Simulation Methods in MAM

One principal aim of material science is to relate macroscopic sample behaviour to microstructure [47]
quantitatively, and simulation is a good option to bridge the gap. Following this, a microstructure
simulation is not necessarily carried out on a microscale as long as its simulation target is the
microstructure. For all the metal solidification processes including MAM, microstructure simulation can
be roughly divided into macroscale (solid-state phase transformation, concentration field, etc.), mesoscale
(grain texture) and microscale (nucleation and grain growth). Furthermore, with the aid of advanced

analytic capabilities of the supercomputer, nucleation behaviours are simulated at an atomic scale [99,
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100]. All the simulation works are facing the trade-off between computational efficiency and accuracy. In
this Chapter, the computational efficiency is analyzed by the computational time and simulation domain
including its dimension. For the accuracy of the solidification microstructure simulation methods, the
smallest time and length scale captured by the three methods are considered. A solid physical background
is needed in order to guarantee the accuracy of the method, but the most straightforward method to test

the simulation accuracy is experimental validation.

Melt pool models in welding have been used as a guide for the development of MAM process and
solidification microstructure simulation [101-104]. Factors such as the solidification front velocity,
temperature gradient, melt pool shape, travel speed, undercooling, and alloy constitution are vital in the
solidification process of MAM to determine the cooling conditions and resultant solidification
microstructure in a single melt pool [105]. Extensive literature has documented the polycrystalline
microstructures as well as the significant differences in the resulting mechanical properties of MAM
components [106-109]. However, due to the rapid development of MAM techniques, it is recognized that

matching detection and simulation systems are becoming increasingly important [110-114].

The study of dendritic growth and features of crystal grain is another prominent fundamental research
topic in solidification microstructure modelling and simulation. It provides a better understanding of the
solidification process and resultant microstructure. In the modern sense of solidification microstructure
simulation, physical models act as the foundation providing a formal description of the crystal nucleation
and grain growth behaviour. Microstructural information such as grain size and morphology are gathered
under different algorithms through numerical simulation and implemented on computer visualization.
With the rapid development of computer technology, some established macro-transmission models have
been used to describe the transport phenomenon and movement of solid-liquid interfaces in space and in

time [115]. From these models, temperature and other field data can be extracted and used in the
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subsequent steps of microstructure simulation. Currently, there are four conventional methods used in the
field of solidification microstructure simulation, namely Cellular Automata (CA), Phase Field (PF), Monte
Carlo (MC) and deterministic method. The deterministic method is based on solidification Kinetics,
usually with clear physical implications and application background. In this work, the first three
probabilistic (subject to or involving stochastic variables or factors) models in MAM are discussed in the

following sections.

The blooming of microstructure simulation on MAM, especially in the last decade, is a result of the rapid
development of MAM technologies and simulation methods. Compared to casting, MAM provides more
opportunities for cooling condition controllability by manipulating the process parameters in a much
smaller region. Simulation increasingly reveals its importance in this area to hit the target of quantitative
control on MAM fabricated microstructure. From all the reviewed solidification microstructure simulation
methods shown in table 2-1, CA is currently the most used method for MAM processes with relatively
low computational cost, and it provides the information of rough outline of solidification grain structures.
It has also been widely implemented in MAM-related topics to investigate the PSP linkage. With the help
of the macro-transmission models, the CA method can be launched at a 3D level with a scope of multiple

layers.

PF methods are capable of high accuracy and resolution in the representation of physical models. It can
capture subgrain features in the solidification microstructure, such as secondary or higher-order dendrites.
However, there is no “free lunch”. PF models are usually computationally expensive and can only generate
one or a limited number of grains in the simulation region. The extension of the PF method to 3D models
renders the level of computational resources required prohibitive. Other challenges arise when modelling
rapid solidification. Specifically, it is not well accepted how to map the asymptotic interface dynamics of

PF models onto appropriate non-equilibrium Kinetics that incorporate solute trapping and drag; indeed, it
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is not even well known what the kinetics at the interface should be when solidification rates become as
high as they do in rapid solidification. For example, it is typically assumed that the continuous growth
model of Aziz and co-workers holds at rapidly moving interfaces [116]. However, there is also compelling
evidence from Molecular Dynamics (MD) that the non-equilibrium two-time kinetics of Sobolev and other
workers holds at rapidly moving interfaces. The existence of an interface in PF models naturally leads to
the phenomenology of solute trapping and drag [117]. However, the degree of trapping and drag exhibited
by each PF model depends on the size of the interface, the interpolation functions used, both of which
effects can couple to the rate of solidification. Recent PF models have considered how to integrate non-

equilibrium effects consistently and quantitatively into PF models [118-120].

As for the MC method, it is simple and effective in simulating grain growth behaviour, especially the
recrystallization, but it can only provide the result after a large number of ‘trial and error’. In the Kinetic
Monte Carlo (KMC) simulations for MAM, the subgrain microstructure such as cells and dendrites are
simplified, in some cases, even the crystal orientations are neglected. Thus, the competitive grain growth
behaviour described by this method has a relatively weak physical background compared to CA and PF
methods. CA and KMC methods usually combine with the thermal history sources to predict the
microstructure evolution during the solidification process. The thermal history source data normally come
from the well-developed macro-transmission models based on finite element, finite difference, or Lattice
Boltzmann method. However, PF models are mostly carried out under the ‘frozen temperature’

assumption, which is only valid under an extremely small region.

Experiments validate most of the simulation results in the reviewed works in terms of grain structure, size,
crystal orientation, and texture. Because of the PF method’s capacity on capturing subgrain
microstructural features, dendrite arm spacing is frequently measured in the validation of PF models to

compare with the simulation result. However, only a limited number of CA and PF models would validate
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the melt pool geometry before launching the solidification microstructure simulation. The accuracy of the

simulation result is thus discredited by using a non-validated boundary condition.

The computation efficiency is usually an issue to consider when a solidification microstructure simulation
is launched in 3D level or multiple layers’ region in MAM. Parallel computation is widely applied to
arrange the computation task into a multi-core Central Processing Unit (CPU) or Graphics Processing
Units (GPU) to increase the processing speed. To save the memory space: iterative data reuse and dynamic
allocation strategies are used in the CA method; for the PF method, this can also be achieved by deriving
new evolution equations. Along with the progress and development of microstructure simulation, new
methods, theories, and techniques continuously come forth — for example, the needle-network method

which has already shown the potentials of its further application in MAM process.
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Table 2-1: Solidification Microstructure Simulation Methods in Grain Level

Simulation Simulation . . . Experimental Validation Computational Efficiency
o Dimension Scope Thermal History Source Reference
Method Obijective Method Improve Strategy
Finite Volume EBSD Measurement -- [121]
Analytical Solution EBSD Measurement Parallel computations [122]
Multiple Layers L Grain Structure and
Finite Difference ] -- [123]
Geometry Analysis
o ) ) Iterative Reuse of Thermal
Finite Element Grain Structure and Size ) [124]
Field Data
Finite Element -- Parallel Computations [125]
Single Track Finite Element and Finite
Cellular 3D EBSD Measurement -- [126]
Volume
Automata — -
Finite Element Grain Structure -- [127]
. . Comparison of Primary
Analytical Solution ) . - [128]
Melt pool Dendrite Arm Spacing
Melt Pool Thermal— Computational Observations from [120]
Solidification Fluid Dynamics (CFD) Literature
Constant Thermal Frozen Temperature [130]
Gradient Area Approximation
) ) Grain Structure and
Multiple Layers Lattice Boltzmann -- [131]
Texture
with Powder i —
Lattice Boltzmann Grain Size and Texture -- [114]
Finite Element Grain Structure and Size -- [132]
o Grain Structure and
2D Finite Difference -- [112]
Texture
Multiple Layers ] Grain Structure and
Phase Filed Model -- [110]
Texture
Finite Element Grain Size Measurement -- [113]
Finite Element Grain Structure -- [133, 134]
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Single Crystal

Avoids Large Equation

Lattice Boltzmann model -- [135]
Systems
o Temperature Field
Finite Element -- [136]
Measurement
Ingot Finite Element Grain Structure Dynamic Allocation [137]
Casting or 3D Finite Element -- Parallel Computations [138]
Directional Finite Element -- -- [139]
idificati Constant Thermal
Solidification ) Finite Element Primary Dendrite Spacing -- [140]
Gradient Area
) ) [14, 141,
2D Section of Ingot Isothermal Grain Structure --
142]
Grain Structure and
0.65 x 0.65 x 10.0 . .
. Frozen Temperature Primary Dendritic Arm -- [143]
pm .
Spacing
3D __
Finite Element (Frozen
1x1x24 pmd Temperature -- -- [144]
Approximation)
) ) Observations from Formulation of New Free
Multiple Layers Phase Filed Model ) ] [145]
Literature Energy Expression
. Melt Pool . Grain Structure and
Phase Field o Single Track CFD ) . - [146]
Solidification Segregation Analysis
o Grain Structure and Arm
6 mm x 12 mm Finite Element ) - [147]
2D Spacing Measurement
150 pm x 150 um Lattice Boltzmann -- -- [148]
o Grain Structure and
50 um x 50 um Finite Element . ] -- [149]
Dendritic Arm Spacing
Grain Structure and
12 pm x 12 pm Frozen Temperature Primary Dendritic Arm -- [150]

Spacing
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Grain Structure and

12 pm x 32.4 um Frozen Temperature Primary Dendritic Arm -- [151]
Spacing
. ) Dendrite Arm Spacing
150 um x 100 um Analytical Solution ) -- [152]
from Literature
3.072 x 3.078 x ) ) GPU and Parallel
Analytical Solution -- ) [153]
3.072 mm? Computation
Parallel Computation and
768 x 768 x 768 )
3D . Frozen Temperature Grain Structure Asynchronous Concurrent [154]
m
: Algorithm
Casting or 1.6 x1.6 x 1.7 mm3 Analytical Solution Grain Structure -- [155]
Directional 1.058 x 1.058 x . .
o Frozen Temperature - New Evolution Equation [156]
Solidification 1.058 mm3
600 um x 600 um Frozen Temperature Grain Structure -- [157, 158]
Frozen Temperature . .
2mm x 1.2mm ) In Situ X-Ray Imaging - [159]
2D Profile
Frozen Temperature or )
5 um - 5mm ) ) Grain Structure -- [160-167]
Analytical Solution
Multiple Layers CFD Grain Structure and EBSD -- [168]
3D ) Grain Structure and Melt
Single Track CFD -- [169-171]
Melt Pool Pool Geometry
Monte Carlo o i
Solidification Grain Structure, Crystal
2D Multiple Layers CFD Orientation and Melt Pool -- [172,173]

Geometry
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2.2.1. Cellular Automata (CA) Method

CAis a type of algorithm reflecting the states of a collection of cells based on transformation rules,
the complex evolution of investigated area in discrete space happens automatically when the rules
are applied iteratively. The conventional CA uses local rules where the instantaneous state/value
of cellular is a function of its neighbours. Recently, variants of the CA method also consider
intermediate or long-range interactions [174]. Even though each cellular consists of many identical
simple components, together, they are capable of complex behaviour and can be used to simulate
complex problems [175]. Unlike general dynamics models, CA is not strictly defined by physical

equations, but by rules constructed with a set of models [176].

Typically, A CA model is composed of the cell, cellular state, cellular space, cellular neighbours,
the function of rule and time. The local interaction between the cell and its neighbours (different
types of neighbour algorithms are developed) is specified through deterministic or stochastic
transformation rules. Considering two time steps of a one-dimensional CA as an example, the

evolution of the model can be simply expressed as [174]:

€§0+At —f fl'tS;At,fl.to—At,fl;i;At’g?gl’f?o’f’fil Equation 2.1
j j J J j J

where £ is the state variable of a cellular, j is the location subscript, t, is the time superscript, and

At is the timestep. The value of an arbitrary state assigned to cellular at a time (t, + At) is
determined by its present state (¢ :°) and/or its last states (¢ °, £:°~", etc.) together with the states

of its two neighbouring cells.

When dealing with complex, dynamic, and random questions, CA has significant advantages due

to its flexible definition of neighbour and action rules. Its application is not limited to a specific
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area. Now, CA has been used to develop simulation models for sociology, ecology, computer

science, physics, chemistry, and other subjects [175, 177, 178].

In the past 25 years, CA has successfully been used in microstructure simulations, for example,
the static recrystallization [179-183], the dynamic recrystallization [184, 185] and the grain growth
behaviours [112-114, 127, 186]. The first CA model to incorporate the solidification behaviour
was developed in the 1990s [14]. These CA models, initially developed in 2D, were later extended
to 3D and coupled with finite element (FE) heat flow calculations resulting in the so-called Cellular
Automaton-Finite Element (CAFE) models [13, 14, 137, 187-190]. They are widely applied in
investment casting [188], directional solidification [137] and an extensive range of microstructure
evolution phenomena including dendrites, micro-segregation, defects in different alloy systems
[71, 191-198]. Also, different kinds of defect formation in the casting production process during
the last stage of solidification are controlled by CA simulations to achieve the desired
microstructure [191]. With the rapid development of MAM, the CA method is also widely applied
in the solidification microstructure simulations for MAM. For example, the CA method was used
in a 2D numerical model to simulate the evolution of solidification grain structure during the laser
MAM process in multiple layers (Figure 2-1a). The influence of the different heat source

parameters on the resultant microstructure was also investigated [112].
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Figure 2-1 An example of 2D microstructure simulation using CA method: (a) SLM process
which involves multiple layers of material deposited on a polycrystalline substrate (b) Schematic
of single dendritic grain growth in the melt (left) and its CA representation (right). [112]

In terms of solidification microstructure simulation, a CA model is usually achieved by short-term
relations or local rules. Every single grain defined by a specific crystal orientation and a nucleation
position can develop on its own, and this self-organized behaviour will depict the grain boundary

geometry as a result of the competitive grain growth.

The physical-based CA models predict the competitive grain growth behaviour and interactions
between the grains under the dendrite tip growth kinetics. In the area of fusion zone and mushy

zone, the total supercooling of a dendrite tip, AT, is the sum of four contributions

AT = ATy, + AT +AT, + AT, Equation 2.2
Where ATy, is the pure thermal undercooling for fluctuation of temperature at solid/liquid interface
caused by thermal diffusion, AT, stands for the undercooling contributions associated with solute

diffusion, AT}, is the kinetic supercooling influenced by the rate at which atoms attach to the solid

phase, AT, is the curvature supercooling due to curvature of the solid-liquid interface, also called
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Gibbs-Thomson supercooling. Based on the solidification situation, some contributions on the
RHS of equation (3) are neglected in different cases. Then, the growth rate of both columnar and
equiaxed grains is calculated as a function of supercooling with the aid of the KGT model [199].
The dendrite tip grain growth rate Vi, and its undercooling are related by using the solute
supersaturation, (2, as an intermediate variable under Ivantsov function of the solute Peclet number:
Iv(Pe). The relationship between dendrite tip growth rate and undercooling can finally be

expressed as

Dy, AT?5

Viip(AT) = P Ta (col-S) Equation 2.3

where Vy, is the dendrite tip growth velocity, D, is the solute diffusion coefficient in the liquid,

m is the liquidus slope, k is the partition coefficient, I' is the Gibbs-Thomson coefficient, C, is the
initial concentration, detailed derivation can be found in [200]. It should be emphasized here that
the dendrite tip growth kinetics we derived above only consider the supercooling contributed by
the solute diffusion (AT,). In the case of MAM, the cooling rate is in the order of 10"5 K/sec and
it usually leads to an enormous supercooling. So, the influence of supercooling due to grain tip

curvature (AT,.) and kinetic supercooling are significant and cannot be neglected.

The crystal structure is another aspect that influences the dendrite geometry significantly [201,
202]. To reflect the preferential growth direction of grains (e.g., the <001> directions of prior beta
in Ti6AI4V), Gandin and Rappaz [189] developed the decentered square growth technique in the
CA method. The algorithm was then improved by Wang and Peter D. Lee to adapt coarser grids
with a concomitant loss in resolution [140]. By using the decentered square growth algorithm, the
crystallography symmetry and the orientation information are stored in each cell of the grain

growth area (Figure 2-1b). Subsequently, the grain cells are capable of growing faster in their
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preferential growth directions according to the total supercooling and reflect the competitive grain

growth behaviour quantitatively.

2.2.2. Phase Field (PF) Method

PF method is a powerful computational approach to solve interfacial problems, such as micro and
mesoscale crystal morphology and microstructure evolution [203]. It is widely applied in the
research topics such as solidification [155, 163-165, 204], microstructure evolution [205, 206],

grain growth [152, 161, 207], dislocation [208], crack propagation [209] and so on.

PF method is a continuum description of the free boundary problem which allows the interface to
be smeared over a diffuse region for numerical expedience [210]. Order parameters representing
the diffused interface can be used to locate the position of arbitrary and highly non-linear interfaces
without explicitly tracking them. This avoids the difficulties led by the sharp interface descriptions
(maximum velocity, marginal stability, microscopic solvability, interfacial wave) [211-214] in

terms of topological complexity, phenomenon descriptions and so on.

In PF models, both the compositional/structural domain and the interface are described by a set of
conserved and non-conserved field variables. Governed by Cahn-Hilliard [215, 216] nonlinear
diffusion equation and the Allen-Cahn relaxation equation, the field variables are continuous
across the interfacial regions, and hence the interfaces in a phase-field model can be diffused to
avoid the problem of meshing the highly non-linear interfaces. This strategy can also be understood
as metallurgical derivatives of the theories of Onsager and Ginzburg-Landau [174, 217]. In the
phase field theory (diffuse interface), the total free energy can be described by

F = [[f(c1, ¢z s MMz, o) + 2y i (Ve)? + X, X301 Yot Bij Vit Vime |d3r + [ G (r —
rd3rd3r’ Equation 2.4
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where F is the total free energy of an inhomogeneous microstructure system, f is the local free-

energy density, G is the function of the long-range interactions, a; and f5;; are the gradient energy

coefficients, c¢;_, are conserved field variables, n; ,, are non-conserved field variables [218].

In equation 2.4, the gradient energy terms come into play at and around the interfaces and
contribute to the total free energy. The way to treat the contribution from various terms to the total

free energy is the main difference among different PF models [210, 219].

Crystallographic structures in metal are always representing a highly ordered phase in the format
of bcc, fcc and hep. For instance, the Ti6AI4V represents a bcc structure after the first order
transformation from liquid to its beta phase. In a two-dimensional PF model, the fourfold surface

energy anisotropy at the solid-liquid interface of a cubic system crystal can be given by

a(@) =1+ ecos(46) Equation 2.5

where ¢ is the strength of anisotropy and 6 is the interface normal direction [150].

When PF models are used to describe the crystalline materials, the basic principle is to use a free
energy functional which is minimized by periodic density to represent the periodic and
symmetrical nature of a crystal lattice [206]. PF method is also capable of simulating crystal grains
with different orientations by introducing multiple order parameters, one for each orientation. An
interaction term in the model can be tuned to control coalescence and grain boundary energy during
the solidification process. However, the large number of crystal orientations also leads to an equal
quantity of order parameters, which increases the computational cost. Due to the extensive
computer power required by the PF method, there is a limited number of PF models implemented
in a melt pool level, let along the whole MAM process. To solve this problem, considerable

progress has been made in recent years to increase the efficiency of the PF method: In order to
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keep the numerical scheme of the PF model efficient, a new formulation of free energy was derived
in [145], and the solidification microstructure simulation was carried out in a region of multiple
layers. [156] introduced the nonlinearly preconditioned quantitative PF formula to solve the
evolution equations on a computational mesh coarser than those in the conventional method. The
quantitative simulations of a large number of dendritic growths are carried out on the scale of
centimetres. Parallel computing using GPU is another way to unchain the length scale limitation
of PF, in [154], the problem of insufficient GPU memory was circumvented by employing an
asynchronous concurrent algorithm. The competitive grain growth behavior was also studied in a

3D PF model under different crystal orientations (shown in Figure 2-2).

(a) ~ (b) ' - (@

Figure 2-2 PF simulation on dendrite morphology evolution along with solidification time,

colours indicate dendrites with different crystal orientations. [154]
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To represent the periodic structure of metal crystals in the atomic scale, an extension of the PF
method is introduced and known as the Phase-Field Crystal (PFC) method [220]. It describes the
evolution of the atomic density of a system according to dissipative dynamics driven by free energy
minimization. In the PFC approach, solid-phase free-energy density is also constructed to be
minimized by periodic density states with crystal symmetries. PFC models are derived directly
from, and thus inherit some of, the principles of classical density functional theory. So, it is still
an atomic-scale model in space. On the other hand, its parameterization is not fully quantitative,

which also hinders its application in practical problems including MAM.

2.2.3. Monte Carlo Method

MC simulations involve the use of random numbers and probability to solve complex problems
based on trial and error. With the help of statistical theories, MC models are generally concerned
with large numbers of numerical experiments using uncorrelated random numbers instead of
deterministic algorithms. The main idea of solving state function integrals by randomly sampling

from the non-uniform distribution of numbers was given by [221].

In the field of grain growth simulation, the MC method discrete computation domain for the same
and regular patterns. Each grid in the simulation domain is assigned with an integer number
representing different crystals. Those adjacent grids with the same crystallographic orientation
belong to a single crystal grain. Based on the minimization of system free energy, the randomly
selected nodes will change their orientations and be visualized as the grain growth behaviour. One
thing to notice is that: this kind of MC model is only suitable for solid-state grain growth, for
example, the recrystallization and second-phase precipitation [222-226]. The limitation of the MC

method is obvious that the growth kinetics are not considered in the simulation.
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To achieve the solidification microstructure simulation for MAM process, the KMC method is
adapted to investigate microstructure developed at the melt pool bottom [168, 170, 171]. The
microstructure developed by different process parameters is compared, e.g., the scanning speed
influence on microstructure shown in Figure 2-3. The average size of the columnar grains in the
fusion zone and the equiaxed grains in the heat affected zone was investigated and compared
quantitatively with experiments. This can be attributed to the computational efficiency of the KMC
method which can be launched in experimentally accessible time and length scales providing
practical simulation results [227]. Due to the epitaxial grain growth in MAM, the grain growth
from the liquid to the solid phase is simply treated as inheriting information from the partially
melted grains according to the maximum heat flow direction. In the deposit layers, grain growth

is simulated by KMC models as the migration of grain boundaries caused by the MC time [228].

Z, mm

Z, mm

Figure 2-3 KMC simulation of grain structures in a weld with different scanning speeds. [170]
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2.2.4. Needle-Network Method

In recent years, a novel dendritic needle network (DNN) method is introduced by [229] to unchain
the scale limitation of the PF method. This model represents the primary and high order branches
of dendrites by thin needles which develop their own solute diffusion field and interact with each
other. The growth dynamics of the needle crystals are derived from the Laplacian growth theory
[230]. The tip velocity and radius are computed by considering two conditions: the standard
solvability condition on the scale of the dendrite tip and an additional flux balance condition on
the outer scale of the dendritic network [231]. The target of this method is to bridge the scale gap
between PF and CA methods in the area of dendritic microstructure formation. Different from the
PF method, DNN does not focus on the tip scale solid-liquid interface but extends to the grain
scale with an acceptable loss of accuracy. On the other hand, this method reflects the competitive
grain growth in a more natural way than the CA method by considering both the history-dependent
selection and the intergrain dendrite interactions. This model is implemented for both isothermal
and directional solidification in 2D and validated by comparison with analytical solutions for
equiaxed growth and PF simulations [231]. In their recently published works, a 3D version of
needle-network was proposed and validated with an in-situ X-ray imaging of Al-Cu alloy

solidification experiments [232].

2.3.  Discussion and Perspectives

Until now, most research works on MAM microstructure simulation still focus on the deterministic
methods based on experiments, for example, the effects of various process parameters on
microstructure evolution in thermo-material models [17]. These models are sought by using the

thermal history to predict microstructure evolution and the resulting temperature-dependent
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material properties [56, 233, 234]. However, these methods are inadequate to describe the unique
characteristics in MAM such as nucleation behaviour, column grains, epitaxial growth, and

anisotropy of material behaviours.

The reviewed solidification microstructure simulation methods all have their merits as well as the
essential defects when applied in MAM. CA is currently the most suitable one among the reviewed
methods for the solidification microstructure simulation in MAM with a relatively lower
computational cost than PF, and a more solid physical basis compared to KMC. It has recently
been adapted as a module in commercial software (Ansys), which will accelerate its application
and development significantly. To describe the grain growth behaviour, CA models are established
based on the physics of dendrite tip kinetic to guarantee simulation accuracy. On the other hand,
the CA method requires relatively low computation power, and the simulation can be applied to
macroscale where it has more practical significances. PF method is firmly based on physical
models, and it is capable of providing a high reproduction of reality. It is also capable of describing
the subgrain features like high order dendrites, micro-segregation, solid-phase transformation and
so on. However, PF models inherit minimal time and length scales from physical theories. The
time steps of PF models are usually in the magnitude of microsecond or nondimensional number
which must be small enough to stable the simulation result. Attaining a PF simulation even on a
micrometre level requires massive computer power. A large amount of computation needed in the
PF models makes it only feasible on supercomputers, therefore becoming an obstacle in the
application. In order to simulate the grain competition during solidification, CA and PF methods
have different strategies to endow the crystallographic structure of the grains considering their
symmetry and preferential growth direction. KMC method has the advantage of efficiently

simulating the migration of grain boundaries that occur in the solid-state, but the crystallographic
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structures are not considered in most reviewed works, so its physical basis is not solid. It is also
interesting to notice that the three methods start from different philosophical thoughts and
methodologies but are applied to simulate the same objective in the case of MAM: CA method
investigates the relationship between the part and the whole, it believes the physical state of the
system is an aggregation of local state change; PF method attempts to describe the state of a system
by field parameters continuously, so it can avoid the difficulties lead by the sharp interface; for
MC method, it uses a large number of sampling to approximate the truth, step by step. Even though
there are significant differences among the three methods, they are all developed rapidly,

especially in the field of microstructure simulation for MAM over the past decade.

MAM fabricated parts are composed of a large number of welds, the microstructure in a single
weld bead will finally decide the initial microstructure of MAM fabricated part at a specific
position. Literature has already shown the importance of melt pool geometry to the final
solidification microstructure in welding. It is very important to note that: the melt pool geometry
is crucial for the resultant microstructure in MAM processes, and an accurate melt pool geometry
is the prerequisite of an accurate microstructure simulation result. Solidification microstructure
simulation for MAM must take proper consideration of melt pool geometry in terms of G&R and
the boundary conditions established for each time step of the simulation. Melt pool geometry at
the melt pool bottom is a curved surface to distinguish the solid and liquid phases. The thickness
of this surface is the ambiguous area which is usually referred to as a mushy zone. The cooling
condition along the melt pool bottom changes dramatically in terms of G&R, and in turn,
influences the solidification microstructure developed subsequently. The melt pool geometry can
be considered as a direct reflection of the cooling condition at the melt pool bottom, where

solidification happens. Furthermore, the melt pool geometry follows the isothermal surface of the
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material, and the maximum thermal gradient direction can be captured from the geometric method.
Then, the thermal gradient direction which means the maximum heat flux direction should be
compared with the preferential growth direction of the crystal to reflect the competitive grain
growth behaviour accurately. Qualified CA and KMC work in MAM microstructure simulation
always consider the melt pool geometry explicitly or implicitly. However, it is still a problem for
PF models as these models calculate hundreds of millions of cells/time steps over millions of time
steps to place out the physics of the process long enough to be relevant. That is the reason why the
PF models are mostly operated under the “frozen temperature approximation” not a field form of

temperature representing the melt pool.

The melt pool geometry can also be used to bridge the scale gap. It can validate the simulation
result at a macro level and provide the boundary condition for the meso- and micro-level
simulation. Some of the reviewed works used the melt pool simulation result directly as a boundary
condition for solidification microstructure simulation. However, it usually leads to a more
significant deviation when another simulation result is used as an input. Thus, the accuracy of these
microstructure simulations is reduced as they do not have appropriate boundary conditions.
Currently, highly developed techniques like CMOS camera [235, 236] and synchrotron X-ray [237,
238] can provide transient melt pool geometry with relatively high accuracy. These melt pool
geometry reconstructions can be used as experimental validation for simulations and improve

accuracy.

The nucleation rule for the solidification microstructure simulation in MAM is still an open
question in the literature. The assumption of epitaxial grain growth with no nucleation can only be
applied to a small number of extreme cases in MAM. For powder bed, external factors (e.g.,

impurity and cracks) leave more opportunities for the nucleation in each weld and cannot be
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neglected. The contour of the melt pool always provides new nucleation positions for the
solidification at the melt pool bottom. On the other hand, the grains in the DED process are
typically considered to develop from the substrate, and the grains will stop growing at the contour
without any new nucleation. This is close to the observed fact that the grains are able to develop
extremely big and go through multiple layers, e.g., DED processed Ti6Al4V. Thus, in the case of
the solidification microstructure simulations under “no nucleation assumption”, it is more
reasonable to establish the boundary condition of crystallographic orientation by experimental

results (e.g., EBSD) instead of a random orientation assumption at the substrate.

Competitive grain growth is the subsequent step following nucleation. When the research area of
the melt pool bottom is divided into a very small length scale, the cooling condition can be
considered as constant within a small timestep. The competitive grain growth of bi-crystal
simulations is carried out under different methods and criteria where significant deviation on
resultant grain boundary orientations is observed [239]. This is caused by the different assumptions
and emphasis in different simulation methods: CA methods consider the problem on the kinetics
aspect which links the dendrite tip growth rate with the supercooling; while the PF method is
derived on the thermodynamic aspects to represent the pattern change along with the free energy
minimization. Unfortunately, this deviation on grain boundary orientations will become even
larger when these models are applied to a more complicated problem. For example, MAM
microstructure simulation includes multiple crystals and a complicated cooling condition. A
reasonable way to improve the microstructure simulation accuracy is the proper model validation

as well as the database establishment for each recognized phenomenon during the physical process.

The rapid solidification phenomenon makes the solidification microstructure simulation in MAM

more difficult, especially the highly non-equilibrium phase transformation and the solute trapping
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effect in alloy systems. Typically for the DED process, it is believed to have a grain growth rate
geometrically related to laser scanning speed because the melt pool geometry is relatively stable.
However, for some rapid scanning MAM processes in PFB, whether the solidification rate can still
catch up with the scanning speed is still an open question in the literature. In the CA method, the
dendrite tip growth Kinetics typically assume local equilibrium which is not valid under rapid
cooling conditions. Another problem for CA models is that they typically use one layer of cells to
represent the interface between liquid and solid with a solid fraction from zero to one [240], so it
is difficult to naturally represent the solute trapping phenomenon. Also, as a rule of thumb, the cell
size should be at least ten times smaller than the morphological features it captures. This
methodology provides the CA method with high computational efficiency, however, limits its
smallest morphological length scale to depict finer microstructures (e.g., higher-order branches)
compared to the interface thickness. PF method is very quantitative in its description of solid-
liquid interface kinetics. Recently, a work [118] introduced a strategy to quantitively map the thin
interface behaviour of an ideal dilute binary alloy PF model on the continuous growth model. This
strategy can be implemented in different phase field models, which will address this problem to a

fair degree.

The simulation model for solid-state phase transformation also referred to as the thermo-
microstructural model, is an indispensable part of the mechanical property prediction in MAM. It
can be combined with the solidification microstructure simulation result then achieve the
mechanical property prediction with failure models. These simulation efforts attempt to use the
local thermal history data (e.g., the thermal cycles profile in MAM) to predict the material-
dependent microstructural evolution including phase fraction and morphology [56, 241-247].

Recently, the density type simulation methods have been generally used for predicting
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microstructural evolution during solid-state phase transformations in MAM, especially for large-
scale thermal/mechanical/metallurgical coupled problems. The phase fractions of diffusional and
diffusionless phase transformation products and dependent properties could be effectively

predicted using these methods if they are calibrated, accurately [248].

Model validation is essential for all kinds of simulation works. For the solidification microstructure
simulation in MAM, however, the solid-state transformation, secondary or higher-order branches
merging, and the migration of grain boundaries brings great difficulties to recognizing the original
state and pattern of the solidification microstructure. Even though the reconstructed EBSD results
provide accurate information in terms of crystallographic orientation and texture, they are only
able to show the obscured grain geometry with no high-order branch. Also, the grain geometry
recognized by EBSD, and the microscopes are usually operated at room temperature when the

migration of grain boundaries has already occurred after the thermal cycles of MAM.

2.4. Chapter summary

Developing a robust and accurate simulation model on a long scale to describe the grain growth
behaviour in a moving melt pool is still a challenge for MAM solidification microstructure
simulation. An overview of all the microstructure simulation methods indicates that it is indeed
important to develop an integrated and generalized model for MAM process, as a function of melt
pool geometry and resultant microstructure. This Chapter further explains the sequential
dependency of each physical process during the solidification of MAM that is still open questions
in the literature. To achieve an accurate simulation, database establishment between the recognized
phenomena is the ideal method to fill these gaps so far. It is also important to know that making a
model with all the expected outcome does not lead to novel insights. As for the microstructure
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simulations in MAM, it is better to develop models carrying fundamental rules or model
components from which more complex grain structure and texture can develop on their own.
Otherwise, the simulation models are not predictive and are just pictures without new

understanding.
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Chapter 3.  The proposed methodological framework

A comprehensive review in Chapter 2 indicates the need for a robust and practical model that is
able to deterministically predict the solidification microstructure in MAM processes, especially
the columnar grains in laser wire fabricated Ti6Al4V. Different from the probabilistic methods, a
computational efficient microstructure simulation model, named invasion model, is established to
quantitively analyze the solidification microstructure in the DED process. The framework of the
solidification microstructure simulation of Ti6AI4V in laser wire DED is shown in Figure 3-1,
before the implementation of invasion model, the melt pool geometry and crystal orientation
reconstruction are needed. With the transient grain boundary tilt angle predicted by the invasion
model, solidification microstructure can be reconstructed and compared with the experimental

result quantitively.

Melt Pool Geometry Invasion Model Solidification
& Crystal Orientation |—] Simulation of Transient [™ Microstructure
Reconstruction Grain Boundary Tilt Angle Reconstruction

Figure 3-1 Framework of the solidification microstructure simulation of Ti6Al4V in laser wire DED

The overall modelling framework of applying the proposed invasion model is shown in Figure 3-
2. The simulation scheme starts from the reconstruction of the transient melt pool geometry as it
is a direct reflection of the solidification conditions. The crystal orientation information extracted
from EBSD is then combined with the solidification conditions and form the three inputs to the
ANN model. The predicted grain boundary angles within the bi-crystal systems at each timestep

depict the overall solidification microstructure in the simulation domain. Together with the
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information of solid-phase composition and process defects, the properties of the printed part can

be predicted.
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Figure 3-2 Flow chart of the microstructure simulation for Ti6AI4V in laser wire DED applying

invasion model
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In this thesis, the grain geometrical structure of the primary beta dendritic columnar grains in laser
wire DED fabricated Ti6Al4V is the simulation target. The microstructural simulation work is
implemented under the following assumptions: (1) The prior beta grains are perfect body center
cubic single crystals with no defect and sub crystal above the alpha-beta transfer temperature. (2)
There is no nucleation behaviour or other factors that can introduce crystals with new crystal
orientation along the material deposition process. (3) Melt pool geometry does not change in a
single weld and the transport phenomena within this melt pool is a stable state problem. This
research only focuses on the solidification microstructure prediction section, and the explanation

of the sub-steps in the simulation scheme is provided in the following paragraphs.

DED parts are composed of a large number of welds. The microstructure of DED fabricated
components depends strongly on the cooling condition of the melt pool and the solid phase
transformation in a single weld. Thus, an accurate melt pool reconstruction is the first step of the
solidification microstructure simulation scheme. The real-time monitoring data and simulation
results from the finite element method (FEM) or CFD are the two options for melt pool
reconstruction. This thesis selected the experimental way to extract the key factors of a melt pool
geometry including length, width and depth (Chapter 4.2 & Chapter 5.4). The width and depth of
the melt pool can be gathered from the post-process bead measurement (Y-Z cross-section
samples), and the real-time monitoring thermal data indicates the length of the moving melt pool
(as shown in Chapter 5.7). To calculate the transient solidification rate and temperature gradient
located at the bottom of the melt pool, a double-ellipsoid model is adapted for both experimental
data gathering (Chapter 4.3) and invasion model (Chapter 5) to represent the geometry of the melt-
pool tail at each discrete time step. Combining with the scanning speed, the solidification rate (R)

and thermal gradient (G) can be derived.
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The crystal orientations of the bi-crystal systems are detected via EBSD characterization on
corresponding cross-sections (Y-Z and X-Z). G&R together with the crystal orientation
information of the bi-crystal systems are selected as the input features for an ANN model and the
regression relation is established between these three features and the resultant grain boundary
angles. Considering the influence of the flowing fusion to the constitutional supercooling on the
side of paralleling dendrites, a Marangoni effect correction is included for the case of X-Z plane
in the model instead of the direct input as a feature (Y-Z plane) for the ANN model. The
experimental data gathering process of the invasion model is described in Chapter 4.3, there are
50 training samples collected on the X-Z and Y-Z plane, respectively. After the ANN model is
trained, the regression relation found is used as the engine to drive the solidification microstructure

simulation.

By calculating all the grain boundary angles at the transient solidification fronts, the competitive
grain growth is understood as the “invasion behaviour” between the bi-crystal systems. An
‘invasion factor' which means the distance (or cell number) that one single crystal can invade its
adjacent crystals in a single time step is introduced in Chapter 5.5. Following this, the integration
of all the invasion behaviour depicts the solidification microstructure including grain topology

structure (prior beta), crystal orientation and texture.

For a three-dimensional solidification microstructure simulation validation, the simulation domain
is discretized into uniformed square cells. The invasion model is implemented on the X-Z and Y-
Z cross-sections sequentially. In most of the related literature, the substrate is set up with equiaxed
grains with random crystallographic orientation which is the basic reason that the simulation result
cannot compare with the experimental quantitively. This thesis used the reconstructed EBSD result

on the substrate section as the boundary condition, so the grain structure can be compared
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quantitively. The model verification is carried out for a simple bi-crystal case in Chapter 5.6 to test
whether the methodology of the invasion model can accurately represent the grain boundary angle.
The convergence analysis of the model will be implemented on different cell scales and time step
lengths. A selected area in laser wire DED fabricated Ti6AI4V thin wall structure under the
assumptions is used to test the validation of the proposed invasion model. This area is carefully
selected with no nucleation and other factors introducing new crystals into the domain during the
process. The grain structure and size are compared quantitatively between the simulation and

experimental results.

Based on the observation that CET is not achieved in the fabricated parts and recrystallization
provides the additional crystals for epitaxial grain growth, it is logical to investigate the
competitive grain growth first and then discuss nucleation (introduce new crystals in the process).
This is also the sequence of this thesis. As the recrystallization introduces new crystals into the
printing domain and influences the solidification microstructure dramatically, the experimental
investigation of the recrystallization phenomenon is carried out in Chapter 6 based on the three
hypotheses (contamination, heat and stress accumulation, solid-phase transformation) and the

early stage of the recrystallized crystals is detailed investigated in Chapter 6.4.2.

54



Chapter 4.  Machine Learning-Enabled Competitive Grain Growth Behavior Study in
Laser Wire DED Fabricated Ti6Al4V

4.1.  Introduction

This Chapter presents an ANN model to investigate the relation between grain boundary tilt angle
and three causative factors, namely thermal gradient, solidification rate and crystal orientations. A
series of wire feedstock DED, optical microscope and EBSD experiments were carried out under
experimental design to gather the training and testing data for the ANN. It is the first time that the
competitive grain growth behaviour is studied by a data-driven approach. Compared to
conventional microstructure simulation methods, the strategy and ANN model developed in this
work was demonstrated to be a valid way to describe the competitive grain growth behaviour in
DED fabricated Ti6Al4V. They can be deployed to achieve a quantitative microstructure

simulation and extended to other polycrystal material solidification processes.

4.2.  Methodology

This model believes that a grain boundary angle, under an absolute coordinate system, tilts from
the buildup direction because of three causative effects: solidification condition (G/R), Marangoni
effect and crystal orientations. These three effects on a two-dimensional cross-section will be
converted and presented as angles that indicate their effects on the resultant grain boundary tilt
angle. The advantage is that angles are non-dimensional numbers that can be directly multiplied
by their influencing coefficients and added with each other without considering the scale. During
the alloy solidification of the DED process, the Marangoni effect results in the circulation of fusion
within the melt pool and affects the solute concentration. This solute concentration change beside

the growing dendrites provides different constitutional supercooling, thus resulting in a vertical
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grain growth velocity. This effect is studied as an input to the ANN model for Y-Z plane samples.
And on the X-Z plane, the detailed analysis is provided in Chapter 5 and a correction of grain
boundary angle is used to counteract the grain boundary tilt because of the Marangoni effect.
Before the implementation of the invasion model in a DED case, the grain boundary angle caused

by the Marangoni effect is added to the predicted grain boundary angle from ANN.

Several assumptions are made in this model to make the data gathering and ML process more

practical.

e The material deposition in the DED process is assumed to be a full epitaxial grain growth
without any nucleation. In the network experimentation, data is only gathered between the
bi-crystals that are not influenced by nucleation or other crystal introducing effects.

e The melt pool tail bottom geometry is under double ellipsoid consumption and the
geometry is stable during the material deposition process [249]. This allows a mathematical
expression of the melt pool geometry which makes the data gathering process and
calculation more efficient.

e Subgrain structures, for example, the secondary and higher-order dendrites, are ignored
because the solid phase transformation eliminates the original solidification microstructure
of DED fabricated Ti6Al4V.

e The solidification front is assumed to be strictly attached to the isothermal surface of
solidus temperature [250]. The reason for this assumption is that the high thermal gradient
achieved by the DED process compresses the mushy zone into an extremely thin film
where its thickness can be ignored.

e The grain boundary migration caused by reheating during the solid-state is ignored.
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Following the methodology illustrated in the flow chart (Figure 4-1), laser wire DED fabricated
Ti6Al4V samples with cross-sections on X-Z and Y-Z planes are used to extract data and train the
ANN model. After optimizing the network’s hyperparameters and determining the training
configurations leading to the smallest testing error, the trained ANN model can be used as an
engine for the prediction of grain boundary tilt angle with experimental or hypothetical data as an

input.
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Figure 4-1 Flow chart of the methodology of the ANN model establishment for X-Z plane

Experiments including real-time monitoring, melt pool cross-section observation, EBSD and grain
boundary tilt angle measurement are carried out, then fit the assumptions and simplifications made.
The three causative effects demonstrated in Figure 4-2 are vectors representing the benchmark of
each effect. The coordinate systems for thermal gradient direction measurement and EBSD
characterization are exactly under the same Cartesian coordinate system: The X axis refers to the

scanning direction of the melt pool, the Y axis to be the normal direction of the X axis on the
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horizontal plane, and the Z axis is the build-up direction of the DED process. This guarantees the
appropriate vector correlation between the three causative effects. The EBSD experiment and data
process strategies will be explained in detail in the experimentation section. <001> direction tilt

angle of the left-hand side and right-hand side grains in a bi-crystal system will be extracted.

Thermal Gradient Direction
—— - Crystal Orientation Effect
—_— Marangoni Effect
— Right Hand Grain

Left Hand Grain

Figure 4-2 Local solidification condition for a bi-crystal system in MAM.

Melt pool geometry is vital for the solidification microstructure developed in the DED process and
the melt pool bottom geometry is a direct reflection of the solidification condition. In order to
accurately measure the thermal gradient direction from experimental specimens, key factors
including melt pool width (W), depth (D-d) and geometric tangent direction at the melt pool
boundary are measured from fusion lines in the Y-Z cross-section of the samples to reproduce the

2D melt pool bottom geometry. The tilt angle of the melt pool from the build-up direction is also
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measured when there is an overlap between adjacent welds (as the Y-Z cross-section shown in
Figure 4-3). This melt pool tilt angle does not exist on the X-Z cross-section samples as the thin
wall structures are all fabricated under single track multiple layer configurations with constant
scanning direction. The thermal gradient direction measurement only takes place at the region
where the actual melt pool bottom boundary (fusion line) perfectly matches with the ellipsoid
analytical equation. Following the “double ellipsoid approximation”, the segment of an ellipsoid

can be mathematically defined by:

2 2 —d)2
I AT Gl ) 1, (z<0) Equation 4-1

12 w2 ' (D+d)?

Where L is the length of melt pool tail, with W being half the maximum width, D being the

maximum depth of the melt-pool, and d is the displacement in the buildup direction.

Figure 4-3 Comparison between the experimental melt pool bottom geometry (red) and the
analytical solution (blue) in the Y-Z plane.
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The boundary shape of the melt pool is closely related to the Marangoni effect that is triggered by
the variable surface tension due to temperature and/or solute concentration gradients. The molten
metal tends to flow from low surface tension areas to high surface tension areas. If free convection
is not significant, a shallow but wide melt pool can be seen when the surface tension-temperature
coefficient is negative, while a deep but narrow shape is present with a positive relationship. For
relationships such as concave or convex surface tension-temperature profiles, more complex melt-
pool profiles are expected. In the case of DED fabricated Ti6Al4V, the surface tension-temperature
coefficient is negative. Hence, the molten metal from the laser exposure area with higher
temperature tends to flow towards the boundary of the melt-pool and result in a shallow but wide

melt pool geometry, as represented in Figure 4-4.

Figure 4-4 Schematic representation of 3D melt pool geometry with the normal direction (n) and

tangential direction (t) at the melt pool bottom

The liquid flow was proven in previous work to have an influence on the solidification
microstructure [251] and grain growth direction [252]. A schematic representation of the
Marangoni effect in DED fabricated Ti6Al4V is shown in Figure 4-5. This can be attributed to the
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influence of liquid flow on the solute concentration at the liquid and solid interface, which leads
to constitutional supercooling and affects the growth kinetics of grain tips. As one input of the
ANN, both tangential direction (dz/dy) and its opposite directions at the melt pool bottom are
considered to limit this effect for the Y-Z plane samples. Another reason why the melt pool bottom
geometry is vital to the resultant microstructure in DED is that it is a direct reflection of the thermal
gradient direction. The normal direction of the liquid and solid interface, which indicates the
maximum thermal gradient direction, provides the greatest driven force for grain growth and the
grain boundaries naturally tend to follow the thermal gradient direction. In this work, the X-Z
plane represents the cross-section vertical to the Y direction located at the center of the thin wall
structure, and the Y-Z planes are the cross-sections vertical to the scanning direction (X direction).
The negative reciprocal value of dz/dy is the tangent value of the thermal gradient direction on
the Y-Z plane. The principle is the same on the X-Y and X-Z plane and the thermal gradient
direction is shown as the red filament in Figure 4-4 with their length representing the local

curvature.

Surface Tension

Surface Tension
o

Temperature

Figure 4-5 Schematic representation of Marangoni convection in a melt pool of DED fabricated
Ti6Al4V with negative surface tension-temperature coefficient

61



4.3.  Experimental Data Gathering

The samples were fabricated with a 1 KW YAG solid fibre laser automated welding system (LAWS
1000) using Ti6Al4V ELI wire feedstock under an Argon gas protection environment. Taguchi
experimental design is used to fabricate the samples and gather the data on the Y-Z plane, and the
orthogonal arrays are shown in Table 4-1. The process parameter in terms of laser power, scanning
speed and feeding rate is separated into three intensity levels. The spot size used in this thesis is

constant with a diameter of 0.9 mm. Due to the intellectual property concern, the detailed

deposition process parameters on the Y-Z plane can not be disclosed.

Table 4-1 Taguchi experimental design orthogonal arrays for Y-Z plane sample fabrications

Deposition on hot-roll Ti6Al4V substrate Deposition on the existing layer
Parameters Parameters
Specimen ] Wire Specimen ] Wire
Laser | Scanning ) Laser | Scanning )
Number Feeding | Number Feeding
Power | Speed Power | Speed
Rate Rate
YZ_1 1 1 1 YZ_10 1 1 1
YZ_2 1 2 2 YZ_11 1 2 2
YZ_3 1 3 3 YZ_12 1 3 3
YZ_4 2 1 2 YZ_13 2 1 2
YZ 5 2 2 3 YZ_14 2 2 3
YZ_6 2 3 1 YZ_15 2 3 1
YZ_7 3 1 1 YZ_16 3 1 1
YZ_8 3 2 1 YZ_17 3 2 1
YZ 9 3 3 2 YZ_18 3 3 2

Similarly, 9 thin wall structures are selected from the fabricated samples to gather the data on the

X-Z plane. The data gathering samples do not have a requirement on the dimensions of the thin
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wall. Typically, the samples used in this research have a length of 60 mm, an average thickness of
2 mm and a height of more than 180 layers of deposition (around 110 mm). The printed samples
have fully dense (100%) with no cracks and porosities. All the samples are cut from the center
plane (X-Z) for characterization. The process parameters design shown in table 4-2 does not
straightly follow the Taguchi experimental design as a successful thin wall structure fabrication

needs some process parameter tuning.

Table 4-2 Experimental design arrays for X-Z plane samples

Deposition on hot-roll Ti6Al4V substrate
_ Parameters
Specimen Number : i :
Laser Power Scanning Speed Wire Feeding Rate
XZ_ 1-XZ_3 625 W 16.9 ipm 35 ipm
XZ_4-XZ_6 650 W 16.9 ipm 50 ipm
XZ_7-XZ_9 750 W 16.9 ipm 63 ipm

To achieve the different cooling conditions for the melt pools, the DED experiments are carried

out from substrate (specimens YZ_1-9 in Figure 4-6) and existing layer (specimens YZ_10-18).
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Figure 4-6 Specimens fabricated via wire DED process under the Taguchi experiment design for

Y-Z plane data collection.

For microstructural observation, the as-fabricated samples were cut along X-Z and Y-Z cross-
sections and polished. Then, the cross-sections were etched in an etchant (5% HF, 5% H202 and
90% H20) for 15s. After that, an OM (Keyence digital microscope) was used to achieve a
metallographic structure observation at several millimetre levels. The following observation of the
microstructure in the laser wire DED fabricated part is first launched on the overview of the
geometry of the prior beta columnar grains and compared with the microstructure of the substrate

(hot-roll Ti6AI4V metal sheet). Then, it is focuses on the grain boundary area of the prior beta
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grains and shows how the grain boundary tilt angle is measured which is the prediction target of

this machine learning model.

As shown in Figure 4-7 and Figure 4-8, the columnar beta grains in DED fabricated Ti6AI4V are
generally parallel with the build-up direction. The column grains are able to go through the weld
bead boundaries (epitaxial grain growth) and achieve a width of 500 um, even up to several

millimetres in length.

Build-up direction

Figure 4-7 Optical microscope image of columnar beta grains on the Y-Z plane

The columnar grains are also observed from the X-Y cross-section to have a full view of the prior
beta in laser wire DED Ti6Al4V. In Figure 4-8, an equiaxed prior beta structure is observed.

Combining with the X-Z images, an intuitive of the 3D topological structure of the prior beta grains
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can be obtained. A 3D grain topological reconstruction is also shown in Chapter 6 to investigate

the crystal introducing mechanism.

Figure 4-8 Grain structure on the X-Y plane

Under the as-build condition, the solid phase in the column grains is fully martensite with the
orthogonal patterns indicating the column grains with different crystal orientations. The grain
boundary angles were measured from OM images with an image segmentation software
(Dragonfly). The measurement used a 200 pm line as benchmark length at the melt pool bottom

and ignored the grain boundary fluctuation in the melt pool center for the Y-Z plane samples.
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For a grain boundary angle measurement on the X-Z plane, the image stitching technique is used
to achieve an observation on a larger scope (Figure 4-9). The scanning direction and build-up
direction of the sample fabrication are shown in the figure, the horizontal white bands are the layer
boundaries which are also understood as the bottom of the melt beads. The vertical patterns
represent the prior beta grains, as the crystals with different crystal orientations have a different
etching resistance and capacity of the light absorption, these patterns are easily recognized from

the samples.

Scanning direction

Build-up direction
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Figure 4-9 Optical microscope image stitching of columnar beta grains on the X-Z plane, layer 0
to layer 50 indicated by the black mark on the right every 10 layers.

The microstructure of the substrate is shown in Figure 4-10 with an average grain size of 16 pm.

The ultrafine-grained Ti6AI4V hot roll substrate presents a typical equiaxed duplex phase
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microstructure. It consists of equiaxed prior alpha titanium grains and Widmanstatten colonies.
These colonies could be characterized by lamellar structures (alpha/beta colonies) with beta phase

in-between the colony boundary.

Figure 4-10 Optical microscope image of duplex phase microstructure in the hot roll substrate.

In the first several (7-10 layers) layers of material deposition, the newly deposited material
epitaxially grows from the hot-roll substrate. And in this section of material deposition, as shown
in Figure 4-11, the grain size immediately increases to the millimetre level. After this, the selected

columnar grains with their preferred grain growth direction approximately parallel with the
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thermal gradient directions develops further into the printed domain. The efficiency of competitive

grain growth decreases from here as the textured crystals emerge.

Scanning Direction
<

>

Build-up Direction

Figure 4-11 Optical microscope image of the initial competitive grain growth at the initial

several layers of material deposition.

As shown in Figure 4-12, the crystal geometrical structure is more stable in the center area of the
printed thin wall structure. The horizontal black bands are the layer boundaries and there are a total
of 19 layers of material deposition represented in the figure. The grain boundary presents a straight
line even with tens of layers of material deposition, this is the basic reason that the grain boundary

angles in laser wire DED fabricated Ti6Al4V can be modelled quantitively.
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Figure 4-12 The crystal structure in the center of the printed thin wall structure

The grain boundary angles measurement on the X-Z plane from OM images is also achieved under
Dragonfly. To get a more stable and representative grain boundary angle result, the measurement
used a length of 10 layers of material deposition (around 7 mm) as benchmark length. As shown
in Figure 4-13, the grain boundaries are first recognized at the bottom of the deposition layer and
then regressed into a straight line with a minimized distance from the recognized grain boundary

points.
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Figure 4-13 Grain boundary angle measurement of columnar beta grains on the X-Z plane

The EBSD experiment was carried out using a Hitachi SU-3500 scanning electron-microscope
equipped with an Oxford EBSD module, and the analysis was under Channel 5 software. As for
X-Z samples, the detection window of EBSD characterization strictly follows the position of grain
boundary angle measurement (detection window shown in Figure 4-13). The EBSD result of a
single prior beta crystal is shown in Figure 4-14, the band contrast map shows the structures of the
basketweave alpha grains and on the right presents their corresponding crystal orientations. The

detected phase percentage are 99.49% (hcp) and 0.51% (bcc) respectively.

71



BC|

25um

Figure 4-14 EBSD characterization of a single prior beta grain domain on the X-Z plane: band
contrast map (left) and inverse pole figure (IPF Z) map colouring perpendicular to the sample

surface

In order to measure the exact crystal orientations of the prior beta grains on the Y-Z plane samples,
EBSD was performed near the bottom of the deposited portion, as shown in Figure 4-15 left. The
coordinate systems for thermal gradient direction measurement and EBSD characterization are
exactly under the same Cartesian coordinate system of MAM machine: X axis refers to the
scanning direction of the melt pool, Y axis refers to the normal direction of the X axis on the
horizontal plane, and the Z axis is the build-up direction of laser wire DED process. This
guarantees the appropriate vector correlation between the thermal gradient direction and the crystal
orientation. However, the solid phase transformation hides the crystal orientation information of
prior beta grains. Thus, the reconstruction following the Burgers orientation relation (BOR) was
launched using Arpge software [253]. In the right-hand side of Figure 4-15, two beta grains are
reconstructed from the three Euler angle maps. The projection of the preferred grain growth

direction <001> on a 2D plane (X-Z or Y-Z) is operated under a self-developed MATLAB code
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based on the rotation matrix operations of the Euler angles. The crystal orientations, which are
represented by 2D vectors, are transformed into angles between these vectors and the thermal
gradient directions. The grain boundary angle result from the criterion is used as the input for the
ANN model representing the crystal orientation effect. In total, 50 groups of data including crystal
orientation, solidification condition (G&R), Marangoni effect as well as the grain boundary tilt
angle were gathered from the experiment for both X-Z and Y-Z planes and used for the ANN

model evaluation in the next section.

300 pym

300 um

500pm

Figure 4-15 Scanning electron microscope (SEM) image and EBSD on the additive portion in Y-
Z plane, and the EBSD result reconstruction from three Euler angles maps.

4.4.  Artificial Neural Network and Results

The strategies used to investigate the competitive grain growth on Y-Z and X-Z cross-sections are
slightly different with regard to the treatment of the Marangoni effect. This attributes to the fact
that on the Y-Z cross-sections competitive grain growth at different melt pool bottom positions

experiences a different flow velocity. On the contrary, the grain boundary angle measurement on
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the X-Z plane is under multiple-layer condition and all the measurement is launched on the middle
plane of the fabricated part. Under the constant melt pool assumption, theoretically, all the grain
boundaries experience the same fusion flow condition. Thus, for X-Z planes, the integration of the
Marangoni effect along the grain boundary throughout the layer distance is represented by a
constant angle, and a correction is made during the data collection procedure. The detailed

derivative of this angle is elaborated in Chapter 5.

For the implementation of the machine learning algorithm, the open-source machine learning
platform PyTorch was used. 50 sample datasets for both Y-Z and X-Z planes are used to train the
network after dividing them randomly into training (80%) and test set (20%). The mean squared
error (MSE) was chosen as a training and evaluation metric. It calculates the squared difference
between the target value and the output of the model. Thus, far-off predictions are penalized

exponentially stronger than predictions close to the target value are.

The goal of the learning process is to determine weight and bias terms for each neuron in the
network so that the MSE loss at the output layer is as small as possible. The algorithm achieves
that via a technique called backpropagation. During training, information is fed in a forward mode
through the network. The effect of weight and bias terms of every neuron on the output and thus,
the error metric is then computed backwards, using the derivative of the error function. The model
is trained in epochs, where one epoch denotes that all training instances are fed into the network

and backpropagated once.

For the Y-Z plane samples, the structure of the built feed-forward neural network with two hidden
layers is visualized in Figure 4-16. The network’s input consists of three different angles: thermal
gradient, Marangoni effect and crystal orientation effect. The crystal orientation effect is analyzed

under the geometrical limit (GL) criterion (a slow solidification rate under which all the dendrites
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get fully developed), a detailed derivation can be found in [239]. The input layer is followed by
two hidden layers with five and ten neurons, respectively. The last layer of the fully connected
network consists of a single neuron that outputs the prediction for the grain boundary tilt angle.
For this relatively simple ML task, the described structure was found to lead to reasonable results
yet not to make the model unnecessarily complex. As for the machine learning model training on
the X-Z plane, four factors are selected as the features for a bi-crystal system including
solidification rate, thermal gradient value, crystal orientations of the left- and the right-hand side
crystals. The Marangoni effect is treated as a correction for the data gathering and grain boundary
angle prediction process. As shown in Figure 4-17, the structure of the X-Z plane ANN model has
four neurons on the input layer and one neuron on the output layer (representing the resultant grain

boundary angle). The two hidden layers are set with seven and ten neurons, respectively.

Input Layer € R’ Output Layer € R*

Figure 4-16 Structure of the neural network used for Y-Z plane samples
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Input Layer € R® Hidden Layer € R’ Hidden Layere R~ Output Layer € R’

Figure 4-17 Structure of the neural network used for X-Z plane samples

Besides structure and loss function, the following settings and hyperparameters were identified to
perform the best: Adam, an adaptive optimization algorithm capable of adaptively scaling the
learning rate depending on the training progress, was chosen with an initial learning rate of 0.001.
Rectified linear unit functions (ReLU) were taken as non-linear activation functions and the model

was trained for 1,000 epochs. The learning curve is shown in Figure 4-18.
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Figure 4-18 The evolution of training loss and validation loss during training for Y-Z plane

samples.

Due to the small amount of data available for training and testing, the ANN experiences a high
variance in its output despite a long training procedure with many epochs. Depending on the choice
of the training set and testing set, the MSE varies too much to report the result of a single run.
Therefore, the ANN was run twenty times with randomly changing training and test sets in order
to determine the mean MSE and the corresponding variance. As a result, the neural network scored
a mean MSE-loss on training data of 3.45 and 6.42 on testing data. Taking the square root of the
error made by the ANN, the average distance between the prediction of grain-boundary angle and

their experimental results is only 1.83° when training and 2.43° when testing, with a standard
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deviation of 0.32° and 0.73°, respectively. The worst prediction of the twenty runtimes resulted in
an average difference of 3.94° between the model’s guess and the true angle. For Y-Z plane, Fig.
4-19 displays the result of the training process visualizing the networks guess for the grain-
boundary angle with thermal gradient and crystal orientation as input, neglecting the Marangoni
effect (set as zero) to allow a graphical representation. The red dots represent the 50 training
instances obtained from experiments. The ANN was compared to a simple linear regression model
with stochastic gradient descent that was implemented using the Scikit Learn platform and
attempts to find the plane that describes the training data the best. With an average prediction
discrepancy of 3.91° after taking the square root, this approach performed worse and justifies the
usage of a neural network. However, the corresponding standard deviation of 0.21° is slightly

better than the one of the ANN.
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Figure 4-19 Comparison between experimental data and ANN model.
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Compared to earlier attempts with the ANN, adding the Marangoni angle to the input helped to
improve the performance of the Y-Z plane ANN model. This might be because the thermal gradient
has a greater influence on the grain-boundary angle than the crystal orientation and the Marangoni
angle is linearly dependent on the thermal gradient (either + or — 90°), thus emphasizing this part
of the input more. The Marangoni effect correction treatment on the X-Z plane makes the ANN

model straight to the point, and the implementation is detailedly described in Chapter 5.

45.  Chapter Summary

The section has demonstrated that ANN can be employed to investigate the competitive grain
growth behaviour in DED fabricated Ti6Al4V efficiently by attributing the grain boundary tilt
angle to three causative effects: thermal gradient, crystal orientation and Marangoni effect. Despite
the limited amount of experimental data, the ANN model developed in this work can be employed
within a tolerance range of about + 4°. An average prediction error of 2.43° shows that a feed-
forward neural network is an appropriate tool for the task described in this paper. However, for
future investigations, more experimental data will be generated to improve the model’s
performance regarding accuracy and stability. A dataset of a few hundred instances obtained from
experiments is suggested to achieve more stable results and a prediction performance within the
resolution of experimental instruments. With a sufficient dataset, this ANN can be used as an
engine to support the microstructure simulation of DED fabricated Ti6Al4V and further extend to
other topics in terms of microstructure development in the polycrystal material solidification

process.
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Chapter 5.  Deterministic modelling of solidification microstructure formation in laser
wire DED fabricated Ti6Al4V

5.1.  Introduction

Different from the reviewed solidification microstructure simulation models, this Chapter aims to
develop a deterministic model for solidification microstructure formation in laser wire DED
fabricated Ti6AIl4V. Based on the methodology and regression relation achieved by the ANN, an
“invasion model” is proposed to numerically simulate the transient competitive grain growth
behaviour under the solidification conditions of a melt pool. The solidification background is first
detailedly discussed. The boundary conditions including the crystal orientations and local
solidification conditions are then described. The implementation of this invasion model goes
through a model verification (cell size and timestep) before the experimental validation. A section
of laser wire DED fabricated thin wall is selected for the validation and the results show the unique

capacities of this novel method.

5.2.  Solidification Background

Considering the nature of a constrained epitaxial grain growth under a steep thermal gradient
condition, the ambient environment of a bi-crystal solidification in MAM is shown in Figure 4-2.
The two grains within a bi-crystal system are depicted with different colours with the grids
representing their crystal orientations, respectively. The solute concentration field is schematically
shown above the liquidus line which can be influenced by the movement of the fusion driven by
the Marangoni effect. The large thermal gradient value generated from MAM processes

compresses the mushy zone of solidification at the melt pool bottom into a very thin film. Based
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on the knowledge of welding for reference [254], the primary arm spacing under different cooling

conditions is described by:

A = a(G?R)~V/* Equation 5-1

Where 4, refers to the primary arm spacing, a is the material-dependent coefficient, G is thermal
gradient and R is the solidification rate. In the case of MAM, 4, usually becomes very small with

large G&R because of the negative correlation embodied in equation (1).

Under the condition of rapid solidification in the DED process, the primary spacing of dendritic
grains is very small, and they are paratactic within a single columnar grain domain as a result of
epitaxial grain growth. In the case of DED fabricated Ti6Al4V, the original solidification
microstructural features are eliminated by the solid-phase transformation. However, evidence can
be found in the simulation studies showing that the primary dendritic grains have a periodic
behaviour occupying their neighbouring grains [166]. With a proper selection of the length scale,
this periodic behaviour can be shown as a straight line as the waving curves generated at the grain
boundary is usually less important when grain selection and grain size change are investigated at

part-scale.

As for how a grain boundary is developed between a bi-crystal system under MAM solidification
conditions, a hypothetical situation is first assumed where crystal orientations within a bi-crystal
system are perfectly symmetrical. The total supercooling AT, which is the driving force of

solidification front development, can be attributed to the sum of four contributions:

AT = ATy, + AT +ATy, + AT, Equation 5-2
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where AT}, is the pure thermal undercooling at solid/liquid interface caused by thermal diffusion,
AT, stands for the undercooling contributions associated with solute diffusion, AT}, is the kinetic
supercooling influenced by the rate at which atoms attach to the solid phase, AT, is the curvature
supercooling due to curvature of the solid-liquid interface, also called Gibbs-Thomson
supercooling. Based on the symmetry principle of the hypothetical situation, ATy, AT, and AT,
on the right-hand side of equation (2) are not able to make the grain boundary tilt from the initial
normal direction of the solidification front. The three contributions all make the grain growth
normal to the original liquidus line, which means the column grains (cluster of small dendritic
columnar grain with same crystal orientations) are always perfectly parallel with each other if the
solidification front is stable. However, for the solidification of metal alloys, the Marangoni effect
influences the solute concentration in fusion and leads to different constitutional supercooling (AT,)
that breaks the symmetry of the system. In the case of DED fabricated Ti6Al4V, the surface
tension-temperature coefficient is negative and the fusion from the laser exposure area with higher
temperature tends to flow toward the boundary of the melt pool. And the flow direction near the
mushy zone driven by the Marangoni effect has important implications for the grain growth
direction as well as the development direction of grain boundaries in the solidification process of

metal alloys.

In another solidification case of the bi-crystal system, if the two grains with different crystal
orientations are solidified under the directional solidification condition (constant isotherm normal
to solidification direction and without flow velocity at solidification front), the crystal orientation
relation decides the grain boundary development direction, also called anisotropic growth effect.
In general, the crystals with preferred crystal orientation (e.g., one of <001> directions in cubic

crystals go most closely aligned with the normal direction of solidification front) have the
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advantage to win the competitive grain growth. This phenomenon is widely found in metallic alloy
materials under the directional solidification experiments, the grain boundaries are found to tilt
from the normal direction of the solidification front because of the different crystal orientation
relations among the adjacent grains [255]. Between these two extremes, conditions of
solidification microstructure development in MAM are usually a combination of the two cases and
some key physical realities and phenomena are detailly described below. In this work, dendritic
columnar grains are referred to as column grains or grains for simplicity, and angles in a two-
dimensional (2D) model are defined as negative in a clockwise direction and positive in a

counterclockwise with regard to the normal direction of the solidification front.

5.2.1. Dendritic Columnar Grains

The columnar dendritic growth is characterized by the constrained growth of a packet of dendrites
along the same general direction. Studies have shown that the columnar grain is a universal
phenomenon in solidification microstructure not limited to DED but most MAM technologies [69].
This can be addressed to the cooling condition at the melt pool bottoms in terms of the thermal
gradient (G) and solidification rate (R) as the solidification conditions of DED technology are
mostly located at the columnar grain area of the G-R diagram. In DED fabricated Ti6Al4V, the
column grains, as well as grain boundaries, tend to elongate along the built direction penetrating
multiple layers, but they do not always strictly follow the thermal gradient direction. Based on
experimental observation, the grain boundaries can maintain a straight line in a long range between
the same bi-crystal system under a relatively constant cooling condition (stable melt pool
geometry). This is the basic evidence indicating that the tilting of grain boundaries and grain size

change can be modelled quantitatively.
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A finer microstructure is usually desired in material science to achieve a better mechanical property
according to the famous Hall-Patch relationship and as a result of the cleavage cracking resistance
effect. Thus, a great amount of work focuses on achieving the CET for different materials in MAM
[22, 256]. This can be accomplished by process parameter control, process optimization,
promoting nucleation, and so on. From the modelling point of view, if fully equiaxial grain
structures are achieved, the average grain size or the grain size change is usually of more
importance which is determined by the maximum nucleation number (Nmax, usually measured from
the experimental result) arranged in the simulation domain. A simple VVoronoi diagram is a good
representation of the equiaxial solidification microstructure with a random nucleation position and
crystal orientation assumption. However, for some types of material, the process parameter is only
achieved in a certain range to get a successful print without defects like cracks or porosity. In this
case, the columnar grains are inevitably produced. For DED fabricated Ti6Al4V, constitutional
supercooling cannot achieve the amount requested for nucleation and there is no refiner for this
type of material. The columnar grains can then grow into several millimetres thick penetrating
hundreds of deposition layers, therefore, accurate modelling and controlling of the columnar grain

structures becomes important.

5.2.2. Nucleation and epitaxial grain growth

According to the independent nucleation theory [22], Ti6AI4V is a material that has inadequate
constitutional supercooling for nucleation. Thus, in most cases of DED fabricated Ti6AI4V parts,
the added material epitaxially grows from the existing half-melt crystals to save free energy instead
of creating a new nucleus. This was also approved by the experimental observation that only a

limited number of new crystals with random crystal orientations generate along the material
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deposition process. In the wire DED Ti6Al4V fabrication studied in this work, the nucleation rule
is set based on the “no nucleation assumption”. This assumption believes there are all epitaxial
grain growth and no grains with new crystal orientation are introduced in the simulation domain
during the material deposition process. However, this assumption is not suitable for cases like PBF
and DED processed Ti6Al4V with powder feedstock, as the unmelt powders or external material
inevitably become the substrate for epitaxial grain growth and introduce grains with new crystal
orientation into the printed zone. In this case, the random crystal orientation rule should be set as
a boundary condition to investigate the competitive grain growth as it is almost impossible to

measure the exact crystal orientations as boundary conditions for simulation.

For materials that CET can be achieved during MAM processes, traditional nucleation rules (e.g.,
continuous nucleation) should be applied which arranges nucleation numbers according to the
density of grains in each time step with random crystal orientations. Due to the remelting effect of
MAM techniques, even the CET can be achieved within the melt pool, it is still possible that
remelting eliminates the equiaxial grain area (typically located at the top area of a melt pool), and
the columnar grain dominates the printing area. In this case, the competitive grain growth can still

be analyzed quantitively under the “no nucleation assumption”.

5.2.3. Preferred grain growth direction and grain selection mechanism

Starting from the research conducted by Walton and Chalmers [257], people recognized that
metallic materials have their preferred grain growth directions (<100> of cubic crystal systems and
<1010> for hexagonal closed pack). This means on the preferred grain growth directions there is
a higher grain growth velocity compared to other directions. This is a result of anisotropic surface
energy in different packing manners of metal atoms. According to crystallographic symmetry,
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<001> directions are 90 degrees apart in bcc and fcc crystals which are also referred to as four-
fold symmetry. Under a 2D bi-crystal system, the grain selection mechanism is intensively
investigated and there are two situations namely diverging and converging based on crystal
orientation relations. In general, the grains with their preferred grain growth directions align with
the solidification front (favourably oriented grains) have the advantage to win the competitive
grain growth. Under a converging situation of a bi-crystal system, the unpreferred grain needs a
higher supercooling to catch up with the solidification front compared to the preferred one. The
small lag caused by this phenomenon makes the unpreferred grain hit the side of the preferred one
and results in a grain boundary perfectly align with the <01> direction of the preferred one. If the
two grains in a bi-crystal system are diverging, secondary and higher-order dendrites can develop
into the open region and generate a grain boundary within the angle between the <01> directions
of the two grains. Following this, the most famous grain selection mechanism is called best align

criterion with the following formula:

ay if lag| < layl

-
GB ay if lay| < |ayl

Equation 5-3

In the best align grain selection mechanism, three criteria are followed according to the symmetric
principle in its selection map: 1. the value of the grain boundary angle is centrosymmetric. 2. the
value is continuous except for the diagonal line. 3. 6,5 is zero when the two grains have
symmetrical crystal orientation. Together with the criterion, selection maps are depicted and
compared with CA and PF models [239] which show the significant differences in between. In this
work, as the directional solidification experiments for Ti6Al4V under rapid solidification

condition of MAM is still pending based on the knowledge of the authors, the selection map under
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a certain rapid solidification condition range in wire DED process is depicted from experimental

data, and regression is achieved with the help of ANN (methodology can be found in Chapter 4).

Based on the physical realities of solidification conditions in MAM described above, an “invasion
model” for Ti6Al4V is established in this work to simulate the solidification microstructure
evolution in DED processes. Instead of chasing for methods to directly mimic the grain growth,
the invasion model focuses on the interaction between the neighbouring grains within bi-crystal
systems under different local solidification conditions and quantitively analysis the grain boundary
angles. The invasion model introduced an “invasion factor” to describe a transient grain boundary
behaviour between a bi-crystal, as the parameter angle is a non-dimensional number that can be
easily adapted into models where multiple scales are involved. The competitive grain growth
behaviour of columnar grains in DED fabricated Ti6Al4V is considered as a sum-up of all the
invasion behaviour in bi-crystal systems. According to physical realities discussed in the previous
sector, the grain boundary angle between two adjacent grains from the normal direction of the
solidification front is a result of the Marangoni effect (6,,) and grain selection (6,), and these two
effects are considered to be independent of each other in the invasion model. Under different
cooling conditions (G&R), these two effects can be summed up for the competitive grain growth
within a bi-crystal model. Regarding the normal direction of the solidification front, the transient
grain boundary angle (6.5;) within a bi-crystal system under a certain solidification condition is

given by:

Ocpt = 0.+ 0y Equation 5-4
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The solidification in MAM is highly non-equilibrium as it takes place in a rapid manner, and the
solutes of alloy systems cannot fully defuse towards or away from the solidification front (solute
trapping effect). Recent PF models have considered how to consistently and quantitatively
integrate non-equilibrium effects [118], however, for extreme solidification conditions in MAM,
it is still difficult in traditional solidification microstructure simulation methods. In this work, a
data-driven method is chosen to describe the competitive grain growth behaviour within bi-crystal
systems under different rapid solidification conditions. Here, we considered a limited solidification
condition range in the DED process with an imposed solidification rate of 0-50 mm/s and a thermal
cooling rate of 1073 - 104 k/s. The grain selection map is depicted with the help of the ANN
model where the training data comes from the experiment matrix, additional details can be found
in [258]. Then the generated dataset becomes one engine of a continuous solidification
microstructure simulation to describe the anisotropic growth effect of the two grains in a bi-crystal

system under different local solidification conditions.

Studies have shown that <001> texture can generate along the buildup direction after passing the
initial tens layers of material deposition, the grain size inherited from substrate growth into a
relatively stable level and “invasion model” can be applied into the columnar grain dominating
areas where the constrained solidification condition is achieved. Within a timestep of invasion
model, first, the investigated area is discrete into a regular lattice arrangement. Based on the
transient melt pool geometry, the cells are divided into different types including fusion, mushy and
solid cells. Then, the crystal orientation information on the bottom of the simulation domain is
extracted from EBSD experimental result. As shown in Figure 5-1, the cells located on the grain
boundary at the solidification front are recognized. Based on the position of the grain boundary

cell, the solidification condition is extracted either from the experiment or the other transfer
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phenomenon simulation models. Finally, the grain boundary angle is calculated from the invasion
model, and the tangent value of the grain boundary angle is set at the grain boundary cell (mushy
cells located at grain boundary positions) to describe the transient grain boundary invasion

behaviour within a timestep.

Cell Type:
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Figure 5-1 One timestep in the invasion model. a. Schematic of local solidification condition. b.

Numerical representation of the simulation domain.

According to the simulation target and surrounding environment described above, the main

assumptions adopted in this Chapter include:

o All the sub-grain microstructures are ignored

e Melt pool geometry is considered relatively stable in each scanning pass and the fluctuation
at the start and end position of the scanning track is ignored

e No nucleation assumption with all epitaxial grain growth dominating the deposition
process

e Columnar grain size is much bigger than primary arm spacing

e Solidification front can always catch up with the scanning speed of the DED process
Overall, the invasion model believes the tilt of grain boundary angles w.r.t the solid and liquid

interface in the DED process is a sum-up of Marangoni and anisotropic growth effect. The
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important features are detailed in the following sections to describe the boundary condition, grain

growth environment, and grain boundary development.

5.3.  Crystal orientations

For crystal orientations, columnar grains inherit the crystal information (including crystal
orientation and size) from the previous layers of materials and nuclei on the existing half-melted
crystals because of the epitaxial grain growth behaviour. To achieve a quantitative microstructure
simulation, an accurate boundary condition of crystal orientation and initial grain topological
structure is required. When the printed part has passed the initial several layers (5-10 layers) of
competitive grain growth, a texture appears which decreases the intensity of grain competition, so
the columnar grain size in the X-Y plane becomes relatively stable. In this case, the boundary
condition is set based on crystal reconstruction result, and <001> directions reflection on the
corresponding plate is used in 2D models. In real practice, the bottom area of printing is usually
left for cutting or support structures making the microstructure inside less important. For the cases
in which new crystals or nucleation are introduced in the process (SLM or laser powder DED), the
boundary condition with random crystal orientations and grain structure using VVoronoi diagram is
acceptable because it is impossible to set the boundary condition based on the experiment

considering the complexity of the process.

5.4.  Local Solidification Condition

In most MAM cases, the melt pool is generated by a high-energy beam. As MAM fabricated part
is composed of a mass of welds, the microstructure in a single weld bead decides the final
solidification microstructure of the fabricated part. The transient melt pool geometries are crucial
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and are the prerequisite to getting an accurate simulation result. To capture the melt pool
geometrical along the building process, a well-tested CFD model is used to reproduce transient
melt pool geometries with experimental validation. Details of the establishment of the CFD model
can be found in [259]. The key attributes of the melt pool geometry can also be adopted from the

FEM result or analytical solutions [234].

The melt pool geometry is considered as the isothermal surface along the liquidus line, closely
attached to the mushy zone. It is a direct reflection of the local solidification conditions. The
cooling condition along the melt pool bottom changes dramatically in terms of G&R, and in turn,
influences the solidification microstructure developed subsequently. To calculate the transient
solidification condition for the bi-crystal systems, the attributes of a transient fusion zone include
melt pool length (Lm), width (Wm), depth (Dm), and displacement (dm) are extracted from the
melt pool geometry of CFD simulation after experimental validation. Then, the “double ellipsoid
approximation” is used to mathematically represent the transient melt pool geometry. To
accurately capture the normal direction and solidification condition of a solidification front, the
segment of an ellipsoid is carefully matched with the simulated fusion zone at the melt pool tail.
This ellipsoid can be defined by a simple equation (for thin wall structure, the tilt of melt pool is

ignored) where the original locates at the center of the laser beam:

2
X
_2+

Lm

yz (Z_dm)2
Wn? ' (Dm+dm)?

=1 (<0 Equation 5-5

On the X-Z plane located at the center of the melt pool (y=0), we take the differential of Eq. (5)

and obtain

R kX, (z<0) Equation 5-6
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From the above mathematical model, solidification conditions in terms of G&R are calculated. In
terms of the thermal gradient, the maximum heat flux direction can be captured from the normal
direction of isotherm as the negative reciprocal value of dz/dx is the tangent value of the thermal

gradient direction on the X-Z plane. The thermal gradient value can also be generally calculated

aS (Tmax — Tiiquiaus)/Vx? + z2 . For the solidification rate, it is represented by

2 —
R=-3 Lf,nd 7z * & :m) * Vscan, (2 <0) Equation 5-7

The same principle can also be applied to Y-Z and X-Y planes. The grain boundary angle attributed
by anisotropic growth effect under a local solidification condition is considered as a function of
thermal gradient value, solidification rate, crystal orientations of the two grains in the bi-crystal

system.

0. =f(G,R,a,a,) Equation 5-8

As this function is highly nonlinear, in this work it is achieved by the regression of experimental
data by ANN model with solidification condition and crystal orientations being the selected
features. The methodology and details can be found in [258]. Under this strategy, the effect of
grain boundary energy and force balance on grain boundary trijunctions [260] are implicitly
included in the “invasion model” as they also can be considered as dependent features of the ANN

model.

We now develop the theory a step further to consider the influence of the Marangoni effect on the
grain boundary angle. Here, we assume there is perfect mixing in the liquid far from the
solidification front because of the strong stirring effect and the alloy material added to the melt

pool. Various simulation works have shown that the convection around a growing alloy crystal
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can influence the grain growth behaviour dramatically [261]. Apparently, the stirring leads by the
Marangoni effect change the concentration field near the solidification front and boundary layer
thickness thus providing different constitutional supercooling which is the major contribution for

alloy solidification.

Suggested by Papapetrou [262] that a parabolic isoconcentration interface geometry satisfies the
shape-preserving condition as only a part of latent heat or solute is rejected ahead of growing
dendrite to keep a constant dendritic tip grain growth velocity. For alloy solidification, the rest of
the solute is dissipated along the sides which decreases the constitutional supercool and hinders
the grain growth of secondary branches. Following this, the normal growth velocity approaches
zero for the secondary dendrites far from the tip. This leads to the invariant thermal and solute
concentration field condition in the directional solidification problem so that a parabolic dendrite
can grow with a constant velocity (V). The invariant solute field can then be obtained for the

steady-state diffusion equation with a moving coordinate system at the dendrite front:

V2C + (%) (Z—i) =0 Equation 5-9

With C stands for solute concentration, D is solute diffusion coefficient and z is the dendritic tip
growth direction. The invasion model believes that the shape-preserving condition is rarely
encountered in the practice of MAM, especially at the grain boundary area because of the
asymmetrical solute concentration field led by Marangoni convection. Inevitably, the stirring
effect of the moving fusion tends to reduce the solute concentration on the side facing against the
liquid flow direction and provide an extra-constitutional supercooling and grain growth
environment for a continuous generation and growth of secondary dendrites (as shown in Figure

5-2), thus generates a horizontal grain growth velocity and influence the grain boundary angle.
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Figure 5-2 The origin of constitutional supercooling on both sides of dendrite under the
Marangoni effect. (a) Composition profile across solid/liquid interface with direction point away
from the interface. (b) The temperature profile (TL) ahead of the interface with the difference
between TL and equilibrium liquidus temperature (TE) represents the different constitutional
supercooling on both sides. T1 and TO stand for the equilibrium temperature of the solidus and

liquidus line.

The growth velocity of these secondary dendritic tips (V;,), with its reflection on solidification

front, referred to as horizontal grain growth velocity (V;g},), is adapted from the Kurz—-Giovanola—

Trived (KGT) model [199]. By using the solute supersaturation, £, as an intermediate variable
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under lvantsov function of the solute Peclet number: Iv(Pe), the relationship between dendrite tip

growth rate and undercooling yields to

Dy, AT?S

Vep(AT) = S5 Cma—oior (ois) Equation 5-10

where D; is the solute diffusion coefficient in the liquid, m is the liquidus slope, k is the partition
coefficient, I' is the Gibbs-Thomson coefficient, C, is the initial concentration, detailed steps and
derivation can be found in [69, 200]. Then the grain boundary angle attributed to the Marangoni

effect (6,,) can be represented by

Oy = tan"t(V;5,(AT)/R) Equation 5-11

Under the assumption that melt pool geometry is relatively constant within a single scan, the grain
boundaries in each layer experienced similar solidification conditions from the bottom of the melt
pool to its top in the X-Z plane. Thus, the influence of the Marangoni effect on grain boundary
angles within a hole layer thickness can be taken as a general integral average value and subtracted

from the total grain boundary angle when considering the anisotropic growth effect.

5.5.  Grain Boundary Invasion

In each timestep of solidification microstructure simulation, the local solidification condition
between the melt pool tails area is considered as constant, and the transient grain boundary is
presented as a straight line. To accurately depict the grain boundary angle in a spatially discretized
numerical model, the length of the meshing grid is decided based on the dimension of the
simulation target. In the case of laser wire DED fabricated Ti6Al4V, as the columnar grain size

can achieve several millimetres (characteristics feature size) and the layer thickness is around 0.7
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mm, the cell size is set as 20 um which is 35 times smaller than layer thickness to guarantee the

simulation resolution.

This model is robust because an angle is a dimensionless number, and the angles representing
anisotropic growth and Marangoni effects can be summed up without considering the magnitude
of the discretized cells. After the grain boundary angle is calculated based on the above
methodology at grain boundary positions, the grain boundary invasion behaviour in a numerical
model becomes simple. Here we define the invasion factor (/F) of a grain boundary within a bi-
crystal system as:
IF = tan (8;5¢) Equation 5-12

Under the cartesian coordinate system follows the convention of additive, the angle between a
transient thermal gradient direction and build up direction in a 2D model is defined as 6, and

invasion factor becomes:

IFAM = tan (Ogp; + O7) Equation 5-13

The invasion factor is then assigned at a single track of cells straightly above the grain boundary
cell and accumulates the value from bottom to top in each timestep. Once a positive integer is
reached, the cells (based upon the integer value) at the left of the straight grain boundary line are
changed into the grain index on the right, and vice versa. To avoid network dependence and
converge the simulation result, the timestep length is determined based on trial and error to

accurately represent the grain boundary curve and in the meantime guarantee the efficiency.

Altogether the invasion model considers the competitive grain growth behaviour in MAM as a
summary of the grain boundary tilting among the adjacent crystals. The grain boundary angle is

considered as a grain invading into its neighbour grains under the absolute coordinate system,
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hence the “invasion model”. This grain boundary angle w.r.t. the thermal gradient direction under
a local solidification condition is caused by anisotropic growth and the Marangoni effect. In the
numerical application of the invasion model, an invasion factor is introduced to represent the tilting

of transient grain boundary angles.

5.6. Model Verification

To verify the above methodology can accurately represent a grain boundary angle, model
verification is carried out to determine the cell size and length of the time step. The cell size of the
invasion model is inversely proportional to the number of discretized cells in characteristic length.
In this work, the key factors of the melt pool (e.g., depth and width) are selected as the
characteristic length because the solidification microstructure representation depends on the
accurate depiction of grain boundary within the single tracks. Thus, a cell number within a domain
of characteristic length should be decided first. Figure 5-3 shows the relation between the cell
number and the deviation of the represented angle. The 5-, 10-, 20- and 30-degree angles are used
for this test as their tangent value produces an irrational number considering the storage data type

within the numerical simulation.
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Figure 5-3 Deviation of the represented angle (percentage): (a) 5 degree (b) 10 degree (c) 20
degree (d) 30 degree

There is always a trade-off between the computational cost and the accuracy of a numerical
simulation model. To limit the deviation to around 3% (horizontal dot line in Figure 5-3), a cell
number higher than 200 is recommended within a domain of characteristic length. A series of angle

representations is shown in Figure 5-4 with a discretized cell number of 200, the deviation is also

shown in the figure.
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Figure 5-4 Representation of tilting angles with deviation (percentage): (a) 10 degree (b) 20
degree (c) 30 degree (d) 40 degree (e) 50 degree (f) 60 degree
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According to equation 5-14, the size of the time step is decided based on the accurate

representation of a curved grain boundary within the characteristic length.

R * 2—; <1 Equation 5-14

Here, At is the time step size, Ax is the size of the cell and R is the solidification rate. In the
following section, laser wire DED fabricated thin wall structure is used to validate the invasion

model.

5.7. Experimental Validation

The building configuration wire DED process is shown in Figure 5-5a. The samples were
fabricated using a LAWS 1000 automated welding system equipped with a 1 kW YAG solid fibre
laser. The deposition with Ti6Al4V ELI wire feedstock was operated under an Argon gas
protection environment. The process parameters are shown in Table 5-1. The case of wire DED
fabricated Ti6AIl4V is selected as a benchmark for this study because the epitaxial grain growth
eliminates most of the random factors of nucleation. On the other hand, the thin wall structure
fabricated is a good example for a pseudo-3D case simulation model as the columnar grains are
able to develop extremely big into millimetre level, where the grain size exceeds the thickness of
the thin wall and thus guarantee there is only one grain in the whole thickness direction. This
eliminates the influences caused by the grains coming from the side and focuses on the competitive
grain growth behaviour of a set of columnar grains. A comparison with the powder DED process
is provided in Figure 5-5b, half-melt powders are found at the surface of the fabricated part (Figure
5-5d). These half-melted powders inevitably provide epitaxial growth positions introducing extra

crystals and influencing the microstructure in the investigated domain. On the contrary, the wire
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DED process is capable to fabricate an accurate thin wall structure with a clean surface on the side
(Figure 5-5c), this indicates that melt pool geometry is relatively stable, and all the material
experienced a melting and solidification process and eventually becomes the solidification
microstructure in the fabricated part. To set up the boundary conditions based on the real
experimental result and compare the simulation result with experiments, the following

experimental activities are launched.

Table 5-1 Process parameters of the laser wire DED fabricated Ti6Al4V for model validation

Process Parameter | Laser Power | Scanning Speed Wire Feeding Rate
Laser Wire DED | 625 W 17ipm (431.8 mm/min) | 35ipm (889 mm/min)

AT s o
e g v~ =

Figure 5-5 Building configuration and surface topology comparisdn of the ire (a, ) & powder
(b, d) DED fabricated Ti6Al4V thin wall structures

5.7.1. Characterizations of microstructures

As can be seen from Figure 5-6a, the microstructure of wire DED fabricated Ti6Al4V at room
temperature shows a full basketweave structure (alpha). In some cases of the DED process with
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good cooling conditions, a full martensite structure (alpha prime) can be achieved. The solid phase
transformation of Ti6AI4V eliminates most of the original crystal (prior beta) information with
primary and higher-order branches of the same column grain merged with each other. The crystal
orientation information can be captured from EBSD reconstruction techniques [76] as the solid
phase transformation of Ti6Al4V strictly follows the BOR. Along the buildup direction, EBSD is
carried out in three separate areas of each column grain for the reconstruction (Figure 5-6b). Maps
of three Euler angle is shown in Figure 5-6¢ and the misorientation of the reconstruction result is
lower than two degrees. This small misorientation can be attributed to the crystal deformation led
by the high residual stress generated during the printing process. Also, the accuracy of the EBSD
technique to distinguish a different crystal orientation is typically around 0.5 degrees, so the
accuracy of the EBSD reconstruction technique is believed to be satisfied. However, the EBSD
technique usually limits the size of the testing sample, and it is time and cost consumable. Thus, it
is only used to capture the crystal orientation information of the solidification microstructure, and
the grain topological structure reconstruction method in a part level is presented in the following

section by extracting the grain boundaries of the column grains from sample surface and cross-

sections.
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Figure 5-6 Microstructure of wire DED fabricated Ti6Al4V thin wall structure. (a) Electron
microscope of the basketweave structure (fully alpha prime phase). (b) Three detected areas
(spaced at 50um) within the same prior beta grain. (c) The three corresponding Euler angle maps
of alpha prime grain and the reconstructed crystal orientation present of the prior beta grain.
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5.7.2. Grain boundary extraction & grain topological structure reconstruction

For the grain topological structure, the columnar grain morphologies cannot be reconstructed under
a high amplification observation condition because of the solid phase transformation and the scale
limitation. Luckily, different prior beta grains with different crystal orientations have different
absorbance abilities of the visible light which can be recognized under an optical microscope.
Distinguishing columnar grains with different crystal orientations is easier after chemical etching
which can be observed with naked eyes. Moreover, the grain boundaries are areas filled with
defects, for as the concentration of the dislocation in the low-angle tilt boundaries. These defects
on the grain boundaries will also lead to different resistance to etchant and a contract between their
neighbouring grains. On the surface of the printed part, grain boundaries also have a clear groove

as they are the last solidified area compared to the inner area of grain, as shown in Figure 5-7.
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Figure 5-7 Laser confocal imaging and 3D optical image and contour map with the extracted

cross-section height profile of grain boundary area.

The grain size and grain boundaries are extracted from the imaging results in a part scale under
the help of image segmentation software (Figure 5-8 achieved by Dragonfly). For a 3D
reconstruction of the grain topological structure, the thin wall samples are cut from the center on
the X-Z plane and the above methods are used comprehensively to achieve a grain structure

reconstruction on a large scale.
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Figure 5-8 Grain boundary recognition under image segmentation from sample XZ_1.

5.7.3. Transient Melt Pool Geometry Attributes

We can never overestimate the importance of melt pool geometry to the resultant solidification
microstructure in MAM. All solidification microstructure simulation works in part scale should
carefully validate the melt pool geometry during the printing process to provide accurate
solidification conditions and boundary conditions for the simulation domain. Figure 5-8a shows
the laser positioning before the material deposition. A single track of material deposition in laser
wire DED process includes the following steps: laser start and melt pool generation (Figure 5-
9b&c), movement of a stable melt pool (Figure 5-9d-h), laser stop and cooling of the fabricated

part (Figure 5-9i).
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Figure 5-9 Deposition process of a single track: (a) Laser positioning at 0s (b) 1s (c) 2s (d) 3s (e)
4s (f) 5s (g) 6s (h) 7s (i) 8s
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At the end of a single track of material deposition, the wire is retracted from feeding into the melt
pool. This operation guarantees a flat fabrication and less distortion at the end of the bead. It takes

around 0.2s as shown in Figure 5-10.

Figure 5-10 Laser stop and feeding wire retract at (a) 7.3s (b) 7.4s (c) 7.5s

In Figure 5-11a, a high-speed camera focusing on the melt pool domain is used for melt pool
geometry validation. From the captured images and laser center position, the length and width of
the fusion zone are measured. The depth of the melt pool and overlap between layers are be
measured from Y-Z cross-sections of the samples after chemical etching. The comparison between
CFD simulation (Figure 5-11b) and experiment (both under single-track multi-layer configuration)
is shown in Figure 5-11a where the melt pool geometry of the simulation coincides with
experimental observation. For a more accurate melt pool geometry, the current research on

ultrahigh-speed synchrotron X-ray imaging could provide more insights [238].
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Figure 5-11 Melt pool geometry validation. (a) High-speed imaging of transient melt pool
geometry with L and W representing the length and width of the melt pool. (b) Melt pool

geometry extracted from the CFD simulation.
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5.8. Results and discussion

The invasion model is carried out in a pseudo-3D case of a thin wall structure with a dimension of
22*2.6*7 mm3 (10 layers). The solidification microstructure of the material deposited is simulated
with a layer overlap of 38%. To keep the “relatively stable melt pool geometry” assumption valid,
the simulation domain (shown in Figure 5-12a) is selected in the center (scanning direction) area
of a thin wall to avoid melt pool geometry fluctuation and the printed part distortion located at
both ends of a scanning track. For a quantitative comparison between the simulation and
experimental result, the simulation domain is also located at the top of the printed part where the
initial competitive grain growth inherits from the substrate is finished, and the columnar grains

exceed the thickness of the thin wall eliminating the influence of the grains coming from the side.

Based on the integrated application of reconstruction techniques introduced in the experimental
validation section, the image segmentation of different grains (Figure 5-12b) and the 3D
reconstruction of grain geometrical structure (Figure 5-12c) in the target domain are achieved. The
boundary condition of crystal orientation and initial grain structure are set directly based on the
experimental result. After the initial several layers of material deposition, strong texture starts to
emerge with <001> directions of the crystal generally parallel with the buildup direction. In this
pseudo-3D model (a combination of multiple X-Z layers), the reflection of [001] direction of the

crystals is used to represent the crystal orientations in the 2D cases.
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domain on a wire DED fabricated thin wall structure. (b) Grain boundary extraction on the three
corresponding layers. (¢) Grain structure reconstruction result. (d) Simulation result of the

invasion model.

This invasion model was launched under a self-developed C++ environment and the simulation
result is visualized by a data visualization software (ParaView). Under the 8 core CPU processor
(Intel (R) Core (TM) i5-10300H), it took only 12 minutes to achieve the above simulation with a
cell size of 20 um. The simulation result of the solidification microstructure is shown in figure 8d
which has a perfect match with the experimental result showing the increase and decrease of grain
size along the material deposition process. It is also worth noting that the model accurately predicts
the failure of the grain (highlighted in Figure 5-12c&d) during the competitive grain growth. This
also indicates the application potential of the invasion model in other grain selection studies. The

average grain size change of grain geometrical reconstruction and simulation along the material
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deposition process in different layers is shown in Figure 5-13. The average grain size shows a
perfect match between simulation and experimental reconstruction results in the first four and last
two layers. However, vigorous increases are found at layer five and eight in simulation and
experiment, respectively. This can be mainly attributed to the grain elimination at the
corresponding layer, and the invasion model can rapidly recover its simulation accuracy within a

short length range.
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Figure 5-13 Average grain size comparison between experimental and simulation results.
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According to the proposed methodological framework in Chapter 3, the predicted solidification
microstructure from the invasion model can be combined with the solid phase prediction models
for property prediction. The solid phase in the printed part can be extracted from the
microstructural evolution map. In this strategy, the solid phase compositions are depicted as a
microstructural evolution map showing the solid phase composition in each material deposition
layer along the buildup direction of the DED process (e.g., the map developed by Kelly and Kampe

[56]). In a more general case, the solid phase should be predicted from the experienced thermal
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history. Based on arbitrary temperature history data, a model is proposed in [242] for a more

accurate prediction of the solid phase composition.

For complex cases like solidification microstructure in MAM, the author believes there is no short
path as many in-process parameters are not being quantified. In this simulation framework,
experimental data is used as input to solve this problem by building up a database. A careful
selection and coupling of various models with the appropriate application range is the only way to
achieve an accurate, long-scale simulation with practical efficiency. The proposed invasion model
is designed for constrained columnar grain growth like most cases in MAM when equiaxial grains
are hard to achieve. However, the application field is not suitable for equiaxial grain growth with
homogeneous nucleation in liquid as the invasion model cannot accurately track the grain
boundary before the adjacent grains get in touch. The traditional methods such as the grain tip
kinetic (CA) and deriving the field form (PF) are still very useful for the equiaxial grain growth

and the invasion model can be a good complement when the prerequisite conditions are achieved.

The framework developed in this work also shows its practical importance when the solidification
conditions are extreme, and the traditional solidification theory is invalid. This strategy of the
invasion model is robust, and it can be applied to achieve an accurate solidification microstructure
simulation for other types of material where current simulation methods are not suitable. It can
also be coupled with other macroscale models or introduce data from models. When the invasion
model is applied, the real problem becomes how to get the accurate local solidification condition,
boundary condition and nucleation rules set up. In-situ characterization is a good way to provide
accurate transient melt pool information [238], and the invasion model can be combined with the

real-time experimental monitoring techniques to achieve a more accurate simulation result.
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5.9. Conclusions

As many probabilistic models of solidification microstructure simulation are having difficulties
when dealing with MAM processes, a deterministic model (named invasion model) is developed
in this work to provide a quantitative prediction of solidification microstructure. With the wire
DED process as a benchmark, the invasion model focuses on the grain boundary development
within bi-crystal systems, and it believes the competitive grain growth behaviour is a sum-up of
all the invasion behaviour of bi-crystal systems. By analyzing the effect of Marangoni and
anisotropic growth, the transient grain boundary angles of columnar grains are represented by an
invasion factor in the numerical model. To the best of the author's knowledge, the grain boundary
angles of MAM fabricated Ti6Al4V has never been quantitatively studied before this work. Also,
the invasion model provides a methodology to investigate the solidification microstructure for
most of the alloy systems under a rapid solidification condition which is now still a difficulty for
existing methods. When the traditional solidification theory frequently lost its efficacy on the
simulation work (especially on the topics of nucleation), we realize that the establishment of
databases for the key sub-processes is also important for a more accurate simulation. On the other
hand, the invasion model is very practical as it can quantitively depict the grain structure of
columnar grains in a part scale with high accuracy and computational efficiency. The strategy is
robust which can be combined with various existing mechanistic models. By combining with real-
time monitoring data, we believe this model can be a good tool for process optimization in MAM

and push the microstructural control into the next level of accuracy.
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Chapter 6.  Crystal Introducing Mechanism in Laser Wire DED fabricated Ti6Al4V

In the previous Chapters, a ‘no nucleation’ assumption is made based on the reality that laser wire
DED fabricated Ti6Al4V mostly presents a fully columnar grain structure. However, there are still
exceptions that disable this assumption even without reaching the critical undercooling. This
Chapter discusses the importance of nucleation in MAM and investigates the crystal introducing
mechanism in laser wire DED fabricated Ti6Al4V. Besides the term ‘nucleation’, this Chapter
generalizes this phenomenon as the ‘crystal introducing’ as the crystals with different crystal
orientations can be introduced to the printed domain without going through a nucleation scenario

(growth from successful critical nuclei).

6.1.  Introduction

Metal additive manufacturing has been rapidly developed for almost twenty years, however, the
mechanism of nucleation (or crystal introducing) mechanism in MAM processes has been a long-
term unsolved problem. Especially the solidification in MAM usually takes place under a rapid
solidification condition with large supercooling, and the time lag is needed for structural relaxation
into the steady-state regime which results in a time-dependent nucleation rate. Only limited works
shed light on this area from an experimental and simulation point of view, and no unit solution has

yet been addressed.

In MAM, there are several scenarios found that generates nucleation or introduce new grains with
different crystal orientation into the fabricated part. First is the well-explored nucleation process
which directly leads to the nucleation in the liquid phase. The embryos emerge in the liquid phase

and the successful critical nuclei are able to continue growing into a new crystal. This effect is
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mainly controlled by the constitutional effect attributed to the solute concentration in alloy systems.
According to the interdependence theory [21, 22, 263], this process is controlled by the critical
undercooling for nucleation [121], the amount of constitutional supercooling in front of the
growing solid and the average spacing between the potent nucleation particles. A growth
restriction factor Q was introduced by Hunt and Gaumann [264, 265] to evaluate the rate of
developing a constitutional supercooling zone, where a large value of Q promotes nucleation.
However, Ti6Al4V is a type of material with a low constitutional supercooling capacity which is
very difficult to efficiently trigger this type of nucleation in MAM even with the addition of grain
refiners (silicon or boron). Therefore, in most MAM fabricated Ti6AI4V studies, nucleation is
believed to not exist as the epitaxial grain growth with no thermodynamic hindrance for nucleation

dominates the whole material deposition process.

Another way to achieve the equiaxial grain structure in the fabricated part is by introducing the
second phase particles (nanoparticles). By doing this, the energy barrier for a critical nucleus will
be decreased thus promoting nucleation. This can be explained by the traditional nucleation theory
as the introduced external surface decreased the free energy cost of generating a nucleus. However,
this practice means a chemical composition change in the fabricated part. And the addition of the

second phase particles leads to powder contamination which is a big problem in real practice.

There are other scenarios in MAM which introduce external nucleation sites into the printed
domain without reaching the critical supercooling (epitaxial grain growth). In these scenarios, the
crystals nucleate at the existing crystals and inherit the crystal orientations. Examples include the
nucleation on the crystal surface of the half-melted feedstocks (powder or wire) or the breaking of

growing dendrites (by introducing high-intensity ultrasound). These examples also approve that
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the CET phenomenon is not a full solidification condition (G&R) controlled process, and even

without bulk nucleation, CET is still achievable with proper process control.

Currently, one of the most important research trends on MAM is to refine the crystals in the printed
part. In another word, to introduce more crystals into the printing domain. Thus, the study of
nucleation, which eventually decides the grain size, becomes very important. Yet our
understanding of the crystal introducing process in MAM is fragmented. Substantial amount of
effort has been made to understand the mechanisms behind it. The rate, position and formation
time of nucleation have a significant influence on the resultant solidification microstructure of the
printed part. In most cases of structural materials, the microstructures as equiaxial grains are
usually more desirable because the homogeneously distributed grain boundaries have the benefit
to avoid the stress concentration during deformation thus providing more strength and reliability.
Following this, how to promote nucleation during the material deposition process of MAM and
achieve CET transformation becomes an important research topic. Some work shed lights on this
topic, as the CET in MAM can be achieved by introducing external surfaces for nucleation, process
improvement, process parameters or scanning strategy control, alloy component and phase design
and so on. As suggested by Martin [256], introducing nanoparticles of nucleants that promote
nucleation during MAM solidification can be a good strategy to improve the printability of
conventional alloys. In their reported work, crack-free printing of 7075 and 6061 series aluminum
alloys was achieved with equiaxial and fine-grained microstructure. A significant mechanical
property improvement in terms of strength and ductility was found. In another work reported by
Zhang [22], a titanium-copper alloy system was found to have promising mechanical properties
with a fully equiaxed fine-grained microstructure when fabricated via MAM. Different from

aluminum alloys, there is no effective commercial grain refiner for titanium that can promote the
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nucleation process. So based on interdependence theory, a titanium-copper alloy system was
designed as it has a high constitutional supercooling capacity which can override the negative
effect of a high thermal gradient in the laser melting process and form an ultrafine eutectoid
microstructure. In terms of process improvement, an interesting work from Todaro [266] employed
high-intensity ultrasound to the SLM process. With the help of the acoustic cavitation effect, they
successfully achieved the printing of equiaxed fine prior beta grains of Ti6Al4V, the yield stress
and tensile strength were found to have 12% of improvement. With the established research on
welding process, the controlling of these microstructural features turns out to be an important
aspect to have a great influence on the resultant mechanical properties. Until now, to achieve the
CET in MAM is still a research focus for the printing of different alloy systems for example the

manipulating of process parameters, preheating the substrate and so on.

6.2.  Nucleation in MAM solidification microstructure models

Almost all the phase transformation process in nature starts from nucleation. However, nucleation
is a transient process, and the scale limits the researchers to get direct experimental evidence for
the nucleation study. Great achievements have been made to experimentally observe the generation
of early-stage nucleation in a solid phase [267], the shape of the critical nuclei can be observed
experimentally in very few cases. As for the nucleation in the liquid metal, it is still an

unachievable task especially in the extreme solidification condition of MAM.

Classical nucleation theories (CNT) believe that there are two kinds of nucleation processes:
homogeneous and inhomogeneous. From the thermodynamic point of view, homogeneous
nucleation is hard to achieve as the energy barrier request is very high, typically three times that

in inhomogeneous nucleation. In the solidification process of MAM, homogeneous nucleation is
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rarely encountered as impurity is inevitable during real practice. The main criticisms of the CNT
include not only its capillary approximation but also it is unable to account for the grain density
changes in different cooling conditions. That is why the instantaneous nucleation theory is broadly

accepted which treats the nucleation phenomenon as a thermally activated process.

There is also no doubt that the treatment of nucleation in different microstructure simulation
models has a significant influence on the solidification microstructure simulation result of MAM
process. Unfortunately, the prevailing nucleation models in the solidification microstructure
simulation models for laser wire DED fabricated Ti6Al4V processes are inappropriate which
hinders the simulation results to be quantitative. In traditional models, nucleation is normally
understood as an unpredictable process where the grain number is counted beforehand and
manually arranged during the microstructure simulation process. Since 1993 when the most
common solidification microstructure simulation method in MAM-cellular automata-was created
by Dr. Rappaz in which the nucleation was treated as a continuous process. This means the
nucleation number needs to be counted before doing the microstructure simulation. This could be
more practical to be achieved by grain size analysis. The seed density model is then applied to
describe the nucleation phenomenon in MAM [268]. However, this practice goes against the
prediction nature of simulation and a single nucleation rule that cannot capture the real nature of
the nucleation process in MAM processes. Thus, detailed work on the nucleation for MAM process
needed to be applied to these models in order to guarantee the simulation accuracy. The study of
the nucleation process is important also because the nucleation rate directly decides the grain size
and grain structure. If the nucleation is eliminated during the whole MAM process, theoretically,
the grain with growth advantages (e.g., preferred grain growth direction parallel with the thermal

gradient direction) can develop into a very large scale after the competitive grain growth. It follows
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that the solidification microstructure will eventually develop into a single crystal. However, this is
never found in the cases of MAM Ti6AIl4V. This indicates that our understanding of the crystal
introducing mechanism is far from enough as it is a comprehensive result of the material properties
(chemical component, purity, viscosity, interface energy and so on) and the forming environment

(G&R, residual stress, solute concentration, thermal field, vibration, or other physical factors).

In this Chapter we demonstrate without reaching the CET curve, nucleation is possibly generated
from the grain boundary position. And recrystallization is the reason which introduces the new
crystals into the printed domain during the process of laser wire DED. The grains forming via
solid-state recrystallization are then used as seeds when a subsequent layer solidifies thus giving
rise to a refined grain structure. This study breaks grounds on understanding of the nucleation
formation condition. It is an important step towards the formation of a unified understanding of

the nucleation mechanism in MAM process.

6.3. Experimental Methods

6.3.1. Laser wire DED fabricated Ti6Al4V thin wall structure

To distinguish a nucleation spot from epitaxial grain growth is difficult in MAM processes. For
example, the half-melted powders or the crystal growth from the side is usually confused with the
real nucleation spot. In this work, laser wire DED processed thin wall structure is chosen as a
benchmark to analyze the nucleation phenomenon in MAM. It is chosen as the benchmark because
of two reasons: first, it eliminates the influence of the grains developed from half-melted metal
powder, which is very typical in all the powder bed processes including SLM and EBSM. Second,
the thin wall structure guarantees there is only one columnar grain in the whole thickness of the

thin wall which leads the problem to a pseudo-3D problem and is easier to analyze. Also, if the
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grain size exceeds the wall thickness, the influence of the grains coming from the side can be

eliminated because there is only one grain in the Y direction.

As shown in Figure 6-1, a thin wall structure was cut from the center of the X-Z plane and
compared on both sides. We found that the grain boundary from one side can always find its
correspondence on the other side of the thin wall (Figure 6-1). This approves the statement that
the thin wall structure can eliminate the grains that come from the side when the grain size exceeds
the thickness of the fabricated wall. And even for crystals with their grain size in the X direction
smaller than the thickness of the thin wall structure, they are still able to be found on both sides as

a result of the epitaxial grain growth.
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Figure 6-1 Comparison on both sides of a thin wall structure.
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To get the first intuition of the crystal introducing mechanism in laser wire DED fabricated
Ti6Al4V, the observation was made on the front surface of a continuously deposited thin wall
structure (180 layers). A window (65mm * 45mm) at the top center section was used for analysis
based on the image segmentation technique introduced in Chapter 4.3. The position recognized as
the crystal start and end places is marked in Figure 6-2. Within the window, there are a total of 8
positions marked as the start place of a newly introduced crystal, and 9 places are marked as the

end positions of crystal development because of competitive grain growth.
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Figure 6-2 Crystal introducing (b) and end (c) position in a laser wire DED fabricated thin wall

structure (a)
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In the investigated window, seven out of the eight recognized crystal introducing sites are located
at the grain boundary of the previous layers. Clearly, the distribution of the nucleation sites (or
crystal introducing sites) does not follow a random manner suggested by the famous Johnson—
Mehl-Avrami—Kolmogorov (JMAK) equation [269]. Instead of randomly distributed, the start
places of crystal introducing process in laser wire DED fabricated Ti6Al4V has priority to locate

at the grain boundaries.

By looking at the last several layers (176" - 180" layer) of material deposition in the fabricated
part (Figure 6-3), the grain growth strictly follows epitaxial grain growth without any new crystal
introduced. This approves that the solidification condition cannot provide efficient supercooling
to generate nucleation in the liquid phase. Compared to the previous layers of material deposition,
the last layer provides a lower thermal gradient value as a result of heat accumulation and a worse
heat extraction condition. With a constant scanning velocity that gives the same solidification rate,
theoretically, the solidification condition (G&R) in the previous layers moves even further in the
columnar grain area. This experimental evidence suggests the solidification condition of laser wire
DED processed Ti6Al4V under the mentioned process parameters fully located in the columnar
grain area in the G&R map. Thus, the introducing of crystal in this process is believed to take place

during the solid-state.
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Figure 6-3 Solidification microstructure in the last 12 layers of material deposition

As shown in Figure 6-4, several introduced crystals which are able to win the competitive grain
growth and develop into a millimetre scale are selected for a detailed grain geometrical structure
reconstruction. The grain structure of these introduced crystals is reconstructed from image
segmentation of the front, center, and back surfaces in the fabricated part. The accuracy of this
reconstruction is guaranteed by using the layer number as a reference. The lowest point in these
reconstructed crystal structures does not have a preference in the Y direction which means it can

either take place at the surface or the internal areas of the fabricated part.
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Figure 6-4 Grain structure reconstruction of the introduced crystal

6.3.2. Experimental design
Based on the observations in the previous section, the investigation of the crystal introducing
mechanism in laser wire DED fabricated Ti6Al4V has focused on the recrystallization process in

the previous deposition layers. As a section (35% - 40% in height) of the previously deposited
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layer is remelted during the material deposition process of laser wire DED, the recrystallized
crystals get a chance to epitaxially develop into the melt pool area and participate in the following
competitive grain growth. This crystal introducing mechanism can also take place under other
process parameters as most of the solidification conditions provided by laser wire DED are in the

columnar area for Ti6AI4V alloy.

To further approve this theory, three hypothesizes are proposed here to investigate the influence
of different process conditions on the crystal introducing mechanism. According to the focus on
the recrystallization process which the residual stress and reheating temperature are believed to be
the driving force, laser wire DED fabricated Ti6Al4V thin wall structures were fabricated using a
1 kW YAG solid fibre laser automated welding system under Argon gas protection environment.
The feedstock is selected to be Ti6Al4V ELI in the format of wire to eliminate the epitaxial grain
growth from the half-melted powder. A laser power of 650 W with 16.9 ipm scanning speed and
a feed rate of 50 ipm are used in the fabrication. The additive portion starts from the edge of a
Ti6Al4V rolling sheet with a thickness of 1.26 mm. The scanning direction is constant during the
deposition process and the material is deposited and builds up the thin wall structure (Figure 6-5)

with a dimension of 95+ 0.2 mm *63 £ 0.5mm * 2.5+ 0.1 mm.

Four samples are fabricated for the investigation of the crystal introducing mechanism (ClI
samples). The sample CI_1 is the controlled group with a continuous deposition of 180 layers. The
sample C1_2 is fabricated under the condition that the fabricated section is cooled down to room
temperature for every 60 layers of material deposition. By doing this, it eliminates the influence
of heat accumulation during the process. The sample Cl_3 is annealed for every 60 layers at 600
degrees for 1 hour to eliminate the residual stress. The sample Cl_4 is heat-treated above the alpha-

beta transus temperature (under 1050 degrees for 2 hours) for every 60 layers. This sample
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investigates the influence of the solid phase transformation of Ti6Al4V on the resultant

solidification microstructure.

Sample 1 (Control group): Sample 2: Cool down to Sample 3: Stress relief Sample 4: Heat treatment
continuously deposition room temperature for (annealing) for every 60 at B-a temperature for

every 60 layers layers every 60 layers

[ S—}

(Q mim,
E. Hypothesis 1: Heat Hypothesis 2: Stress Hypothesis 3: Solid-phase
k Accumulation Accumulation Transformation
bl

Figure 6-5 Sample matrix of the experimental design. Sample CI _1. continuous deposition of
180 layers (control group). Sample CI_2. Cool down to room temperature for every 60 layers
(hypothesis 1). Sample CI_3. Annealing treatment for every 60 layers (hypothesis 2). Sample
Cl_4. Heat treatment at alpha-beta transform temperature for every 60 layers (hypothesis 3).

The samples for analysis and the observation are all under the as-built condition to eliminate the
risk of introducing new nucleation positions and grain boundary migration caused by heat

treatments. The samples are polished on the front and back surfaces and cut from the middle
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surface of the X-Z plane. The microstructure observation was launched from both surfaces at the

front and back as well as the etched middle plane.

6.3.3. Solidification microstructure and grain size analysis

Based on the observed solidification microstructure of DED fabricated Ti6Al4V, the grain
structure and size analysis are carried out on the etched middle plane of the Y direction. As shown
in Figure 6-6, the grain size is measured in the X direction for every ten layers of material
deposition. According to the topological structure of the columnar grains, fabricated part geometry
and the competitive grain growth mechanism, the grain size in the X direction directly reflects the

influence of the introducing crystals on the solidification microstructure.

As this scale of grain size measurement is launched under an optical microscope, the
microstructural features smaller than 100 pum is ignored. The small-size features are further
analyzed in the following section of this Chapter. The reorganization of the grain boundaries of
the columnar grains is achieved by a comprehensive analysis between the optical microscope
image and the confocal laser scanning result. A more accurate grain boundary reorganization
method is the EBSD. However, this technique is limited by scale and is not suitable for the grain

size measurement task in this Chapter.
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Figure 6-6 Grain size measurement of Sample NI_1 at 160th — 180th layers (every ten layers) on

the middle plane of Y direction.

The grain size change of the control group (sample Cl_1) along the build-up direction is shown in
Figure 6-7. The average, standard deviation and scattering of the data points are shown in the
figure. The average grain size is increasing along the build-up direction; however, the increasing
speed of the average grain size is smaller than the maximum grain size in each layer. An increasing
value of the standard deviation is also found, which can be attributed to the competitive grain
growth effect that the preferred grains are eliminating the unpreferred ones during the process.
However, the decreasing of average grain size is also found in some of the layers (e.g., layer 30,

40, 130, 160 and 180). This is clear evidence that the crystal introducing mechanism is limiting
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the average grain size. Within the areas that the biggest crystal keeps developing, the difference
between the maximum grain size change and the average grain size change can be considered as
the influence of this crystal introducing mechanism on the grain size change during laser wire DED

fabricated Ti6AI4V process.
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Figure 6-7 The grain size analysis of the control group (sample Cl_1) along the build-up

direction

The crystal introducing position is analyzed in Figure 6-8, the middle area in sample Cl_1-4 (layer
60-120) is used for the optical microscope recognizable crystal introducing position marking.
Apart from the priority at previous grain boundaries, the crystal introducing position still presents
a random manner within the experimental sample matrix. The number of the crystal introducing
position is found to be fewer in sample CI_3. This indicates the residual stress in the fabricated
parts contributes to the generation of the introduced crystals. In Figure 6-8d, the heat treatment

above the alpha-beta transformation temperature eliminates the original solidification
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microstructure. The slow cooling rate along the chamber cooling provides the environment for the

alpha grains to develop into a larger size, and a course basket weave microstructure emerges.

——
5000pm

Figure 6-8 Crystal introducing position marking for the experimental sample matrix in layer 60-
120: (a) CI_1 control group (b) Cl_2 cooling to room temperature (c) Cl_3 annealing (4) CI_4
heat treatment above the alpha-beta transformation temperature

A closer look at the sample CI_4 in layer 120-180 (without heat treatment) reveals another

evidence that the residual stress contributes to the generation of the introduced crystals. According
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to the literature [52, 270], the residual stress of the laser DED fabricated parts tends to concentrate
at the center and bottom area in the fabricated thin wall structure. As shown in Figure 6-9, it is also
the concentrated crystal introducing position fabricated from the alpha-beta transformation
temperature heat-treated substrate. However, how the solid phase transformation influences the

crystal introducing is still an open question which needs further investigation.

Figure 6-9 The crystal introducing position in sample Cl_4 (layer 120-180).

131



6.4. Results

6.4.1. Contamination (gas impurities of oxygen, nitrogen)

Ti6AI4V is an active alloy that easily interacts with Oxygen and Nitrogen during solidification.
To evaluate the effect of gas impurities on the crystal introducing mechanism. The X-Ray
photoelectron spectroscopy (XPS Thermo Scientific K-Alpha) was used to analyze the chemical
component difference between the intergrain and grain boundary area of a neighbouring bi-crystal

system (Figure 6-10).

500.0pm

Figure 6-10 XPS testing position of intergrain and grain boundary area within a bi-crystal system

(from sample CI_1)
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The survey scan result of the intergrain and grain boundary area is shown in Figure 6-11. A perfect
match between the two detected shows the stability of the chemical composition within this bi-
crystal system. However, the content of the Oxygen is more than 30% in terms of the atomic
percentage. This value is abnormal as the XPS testing only focuses on the several nanometers

depth on the testing sample surface.

InterGrain Grain Boundary
450000
o
400000 /
350000
300000
w
@ 250000 Tizp
[
£ ‘/
3 I
= |
© 200000 - \
- "\|
L IJ
o \
150000 ‘ o : Cae
N A\ o ha
o\ N e | W /
T e ! iy
100000 / 1 Al

AN

08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08

17.08 &

1350,
1319,
1288
1257,
1226,
1195.08
1164.08
1133.08
1102.08
1071.08
1040.08
1009,
978
947
916
885
854,
823
792
761
730
699
668
637.08
606.08
575.08
544.08
513.08
482.08
79.08
48.08

Binding Energy (eV)

Figure 6-11 XPS survey of the intergrain and grain boundary area within a bi-crystal system

Cross-validation is carried out for a more accurate chemical composition testing of the sample.
The focused ion beam (FIB) extreme high-resolution SEM was used to investigate the
microstructure and the chemical component at the grain boundary area at a 3D level. As shown in

Figure 6-12, the grain boundary area was milled down by the FIB by 40 um. As the whole process
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was carried out in a high vacuum environment, the analysis on the milled surface eliminates the

influences of etching and gas contamination during the sample preparation process.

SU8230 10.0kV 16.1mm x2.20k SE(U)

Figure 6-12 The FIB SEM of a grain boundary area.

The microstructure of the FIB milled area is shown in Figure 6-13. The grain boundary can be

recognized penetrating along the Y direction in the sample.
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SEM 3.0 (kV)

Figure 6-13 The grain boundary morphology in the XY plane in the fabricated part

The energy dispersive X-ray spectroscopy (EDX) testing result at the grain boundary area is shown
in Figure 6-14. The element mapping result shows that the Al element (alpha stabilized element)
tends to concentrate within the grain area of the alpha or prime alpha grains, while the V element
distributes at the intergrain areas. The inhomogeneous distribution of the Al and V element is also
found at the grain boundary of the prior beta grains. This indicates the existence or the emerging

of the columnar grain boundary alpha phase.
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Figure 6-14 EDX result of the grain boundary area: (a) SEM image (b) Ti element map (c) Al

element map (d) V element map

6.4.2. Early stage of crystallization at the grain boundary, 3D tomography analysis and chemical

composition (segmentation)

To investigate the recrystallization process from its early stage, a recrystallized small size crystal
(20 um) was found at the grain boundary area of the prior beta grains. This crystal emerges during
the material deposition process of laser wire DED and failed to develop into a bigger size (as
shown in Figure 6-15). It did not participate in the competitive grain growth; however, it is a good

example to reveal the crystal introducing mechanism.
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Understandably, the recrystallized crystals have a preference at the grain boundary areas. In terms
of crystallography, the grain boundary can be considered as a 2D phase concentrated with the
stacking faults which also has higher free energy compared to its neighbouring area. As the
recrystallization is a thermal controlled process, the initial grain boundary energy decreases the

threshold value needed to generate a new crystal between the original bi-crystal system.
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Figure 6-15 Forescatter diodes (FSD) mixed and band contract image of the recrystallized grain

at the grain boundary

The EDX testing was used for the chemical component testing for the recrystallization area. As
shown in Figure 6-16, the segregation of Al and V was found around the crystal. This solid solute
segregation indicates the generation of this crystal starts from the prior alpha phase at the grain

boundary and pushes the alpha stabilized element (Al) aside during the recrystallization process.
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Figure 6-16 EDX mapping of the (a) small crystal area (b) combined Al and V mapping (c) Al
mapping (d) V mapping

The EBSD was also used to detect the crystal orientations of the recrystallized grain and its
neighbouring area. As shown in the Figure 6-17, the polar figure of the small crystal and its
neighbouring area shows a strong dependency in terms of the crystal orientation. This further

approves the grain boundary alpha being the mother phase of the recrystallized small grain detected.
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Figure 6-17 EBSD mapping of the small crystal and its neighbouring area.

The kernel average misorientation (KAM) map is used to evaluate the local grain misorientation
of the newly emerged crystal area at the grain boundary (Figure 6-18). A misorientation around
the small crystal is found with an average misorientation lower than 2°. Reconsider the EDX result
in Figure 6-16, the alpha grain size in the small crystal area is obviously smaller than its
surrounding area. It indicates the small crystal experiences a phase transformation back to the beta
phase and cools to the room temperature again. On the other hand, its neighbouring columnar
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grains do not experience such solid phase transformation and the alpha grain continuously grow
under reheating. Combined with the KAM map, these misorientation indicates that the solid phase
transformation indeed leaves an opportunity for introducing misorientations and recrystallization
in laser wire DED fabricated Ti6Al4V. It is also believed that this mechanism is not limited for
the DED, but all the MAM processed Ti6Al4V as the reheating and residual stress are common

features in these techniques.

Figure 6-18 The KAM mapping of the recrystalized small crystal area showing the misorientation value

of the subcrystals

140



6.4.3. Validation on a single beta grain substrate

To further investigate whether the prior beta grain boundary is necessary for recrystallization
during the printing process, a two-step thin wall structure fabrication was carried out. In step one,
the thin wall structure was fabricated under the previous condition, with a hot-roll Ti6AI4V metal
sheet as substrate. After the columnar grains within this thin wall develops into a millimetre level,
one columnar grain is selected to be cut from the center. As shown in Figure 6-19, the cut columnar
grain is rotated 90 degrees and used as the fabrication substrate for step two. The process
parameters are kept constant during the fabrication of the two steps with a laser power of 650 W,

16.9 ipm scanning speed and a feed rate of 50 ipm.

Figure 6-19 The two-step fabrication of a validation thin wall structure
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By doing this two-step fabrication process, the effect of the prior beta grain boundary is removed
as the substrate area belongs to a single prior beta grain. In the first layer of material deposition,
the solidification microstructure presents a fully columnar structure as shown in Figure 6-20. And
in the area below the fusion line which does not experience a solidification process, the
microstructure presents an equiaxed grain structure instead of the provided single beta crystal. This
further approves the possibility of recrystallization even without the grain boundaries, and the
dislocation concentration within the layer boundaries can also promote the recrystallization during

the material deposition process.

Figure 6-20 Grain structure at the first layer and the adjacent substrate
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6.5. Conclusions

To investigate the crystal introducing mechanism in laser wire DED fabricated Ti6Al4V, a sample
matrix under different fabrication conditions is fabricated regarding the three hypothesizes. It is
approved from different perspectives that recrystallization is the main reason for the crystal
introducing, and it is a comprehensive result of the residual stress and reheating. A more detailed
investigation was carried out on the early stage of a recrystallized grain at the grain boundary of
the prior beta grain. The formation tendency of the recrystallized grain indicates its strong
dependency on the grain boundary alpha phase. This study also approved that this type of
recrystallization does not necessarily take place at the prior beta grain boundary area, even without
grain boundaries, a single beta crystal can still be recrystallized into smaller grains under the
fabrication condition of laser wire DED. Some of these recrystallized grains are able to participate
in the following competitive grain growth, thus influencing the solidification microstructure in the

fabricated part dramatically.
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Chapter 7.  Conclusions and future research

7.1.  Conclusions

AM is changing the landscapes of current industrial practices and the simulation methods become
more and more important to understand the mechanism and eliminate the uncertainties during AM
fabrication process. The solidification microstructure simulation remains challenging because of
the complex solidification conditions, especially in MAM. To address the difficulties in the
solidification microstructure simulation of laser wire DED fabricated Ti6Al4V process, this thesis
established a ML model to study the competitive grain growth behaviour of the columnar grains.
Based on the database established, a deterministic model (named “invasion model”) was created
to simulate the solidification microstructure. For the first time, the solidification microstructure
was compared quantitively with the experimental result in a practical scale of laser wire DED
fabricated Ti6Al4V. As the crystal introducing mechanism in MAM process has been a long-term
unsolved problem that limits the simulation accuracy, further research of this thesis was carried
out to investigate the crystal introducing mechanism experimentally. The recrystallization that
starts from the grain boundary is believed to be the main reason which introduces crystals during
the deposition process. The efforts and conclusions made in each section of this thesis are elaborate

as follow.

With a thorough review of the literature, the development of existing solidification microstructure
simulation methods as well as their capacity and applicability on MAM are analyzed in Chapter 2.
Traditional solidification microstructure simulation methods including CA, PF and KMC all have
their merits as well as drawbacks when applied in MAM cases. Under the trade-off between the
simulation accuracy and efficiency, how to develop a robust and practical simulation model on a

long scale to describe the grain growth behaviour in a moving melt pool is still an open question
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for the traditional models. The further discussion focuses on the sequential dependency of each
physical process during the solidification of MAM which hinders the traditional methods from
being deterministic on a practical scale. To achieve an accurate deterministic simulation, database

establishment between the recognized phenomena is an ideal method to fill these gaps.

Following this conclusion, a database recording the competitive grain growth of laser wire
fabrication of Ti6AIl4V is established in Chapter 4. With the training sample extracted from the
experiment (50 samples for Y-Z and X-Z each), the regression relation between the solidification
condition, crystal orientation and the resultant grain boundary angle is achieved with the help of
ANN. It is demonstrated that ANN is an efficient tool to investigate the competitive grain growth
behaviour in laser wire DED fabricated Ti6Al4V. The ANN model developed in this work can be
employed within a tolerance range of about + 4°. An average prediction error of 2.43° shows that
a feed-forward neural network is an appropriate tool for the task described in this thesis. This ANN
can be used as an engine to support the microstructure simulation of laser wire DED fabricated

Ti6Al4V.

Additionally, a deterministic solidification microstructure simulation model, named “invasion
model”, is established in Chapter 5 to avoid the essential defects of traditional methods. This model
focuses on the interaction between the neighbouring bi-crystals instead of simulating the growth
kinetics of each columnar grain or deriving the field form of variables. Within a bi-crystal system,
the grain boundary tilting from the vertical direction of solidification front is understood as a
transient invasion behaviour of one grain to another, and the competitive grain growth behaviour
along the buildup process of MAM is a summary of all the invasions in bi-crystal systems. For the
validation of this novel solidification microstructure simulation model, laser wire DED fabricated

Ti6Al4V thin wall samples with full dendritic columnar grains (prior beta) are selected as a
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benchmark. The grain structure of reconstructed prior beta grains along the build-up direction has
a good agreement with the simulation result which shows the unique capabilities of the invasion
model compared to the traditional ones. As many probabilistic models of solidification
microstructure simulation have difficulties when dealing with MAM processes, this deterministic
model provides a quantitative prediction of solidification microstructure. To the best of the author's
knowledge, the grain boundary angles of MAM fabricated Ti6Al4V has never been quantitatively
studied before this work. Also, the invasion model provides a methodology to investigate the
solidification microstructure for most of the alloy systems under a rapid solidification condition
which is now still a difficulty to solve for existing methods. The strategy is robust which can be
combined with various existing mechanistic models. By combining with real-time monitoring data,
this model can be a good tool for process optimization in MAM and push the microstructural

control into the next level of accuracy.

In the end, the crystal (prior beta grain) introducing mechanism in laser wire DED fabricated
Ti6Al4V during the deposition process is investigated in Chapter 6. To investigate the crystal
introducing mechanism in laser wire DED fabricated Ti6AlI4V, a sample matrix under different
fabrication conditions is fabricated regarding the three hypothesizes (heat and stress accumulation
and the solid phase transformation). It is approved from different perspectives that recrystallization
is the main reason for the crystal introducing which is a comprehensive result of the residual stress
and reheating. A more detailed investigation was carried out on the early stage of a recrystallized
grain at the grain boundary of the prior beta grain boundary. The formation tendency of the
recrystallized grain indicates its strong dependency on the grain boundary alpha phase. And the
solid-phase transformation plays an important role for generating the new crystals. The study also

proved that the recrystallization does not necessarily take place at the prior beta grain boundary
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area. Even without grain boundaries, a single beta crystal can still be recrystallized into smaller
grains under the fabrication condition of laser wire DED. Some of these recrystallized grains are
able to participate in the following competitive grain growth, thus influencing the solidification

microstructure in the fabricated part dramatically.

In conclusion, this work sheds light on the current understanding of the solidification
microstructure evolution in laser wire DED fabricated Ti6Al4V. A ML supported database is
established for the competitive grain growth behaviour of laser wire fabricated Ti6Al4V, this
methodology can be easily applied to other alloy systems. Besides, a novel solidification
microstructure simulation method, the invasion model, is introduced to the community. The crystal
introducing mechanism disclosed in this work also provides insights on how to set the nucleation
rules in the simulation models or process control to achieve the desired microstructure and

properties in real practise.

7.2.  Future Research

Based on the knowledge of this research, further investigation includes the microstructure control
from printing protocol manipulation according to the simulation result. Considering the limitations
of the current research, it should also be extended to the following topics:

The CET mechanism study for the microstructural optimization and preprocess design in laser

wire DED Ti6AI4V.

Apply the simulation scheme to other MAM techniques and alloy systems.
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Establish a property prediction model based on microstructure, printing defects. With respect to
microstructure, the treatment of the grain boundaries and interface between different phases is a

critical problem to be considered for an accurate prediction.

As the solidification of alloys is fundamental research, the study of solidification microstructure
has great significance for industrial production. Inspired by the methodology in this thesis, the
competitive grain growth behaviour of different alloy systems under extreme solidification
conditions should be established, furthermore, this topic should be generalized into the subject of

material informatics.
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Metal additive manufacturing (MAM) technology is now changing the pattern of the high-end manufacturing
industry, ameng which micrestrocrure simulstion gradually shows its importance and attracts many research
imterests. As the simulation targets, this paper summarizes the unique microstructure characteristios in MAM
Fzbricated parts, Ti-6Al-4 ¥ as an example. Further discussions are foosed on the development of solidification
microstructure simulation methods as well as their capacity and applicability on MAM. Finally, the difficulties

and suggested future research topics in MAM microstnachare simulation are addnessed.

1. Introduction

Additive manufacturing (also known as 3D printingd refers to a
process by which digital 3D design Is fabricated In a layer by layer
fashion. Metal additive manufacturing (MAM) methods based on
powder, wire, sliced metals and alloys are famous for thedr flexibility,
efficlency, and accuracy [1]. Due to the nature of MAM process, which
adds material only at the desired place, the lead-time znd material
waste are reduced to a relatively low level. More Imponzntly, since the
tooling 15 no longer needed, MAM wnlocks a significant amount of
consiralnts for the designers to design products with complax geometry
[Z]. Tha tachnical features of MAM make It sultable for Industries with
small batch and high complexity part geometry, especially hollow
structures and complex curved surfaces. Thers ane already relativaly
mature zpplications at present In the area of aerospace, re-
manufacturing, medical industries and 50 on. MAM technologies can be
roughly divided inio two categories, namely, direct energy deposition
(DED) and powder bed fusion (PBF). There are several technologles
under ezch category branded by different manufacturers [3,4]. MAM
technologlas basad on different typss of high anergy beam (lasar and
eleciron beam) are operated under different environment vacuum en-
wircnment 15 neadad for the electron baam to travel through and laser
cAn propagate In an inert atmosphers, Also, the cooling rate (product of
thermal gradient and solidification rate) in MAM can changes from 10°3
E/s In DED to 10°5 K5 In PRF. The different energy soUrces, process
parameters as well &5 the cooling conditions 1n MAM technologles lead

* Carresponding authors.

to significant differences among the resultant melt pood geometriss,
which will further influence the fabricaied microstructures. Conslder
the melt pood size abone can change from hundreds of micrometers In
PBF to several millimetars in DED. Uncertainties In the process-struc-
ture-property (PSF) linkage are restricting the development and appll-
cation of MAM techniques [S]. Thus, recognizing the interplay betwean
PSP linkags In MAM Is crucial for quality control and development of
this technology. Modeling approaches and numerical simulations ane
the ideal tools to All the gap by saving time and experimental costs [6].
These models enable mechanical property predictions from the process
and materizl parameters and serve as A guldeline for design, process
control, and optimization.

Among the limited number of printable alloy systems including TI-
basad, Fe-based, Al-basad, Mi-based and Co-based alloys, MAM tech-
nologles Inevitably lead to unigue microstructural characteristics w.rL
traditional forming and manufacturing methods. These differences ane
Inevitabde results of the melting, solidification and cooling condition
provided by MAM, and the material properties including nucleation,
grain growth behaviors and solid phase transformation, hence the dif-
ferent resultant mechaniczl properties and defects. In the past few
decades, titanium alloys were found to be sultable for additive manu-
facturing and attracted a lot of research Intarest [7]. In this papar, tha
TI-6Al-4 ¥ alloy Is selected to explain the common microstructural
characteristics In MAM, Including columnar grains, nucleation and
epltaxial grain growth behavior as well as the solid phase compositon.
These characteristics are also frequently obsarved in other printabla
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Directed energy deposition (DED) of titanium alloys is a rapidly developing
technology because of its flexibility in freeform fabrication and remanufac-
turing However, the uncertainties of a solidification microstructure during
the deposition process are hmiting its development. This article presents an
artificial neural network (ANN) to investigate the relation between the grain
boundary tilt angle and three causative factors, namely the thermal gradient,
crystal orientation and Marangoni effect. A series of wire feedstock DED,
optical microscope and electron bacdkseatter diffraction experiments was car-
ried out under the Taguchi experimental design to gather the training and
testing data for the ANN. Compared with conventional microstructure simu-
lation methods, the strategy and ANN model developed in this work were
demonstrated to be a valid way to describe the competitive grain growth
behavior in DED fabricated TiBAl4V. They can be deployed to achieve a
quantitative microstructure simulation and extended to other polycrystal

material solidification processes.

INTRODUCTION

Titanium alloys are famous for their light weight,
high atrenFth and heat and corrosion resistant
In the past few decades, titanium and
its n]lu_?a were found to be a.u.ltnhle for metal
additive manufacturing (MAM). Until now, only a
limited number of commercial alloys has been used
in MAM, among which Ti6AIMY has attracted lots of
research efforts Directed energy deposition ( DED)
is an important branch within MAM techniques. It
refers toa process that focuses high energy beams to
melt metal materials exactly where they are being
deposited and directly fabricate the designed struc-
ture. DED is now widely applied in the remanufac-
turing industry; however, uncertainties regarding
the microstructure, texture and mechanical proper-
ties of DED fabricated TiBAl4V are restricting its
development and application.”

It has been chserved in research that dendritic
column grains grow approximately along the
buildup direction in DED fabricated TifAl4V *1!
They can grow through multiple layers of the
fabricated part. This is an overall result of the

458

cooling condition, nucleation and epitaxial grain
growth behavior. ™ In most cases, grains with their
preferred growing directions aligned with the ther-
mal gradient will kill their adjacent grains and even
develop to the millimeter level after the competitive
grain growth. This will become a serious problem
and degrade the mechanical properties of the part
built. Cracks have the priority to propagate along
these grain boundaries, which results in anisotropic
mechanical pm'pemea in as-built condition. An
example is the chang\e of ductility in different
loading directions. >

Recognizing the interplay between the material
deposition phenomena and resultant microstructure
in MAM is cruaal for quality control. Modeling
approaches and numerical simulations on multiple
scales are ideal tools to save time and experimental
cost compared with traditional trial and error
methods. These models enable mechanical property
predictions from process and material parameters
and serve as a guideline for further property
optimization. Currently, three methods are used in
the area of microstructure simulation for MAM,
namely cellular automata (CA), phase field (PF) and

{Published online November 11, 20195
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Meml additive manufacturing (MAM) technology is now widely applied in the mamufacruring and remanu-
facturing industry, amang which microstructure simulation gradually shows iis importance. Traditional solidi-
fication microstruchare simulation methods all bave their merits as well as drawbacks when applied in MAM
cases. In this work, a determindstic solidificadion microstructure model, named “invasion model”, is established
to avoid the essential defects of traditional methods. This model foruses on the interaction betwern the neigh.
boring bi-crystals instead of simulating the growth kinetics of each columnar grain or deriving the field form of
variables. Within a bi-crystal system, the grmin boundary dlt from thermal gradient direction is understocd as a
transient invasion behavior of cne grain to another, and the competitive grain growth behavior along the buaildup
process of MAM is a summary of all the invasions in bi-crystal systems. To fill the gaps in the mpid solidification
theory, o datnbase recording the andsotropic growth effect under a mpdd directional solidification condition was
established with the belp of an artficial newral network (ANN). Wire feed directed energy deposition (DEL)
fabricated TieAl4V thin-wall samples with full dendritic columnar grains (pricr beta) are used asa benchmark to
test the validation of the novel simulation model. The grain geometrical strocture of reconstructed prior B grains
along the build-up direction has a good agreement with the smulation result. The model can alsc be applied to
other cases of MAM or combine with various models to achieve real-time as-solidified crystallographic feature
prediction when it meets the scope of application.

1. Introdustion numerical simulstions on multipls langrh ocales and timescales ars the
ideal tools to zave time and sxperimensal coctm. These models anable
eterz and m:ﬂaguukhmfmflnthﬂ'mp:ﬂ;upﬁmuhm

Metal additive manufacturing (MAM) technology iz now changing

fabricared Ti6AIMV has been by far the moot extenoively imvestigared
material and attracts a lot of research interests. MAM haz a unigue
ability to create complex components, such az hollow and complex
curved ourfaces that moay otherwize be impowmible to  other
mamufacturing methods. Howewver, uncertminties in MAM such ==
chemical composition, micrestricture, texture, and mechamical prop-
erties are rectricting itz development and application. Becognizing the
AM iz crucial for component quality control. Modeling approaches and

* Cormesponding authors.

Microstructure simulation for MAM iz blooming recently az a recult
of the rapid development of MAM technigues and microstructure
simulation methods. Mow, there are three methods widely applied to
achieve the solidification micreatructure simulation for MAM, mamely
cellular automats (CA), phaefield (PFI, and kinesic Montz Carlo
(FMC). Among theoe three methods, CA iz the firet commercialized
method because it iz capable to provide the microstrocture information.
in meco- and macro-ocale where many practical significances can be
found. It has already been woed for the MAM cases 2t a three-
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