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Figure 5.14: (a) Total-scattering structure function S(Q) corresponding to the rear melt pool
during the wire-laser DED of 316L SS. (b) The PDF profiles converted from the S(Q) in figure (a)
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signal-to-noise ratio of the raw data. The parameters of the synchrotron experiments are similar
to those applied for the Inconel 718, while the size of x-ray is 100 (Horizontal) x 30 (Vertical) um?.
The printing conditions P = 360 W, S = 7 mm/s, and F = 7.35 mm/s were adopted for the wire-
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Figure 5. 15: Optical images showing magnified regions of the bulk Inconel 718 sample fabricated
by wire-laser DED. The printing (scanning) direction is normal to the plane of these two figures.
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Abstract

Wire-laser directed energy deposition (DED) is a metal additive manufacturing (AM)
technology widely used by various sectors to fabricate large-scale components due to its fast
production rate, high material utilization, and low manufacturing cost. The emerging multi-laser
printhead with a coaxial wire feeder can significantly reduce the directional dependence in the
printing process; however, the fundamental knowledge of this new process is still limited. For this
purpose, this dissertation aims to develop a deep understanding of the coaxial wire-laser DED
process and offer fresh insights into the microstructure control of as-printed samples, further
expediting the wide adoption of this technique in industrial production.

This dissertation employed various characterization approaches and high-fidelity multi-
physics simulations to investigate the coaxial wire-laser DED of 316L stainless steel and Inconel
718 alloys. This dissertation comprises three research chapters: Chapters 3, 4, and 5. Chapter 3
focuses on a wire-laser DED process of Inconel 718 alloy with intentionally constrained energy
input. Operando synchrotron x-ray characterization and multi-physics modeling were employed
in synergy to investigate the printing behavior and microstructure evolution in the melt pool. This
study revealed that, under this specific printing condition, the feedstock wire only partially melted
as it entered the melt pool. Despite the wire continuing to be heated and melted by the surrounding
melt pool, solid particles, such as MC-carbide, were released and remained in the bottom region
of the rear melt pool, consequently resulting in microstructure heterogeneity in the as-printed part.

Chapter 4 introduces a wiggle deposition strategy to control the solidification microstructure in
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wire-laser DED by generating an unstable melt pool. A certain level of melt-pool instability altered
the crystallographic texture and, consequently, the mechanical anisotropy of printed samples.
Chapter 5 focuses on an “abnormal” columnar-to-equiaxial transition and icosahedral-short-range-
ordering-mediated solidification in metal AM. Operando high-energy synchrotron x-ray
diffraction and total-scattering analysis were adopted to investigate the atomic structure of the melt
pool and the role of atomic ordering in the rapid solidification of metal AM processes. This chapter
presents a comprehensive understanding of the “abnormal” columnar-to-equiaxial transition in

metal AM and provides experimental insights to enrich the modern solidification theory.

Keywords: Wire-laser directed energy deposition, operando synchrotron x-ray characterization,

multi-physics simulation, microstructure control.
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1. Introduction

1.1 Metal additive manufacturing and wire-laser directed energy deposition

Flexible design and integrated manufacturing are of extraordinary significance for
technological innovation and industrial sustainability. Additive manufacturing (AM), also known
as 3D printing, is a revolutionary manufacturing technology that can directly produce parts with
near-net shapes through a layer-by-layer fabrication strategy. The emergence and development of
this technology open up new opportunities for industries to manufacture products with complex
shapes and/or materials with low workability directly [1,2]. Therefore, metal AM is now widely
accepted for designing and producing functional and structural components for acrospace, medical,
energy, and automotive applications. A prominent example of its application in the aerospace
sector is the production of the fuel nozzle for the GE LEAP aero engine (Fig. 1.1). Metal AM
allows the one-step production of complex parts, reducing the need to assemble multiple
components. In addition to lowering costs, AM offers significant improvements in weight
reduction and strengthening for the fabricated nozzles because this manufacturing technique
allows for the optimization of the nozzle's interior channels. As reported, the fuel nozzle
manufactured by AM is 25% lighter and stronger than the counterpart manufactured using
conventional methods. Due to the above advantages, metal AM techniques are now beginning to
replace traditional manufacturing processes in producing certain parts. Meanwhile, various AM
techniques have been developed to meet the unique demands of processing different components

and materials.
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Figure 1.1: A fuel nozzle for the GE LEAP aero engine fabricated by metal AM [3].

Wire-laser directed energy deposition (DED) is one of the mainstream AM techniques for
producing metallic components. This technique employs one or multiple high-power laser beams
to directly melt the wire feedstock fed through the deposition head, which scans across the build
platform to print patterns based on computer designs [4,5]. Wire-laser DED exhibits a much higher
deposition rate than most other AM techniques, making it advantageous for rapidly building large
parts. Furthermore, wire feedstock is cheaper and more convenient to store than metallic powders,
which significantly reduces the manufacturing cost and enhances the accessibility of this AM
technique. In addition, the wire-laser DED system can have the exclusive hot-wire function built
in to preheat the filler material as it is fed through the printhead [6]. This function allows it to
efficiently process materials such as aluminum alloys with relatively low laser absorptivity.
Additionally, the multi-axis motion control and flexible material feeding in the DED system make

this technique highly effective for repairing and coating high-value parts and producing
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compositionally graded materials [7]. Benefiting from the user-friendly operation system, more
commercial wire-laser DED machines enter the scene, further popularizing this technique in

academic research and industrial production.

1.2 Coaxial wire-laser configuration of the deposition head

According to the form of input materials, DED can be categorized as wire-fed and powder-
blown DED. Wire-fed DED offers higher material utilization, faster deposition rate, greater energy
efficiency, fewer structural defects, and better surface quality of the printed parts compared to the
powder-blown feeding option [8]. Due to these advantages, wire-laser DED has been widely used
in aerospace, automobile, and energy industries for building large-scale components. The wire
DED technology was initially developed by Harwell ez al. in 2000 [9]. The deposition head in the
first-generation wire DED system was configured with a center-vertical laser beam and an off-
angle wire feeding system, as shown in Fig. 1.2a. However, the printing process using such a
deposition head exhibits significant direction dependence because of the asymmetrical material
feeding [10]. For example, different geometry conditions between the wire feeding direction and
deposition direction can significantly affect the deposition quality. Hence, lateral wire feeding
limits the flexibility of adopting different deposition strategies. This issue has been addressed
recently by the development of the coaxial deposition head [11]. Figure 1.2b is the schematic
diagram showing a representative coaxial deposition head. In this case, the wire is fed through the
center of the deposition head, and multiple laser beams surrounding the wire focus on the wire tip

or deposition region. By contrast, this innovative design provides a more uniform laser distribution,
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thereby promoting compositional and structural homogeneity in as-printed products. Owing to
these advantages, the wire DED based on the coaxial deposition head is gaining more and more

attention.

b Laser beam
wire feeder
laser beam

nozzle Filler feeding
_ﬂ,{;’;‘.” drectionPowder /ire
Shielding gas

deposition direction top view

melt pool nozzle

\ \
, donut- like laser
A beams arrangement
wire

(a) (b)

Figure 1.2: Schematic diagrams of wire laser DED with (a) lateral and (b) coaxial wire feeding

/8,10].

In coaxial wire-laser DED, the near-annular energy distribution and unique interaction between
the wire and melt pool led to more complex printing behavior and unexpected microstructures of
the printed samples, such as unique microstructure heterogeneity. Despite many efforts made to
investigate the coaxial wire DED process, the understanding of some underlying mechanisms
remains limited. To accelerate the adoption of this technique in the industry, additional

investigations, assisted by advanced characterizations (such as operando synchrotron techniques)
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and multi-physics modeling, are required to fill the knowledge gap.

1.3 Overview of principal Physics involved in DED processes

Unlike traditional manufacturing methods such as casting, AM processes involve more
complex physical events, which leads to unique microstructures and competitive performances of
AM samples [12-14]. The energy transfer from the heat source to feedstock materials governs the

AM process, which can be described by local energy density (£z). The Ez can be obtained by:

E =52 eq. 1.1
where f, P d, and V are energy absorption coefficient, laser power, beam size, and traveling
(scanning) speed, respectively [15]. Laser absorptivity is a material-dependent parameter. For
example, Fe and Ni typically present much higher laser absorption than Al and Cu. It also should
be noted that the laser absorptivity of materials is relevant to several factors, such as laser
wavelength, temperature, and the incident angle of the laser. The laser powder and traveling speed
are two parameters that can be directly controlled and adjusted in printing. Adopting appropriate
AM parameters is critical for producing high-quality and consistent products. Each material has a
specific processing window for the AM printing, such as the combination of P-V conditions.
Overheating or underheating can both be detrimental to stable printing. In addition to E;, linear
energy density (LED) and volumetric energy density (VED) are standard parameters used to

evaluate the energy input during DED processing. They can be calculated through the following
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equations:

LED =2 eq. 1.2
%4
P

VED = — eq. 1.3
AF

where 4 and F correspond to the cross-sectional area and feeding rate (in length per unit of time)
of feedstock wire. The VED indicates the energy input per unit volume of the feedstock, which is
practical for describing the energy balance between input and deposition. This parameter has been
demonstrated to play a crucial role in controlling melting behavior, thereby affecting printing
quality [16]. Excessive energy input can cause a pendant droplet at the wire tip, which may then
result in dripping balling beads once gravity overcomes the surface tension. Conversely,
insufficient energy input can cause wire bending and stubbing, as the filler wire cannot completely
melt into the melt pool. Unstable printing may occur under either overheating or underheating
conditions, leading to discontinuous and uneven printing tracks. Thus, achieving a stable printing
process and reducing defects requires a good balance between the energy input and wire feeding
rate.

During a general AM process, the focused laser can rapidly melt feedstock materials and
generate a melt pool at the printing region, i.e., a superheated molten metal region. Because wire-
laser DED typically employs a large laser beam to ensure sufficient melting of feedstocks, a large

melt pool is generated and remains in conduction mode without generating the “keyhole.”
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Keyholing commonly occurs in laser powder bed fusion (LPBF) and is pertinent to the severe
evaporation depression induced by a laser with highly concentrated energy distribution. The
conduction mode of wire-laser DED prevents the formation of printing defects induced by an
unstable keyhole. On the other hand, the penetration depth of the melt pool is shallow into the
preceding layer but still provides enough bonding between these two deposited layers.

The intense heating and heat conduction result in severe temperature variations within the melt
pool, that is, a large temperature gradient. The temperature gradient typically ranges from 100 to
1000 K/mm for the DED process and varies with printing parameters [15]. The temperature
variation leads to density and surface tension gradients, thereby driving significant melt flow
within the melt pool and on the free surface. The melt-pool dynamics play a critical role in
governing heat transfer and composition transfer inside the melt pool [17]. The rear boundary of
the melt pool consists of a mushy zone mixed with both solid and liquid phases. Rapid and
directional solidification takes place through the mushy zone due to fast cooling and the large
temperature gradient. Solidification microstructures strongly depend on the temperature gradient
(G) and solidification rate (R), as described by the solidification selection map shown in Fig. 1.3.
The solidification rate, also known as the growth rate, refers to the moving velocity of the

liquid/solid (L/S) interface.
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G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 1.3: The correlation between thermal conditions, specifically temperature gradient G and

growth rate R, and resultant solidification microstructures including grain morphology and size

[18].

As suggested by Fig. 1.3, the G/R and GxR indicate the L/S-interface stability and cooling rate,
which dominate the grain morphology and size, respectively. Due to the relatively lower cooling
rate compared to other powder-based AM techniques, wire-laser DED generally produces large
columnar grains in as-printed components. Specifically, grains tend to grow along the maximum
heat flow direction at the solidification front during the solidification process. As a result, the
growth direction is typically perpendicular to the local L/S interface. However, the morphology of
the mushy zone and rear melt-pool boundary is generally complex, leading to varied solidification
behavior in local regions and, subsequently, intrinsic microstructure heterogeneity in the as-printed

samples. In addition, for face-centered cubic (FCC) and body-centered cubic (BCC) metals, <100>
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is the preferred crystal growth direction. Therefore, a significant crystallographic texture forms
accompanied by the generation of coarse columnar grains. Furthermore, element segregation,
heterogeneous nucleation, and epitaxial growth are common features in the DED and other AM
samples.

As a result of the layer-by-layer printing process, repeated heating provides an intrinsic heat
treatment for the preceding layers [19]. Figure 1.4 displays the representative temperature history
of the bottom region of a printed sample during the entire layer-by-layer DED process. This
intrinsic heat treatment involves cyclic temperature fluctuations and is location-dependent.
Subsequent thermal cycling imposes an annealing treatment for the previously deposited layers,
possibly inducing microstructure evolution, such as the precipitation of secondary phases.
Furthermore, the reheating effect contributes to the accumulation of thermal stress. Significant
residual stress leads to part distortion and delamination, which are detrimental to the printing

process and the performance of as-fabricated components.
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Figure 1.4: A representative temperature cycling during the layer-by-layer DED of H13 tool steel

[15]

1.4 Microstructure of Inconel 718 and 316L stainless steel

Inconel 718 alloy and 316L stainless steel (SS) are common and commercially available wire
feedstocks for wire-based AM due to their excellent printability and wide application in fabricating
engineering components. The nominal composition of these two alloys is listed in Table 1.1.
Inconel 718 is a nickel-based superalloy with many applications requiring high strength at elevated
temperatures. This material also exhibits excellent tensile and impact strength, along with good
oxidation and corrosion resistance, making it an ideal material for fabricating structural parts,
particularly in the aerospace industry. However, Inconel 718 has poor workability and is
challenging to manufacture by conventional methods due to its low thermal conductivity and
limited material removal rate. Metal AM, characterized by near-net shaping, opens a new

opportunity to manufacture Inconel 718 components. The microstructure of Inconel 718 comprises
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a complex phase configuration, including the FCC matrix phase (y), carbides, and various
intermetallic phases. Figure 1.5 is a classic Scheil solidification plot of Inconel 718 calculated
using the Thermo-calc Software package [20]. This plot indicates the possible phases in Inconel
718 and their evolution during non-equilibrium solidification. The crystal structures of these
potential solid phases at room temperature are summarized in Table 1.2 [21-23]. It should be noted
that the Sigma phase is less likely to form in the metal AM process because solidifying the Sigma
phase requires a lower cooling rate [24]. As suggested by the Scheil solidification plot, MC carbide
phases, typically referring to the NbC carbide, have a high melting temperature close to that of the
matrix phase. Laves phase is a topologically close-packed phase and typically detrimental to the
mechanical properties of Inconel 718 [25]. This is because, on the one hand, the formation of Laves
phase consumes the principal elements needed for precipitation strengthening. Metastable y' and
y" are two primary strengthening precipitates in Inconel 718, achievable through post-treatment.
On the other hand, Laves phase tends to form a chained or networked geometry, which is
susceptible to crack initiation and propagation during mechanical loading. For the AM processes
of Inconel 718, element segregation, particularly Nb and Mo, is also a common feature in the as-
printed sample, which also leads to the heterogeneous distribution of secondary phases. Given the
complex phase configuration and its significant effects on the macroscopic performance of AM
products, many efforts have been made to explore practical approaches for better microstructure
control in the AM of Inconel 718 alloy. These approaches include adopting special printing

strategies [26] and applying extra printing accessories [27].
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Table 1.1: The composition of 316L SS and Inconel 718 alloy in weight percentage.

Elements 316L SS Inconel 718
Cr 16-18 17-21
Ni 10-14 50-55
Mo 2-3 2.8-33

C 0.03 max 0.08 max
Mn 2 0.35 max
P 0.045 0.015 max
S 0.03 0.015 max
Si 0.75 0.035 max
N 0.1 -
Fe Balance Balance
Nb + Ta - 4.75-5.5
Ti - 0.65-1.15
Al - 0.2-0.8
Co - 1.0 max
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Figure 1.5: The classic Scheil solidification plot for the non-equilibrium solidification of Inconel
718 alloy. This plot was calculated by using the classic Scheil model in the Thermo-calc Software
package [20]. Databases of TCNI9: Ni-alloys v9.1 and MOBNIS5: Ni-Alloys Mobility v5.1 were
employed to calculate the phase fraction during solidification with a temperature step of 1 K. Two
major assumptions were made: (i) the kinetics of atomic diffusion is infinitely fast in liquid but
forbidden in solid, and (ii) the solidification interface is in thermodynamic equilibrium. However,

the current model cannot explain additional kinetics phenomena within the present study.

Table 1.2: Crystal structures of solid phases in Inconel 718 alloy at room temperature [21-23].
The lattice parameters and space group of possible solid phases in Inconel 718 at room

temperature are summarized.
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Phase Lattice parameters Space group

Gamma a=0.3598 nm Fm-3m
Laves a=0.5150 nm, ¢ = 0.8480 nm P63/mmc
Delta a=0.5100 nm, b =0.4226 nm, Pmmn

¢ =0.4504 nm
MC-carbide a=0.4435 nm Fm-3m
Sigma a=b=0.8800 nm, ¢ = 0.4560 nm P4;/mnm

Commercial 316L SS wire is another common and easily accessible feedstock for wire-based
AM processes. This material is not only economical but also characterized by superb ductility,
excellent corrosion resistance, and acceptable strength. Hence, 316L SS has a wide application in
marine industries, architectural fields, and fabricating nuclear reactors. In addition, the excellent
biocompatibility of this material further expanded its impact on fields directly connected with our
daily lives, including the manufacturing of medical devices, pharmaceutical equipment, and food
containers. Commercial 316L SS is a representative austenitic steel, mainly consisting of an
austenite (y) matrix with an FCC structure and minor ferrite (3) with a BCC structure. The ferrite
phase typically exhibits a reticular morphology within the austenite matrix of DED-processed
316L SS samples. For austenitic steels, there is an allotropic transformation between austenite and
ferrite phases with temperature variation. The ferrite phase is thermodynamically favored at

elevated temperatures. Composition also plays a critical role in the phase content of the as-

41



solidified sample and the solidification process, as shown by the conventional Schaeffler’s diagram
and austenitic steel solidification diagram [28,29]. The 316L SS consists of ~10% ferrite under
equilibrium conditions. The solidification sequence of 316L SS in DED and wire-arc AM mainly
follows the Ferritic-Austenitic mode [30,31], i.e., the FA mode sketched in Fig. 1.6b. In this mode,
solidification initiates with the generation of the primary ferrite phase, associated with the reaction
Liquid (L) — 6. At the dendritic/cellular boundaries of ferritic grains, the y phase forms through
the peritectic reaction L + § — y. After solidification, rapid cooling drives the solid-state phase
transformation from primary ferrite to austenite. Therefore, the austenite constitutes the matrix of
the DED-processed 316L SS samples; however, the remaining ferrite shows reticular morphology

and is distributed within the austenite matrix.
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Figure 1.6: (a) The conventional Schaeffler’s diagram showing the effect of composition on the
phase content of steels under the equilibrium solidification condition. (b) The austenitic steel

solidification diagram illustrating various solidification sequences [28,29].
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1.5 Crystallographic texture of DED samples

As explained in Chapter 1.3, large columnar grains are widely distributed in components
fabricated by wire-laser DED because of the relatively lower cooling rate during solidification. As
sketched in Fig. 1.7, the coarse columnar/dendritic grains grow along the maximum heat flow
inside the melt pool. Furthermore, grain growth tends to take place along the specific crystal
orientation of materials, and the favorable growth orientation is <100> for materials with a cubic
structure. The directional growth of these large columnar grains and the preferred crystal growth
direction result in strong crystallographic texture [32]. Consequently, coarse columnar/dendritic

grains with a significant crystallographic texture are common features of DED-processed samples.

(a)

Figure 1.7: Schematic diagrams showing the grain growth in the melt pool [33]. Figures (a) and

(b) represent the central longitudinal section and the transverse section, respectively.

The crystallographic texture is an important concern in metal AM owing to its significant effect
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on the mechanical anisotropy of the printed components. For many structural applications,
isotropic mechanical properties of a DED material are desired, as they make it easier to predict
how the material will behave under different types of loads and allow for a more efficient use of
the material. Nevertheless, due to the complex physical events in the printing process,
microstructure heterogeneity, coupled with crystallographic texture, inherently introduces
significant anisotropy to AM components. For example, the lack of perfect bonding between layers
results in distinct mechanical properties for DED samples when loaded horizontally and vertically
[34]. Moreover, the residual stress, printing defects, and directional grain morphology also
contribute to the anisotropy in the mechanical properties of DED components [35]. Nevertheless,
controlling texture provides an additional possibility to counterbalance the anisotropy resulting
from other factors and to produce components with superior properties. Furthermore, another
novel application of texture control has been developed to encode data into metal parts. Sofinowski
et al. recently integrated a linear barcode and a Quick Response code on a 316L SS substrate by
varying the crystallographic texture spatially in LPBF [36]. Thus, the precise control of the
crystallographic texture is of great importance for improving the performance of AM products and
expanding applications of metal AM.

Texture control in laser AM can be achieved in two ways. One group of approaches involves
introducing additional factors or processing steps, such as applying magnetic fields during printing
[37], employing hybrid deposition processes [38], adding nucleation agents in the melt pool [39],
and carrying out post-heat-treatments for as-deposited samples [40,41]. The magnetic-field-

assisted AM typically uses a static electromagnet apparatus to generate a steady transverse
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magnetic field during printing. Thus, the favorable growth direction of crystals is constrained by
both the heat flux and magnetic fields, consequently varying the crystallographic texture of as-
printed samples. The metal AM hybridized with in-situ layer-wise deformation processing, such
as in-situ ultrasonic impact peening, was also developed to control the microstructure of as-printed
samples. In the hybrid manufacturing process, impact loading can be applied to each layer after
printing, preventing the epitaxial growth of columnar grains and forming finer equiaxed grains
through both plastic deformation and intrinsic recrystallization. Moreover, adding refractory
powders is another practical approach to yield more random crystallographic textures. The
remaining particles inside the melt pool can promote the nucleation rate during solidification,
thereby suppressing the generation of strong crystallographic textures induced by grain growth. In
addition, performing post-treatments is a common procedure to improve the quality of as-printed
components, especially in industrial production. Hot isostatic pressing is a standard industrial
practice that imposes both high temperature and isostatic pressure on printed samples. This
approach can reduce the porosity and induce recrystallization while keeping the original shape of
the as-printed products.

Except for adopting additional accessories or procedures mentioned above, a more
straightforward approach to texture control involves directly altering laser conditions and
deposition strategies across layers [42—-46]. The essence of this approach is to vary the thermal
condition in the melt pool, thereby interrupting the continuous epitaxial growth of columnar grains
along the build direction. Adjusting the printing parameters allows the alternation of the melt pool

morphology, particullarly during the transition from conduction mode to keyhole mode in LPBF.
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As illustrated in Fig. 1.8, the thermal conditions within the melt pool are correlated to the melt
pool morphology. At greater melt-pool depths, the primary heat flow is horizontally distributed,
indicated by red arrows. Thus, grain growth initiates at the lateral side of the melt pool and grows
horizontally toward the center. In the case of a shallow melt pool resulting from low energy input,
the preferred direction of grain growth is from the bottom toward the upper melt pool, consequently
leading to distinct grain morphologies and crystallographic textures. Based on this theory, layer-
wise texture control has been developed through the epitaxial growth between adjacent tracks or
following layers. As shown in Fig. 1.9, alternating the scanning direction between layers can
generate a specific texture based on the geometric conditions of epitaxial grain growth between
layers. In comparison, these methods based on printing strategies are more economical and
practical because no additional accessories or extra procedures are required. However, such
approaches are more difficult to manipulate, especially for wire-based AM processes. The primary
reason is that, despite the wide variation range of melt pool morphology in LPBF, the wire-based
AM processes generally yield a shallow melt pool, challenging the flexible control of
crystallographic textures through melt-pool morphology. In addition, texture control by only
changing the printing parameters is likely accompanied by significant modification of
solidification microstructures, such as grain morphologies, residual stress, and printing defects,
which may have a complicated influence on the mechanical properties of AM products. For the
above reasons, developing novel methods to achieve more flexible texture control is still desirable

for further developing metal AM.
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Figure 1.8: Schematic illustrations displaying the transverse section of melt pools with different

geometries [47]. Red arrows mark the local heat flow corresponding to each melt pool.
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Figure 1.9: Schematic illustrations showing the epitaxial growth between adjacent layers [43]. (a)
The computed temperature field and the preferable growth direction (marked by yellow arrows).
(b) Epitaxial growth patterns of grains with different orientations. The scanning directions between

layers are reversed. The macroscopic texture depends on the geometry of epitaxial growth of grains
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between layers.

1.6 “Abnormal” columnar-to-equiaxed transition (CET) in metal AM

Producing metallic materials with finer grain structures is desirable for many engineering
applications. Promoting columnar-to-equiaxed transition (CET) is still one of the most active
research areas in metal AM. CET in metal AM generally results from the promoted nucleation rate
induced by varying thermal conditions during solidification [48-50]. As illustrated by the
solidification map shown in Fig. 1.3, the grain size and morphology strongly depend on G and R
within the melt pool. A fast cooling rate suppresses the formation of columnar grains but promotes
grain refinement. Therefore, directly adjusting the printing parameters, such as increasing scanning
speed, can induce CET. However, it is intrinsically challenging for the wire-laser DED process
because of the inherently low GxR value compared to LPBF. Moreover, as explained in Chapter
1.3, the available printing conditions are subject to a specific processing window. In addition to
the normal CET based on the thermal conditions of solidification, adding nucleation agents [51]
and performing post-treatment [52] are alternative methods employed in AM for refining
microstructures. However, an “abnormal” CET based on nonclassical nucleation theory was
reported recently and received much attention from the AM community [53-55].

The “abnormal” CET refers to the formation of small and equiaxial grains in local regions of
as-printed samples in which only coarse columnar grains are supposed to generate according to
the solidification map. According to the present theory, this phenomenon was attributed to the

formation of icosahedral short-range ordering (ISRO) in undercooled liquid metal during
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solidification. In 2013, Kurtuldu ef al. [56] discovered that the nucleation of the icosahedral solid
cluster AlssCr7 may significantly influence the solidification behavior of Al alloy. By adding trace
amounts of Cr (ppm level) to the melt of an Al-Zn alloy, the sample surprisingly formed a large
number of refined grains after solidification. In addition, a five-fold twinned crystallographic
relationship was observed among several neighboring grains. The underlying mechanisms,
incorporating the nonclassical nucleation theory, will be elaborated on in the next chapter. Briefly,
they believed that the presence of icosahedral atomic orderings or metastable icosahedral solid
clusters (AlssCr; phase here) in liquid metals can suppress grain growth but facilitate grain
nucleation by providing additional nucleation sites.

Recently, Bambach et al. [10] and Cazic et al. [55], at about the same time, observed
“abnormal” grain refinement in the coaxial wire laser DED process of the commercial Inconel 718
alloy, as shown in Fig. 1.10. Interestingly, in the printed bulk sample, the tiny equiaxed grains only
appeared at certain regions of each melted track. Bambach et al. utilized three DED approaches,
1.e., powder, cold-wire, and hot-wire DED techniques, to print Inconel 718 bulk samples.
Surprisingly, the refined grains were only observed in the hot-wire DED sample. The hot-wire and
cold-wire DED refer to either preheating the wire or not. The hot-wire function requires less laser
power to melt the wire feedstock. Thus, the authors believed that the wire was not fully melted
throughout the deposition process owing to the lower energy input and that recrystallization
occurred in the unmelted wire, thereby leading to local grain refinement. However, Cazic ef al.
characterized the grain refinement region using electron back-scattered diffraction (EBSD) to

analyze the orientation relationships among several neighboring grains. The five-fold symmetry
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and a mass of twinning boundaries were observed among these grains. In addition, the grain
refinement region in each deposition track was close to the bottom fusion boundary, as shown in
Figs. 1.10b and 1.10c. Thus, they believed that ISRO-mediated solidification happened in the DED
process, analogous to Kurtuldu’s finding in the casting of Al-Zn-Cr alloys, but the generation of
ISRO was attributed to the insufficient remelting of the preceding layer rather than the alloy

composition.

substrate

Figure 1.10: The “abnormal” CET in the Inconel 718 sample fabricated by wire-laser DED [55].
(a) The optical image showing the cross-section of the as-deposited Inconel 718 sample. (b)The
SEM image and (c) corresponding EBSD map of a local region marked in (a). The white arrows
in (a) indicate the “abnormal” CET regions. The white grain boundaries in (c) represent the

twinning relationship between the neighboring grains.
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Following these two cases about the wire DED of Inconel 718 alloy, a few other research teams
claimed that the ISRO-involved solidification is also available in the LPBF process even for other
FCC metals, such as Al alloys [57,58], 316L stainless steel [59], and commercially pure Ni [60].
The ISRO-involved solidification is igniting a growing interest in the metal AM field. The relevant
investigations were conducted primarily through the post-characterization of the “abnormal” CET
region. According to the observation of transmission electron microscopy, Buttard et al. [57,58]
hypothesized three mechanisms that could be responsible for the “abnormal” CET in the LPBF of
an AI-Mn-Ni-Cu-Zr alloy: the epitaxial nucleation on the L1>-AlsZr primary phase, epitaxial
nucleation on the complex AlsoMni1Nis phase, and ISRO-mediated nucleation. Monier et al. [59]
performed LPBF using two batches of 316L SS powders produced by different manufacturers. It
was found that one batch of powder led to finer grains and more twinning boundaries than another,
though the finer grains still present columnar morphologies. They attributed this phenomenon to
the lower content of N and C in the former feedstock, based on the knowledge that N and C have
adverse effects on forming ISRO in undercooled Fe and Ni liquid. A similar microstructure was
observed in the LPBF of pure Ni powders, as reported by Galera-Rueda et al. [60]. There were no
secondary phases observed in the as-printed sample. Thus, they stated that the “abnormal” grain
refinement and twinning boundaries result from the metastable icosahedral quasicrystals that only
exist in the undercooled liquid. Recently, Cazic et al. [61] reported their continuing research about
the “abnormal” CET in wire-laser DED of Inconel 718. By using 3D EBSD and energy-dispersive
spectroscopy (EDS), a TiC particle was characterized around the five-fold symmetry axis of

equiaxed grains in the “abnormal” CET region. Therefore, they believed that the refractory TiC
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particle was surrounded by local Nb-rich liquid in the melt pool, leading to a high concentration
of icosahedral cluster around and, consequently, inducing the ISRO-mediated solidification.
There is no doubt that the above investigations provided valuable insights into the “abnormal”
CET of metal AM. Their recent emergence further highlighted the significance of this topic to
metal AM. However, it also needs to be admitted that most of the existing explanations are still
based on several hypotheses. Given the complex solidification behavior involved in metal AM, it
is not convincing enough to reveal the underlying mechanisms solely based on post-
characterization. For example, the secondary phases observed around the five-fold symmetry axis
of equiaxed grains might form due to the element segregation in the later solidification process
after the matrix grains had been solidified. In this case, these secondary phases did not contribute

to the “abnormal” CET.

1.7 Development of non-classic nucleation theory

As explained in Chapter 1.3, rapid solidification is one of the most critical physical events in
wire-laser DED and other relevant metal AM processes. Solidification behavior is directly
responsible for the microstructure of as-printed components, consequently determining the
performance of final products. The crystallographic texture and “abnormal” CET introduced in
two previous subchapters are pertinent to two competing solidification behaviors, i.e., columnar
grain growth and grain nucleation. In metal AM, the printing conditions and characteristics of
materials play critical roles in the solidification process. As mentioned in Chapter 1.3, efforts are

underway to quantify the relationship between thermal conditions and solidification
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microstructures. Similar to Fig. 1.3, solidification maps have been built for different materials to
describe the competence between forming refined equiaxed grains and coarse columnar grains.
With the incorporation of phase-filed simulation and multi-physics modeling [62], the
microstructures of as-printed samples can be directly simulated. However, these models applied
for AM rely on many variables that need to be further calibrated through experiments, which
weakens their potential in predicting the solidification process of AM. One primary reason is the
lack of a deeper understanding of the solidification mechanisms under AM conditions. The advent
of AM techniques has profoundly impacted classic solidification theory due to the involvement of
various elements in the solidification process, including the rapid melting of feedstocks, drastic
melt flow, and complex thermal conditions. In addition to the benefits of building more reliable
models, more comprehensive knowledge is also conducive to the flexible microstructure control
in AM. Therefore, the rapid development of metal AM technologies requires a deeper
understanding of the corresponding solidification fundamentals.

The traditional recognition of solidification was built based on the classic nucleation theory
(CNT). In this theory, the solidification of crystals is assumed to be the phase transformation from
disordered liquid to ordered solid. With a certain supercooling, the structural fluctuation of the
disordered liquid leads to the generation of atomic nuclei. Atomic nuclei larger than the minimum
viable nucleus size, also referred to as the critical nucleus size, are energetically favorable. These
stable nuclei can continue to grow through the diffusion of free atoms from the disordered liquid
phase to the surface of these nuclei. While many equations have been derived to quantify the

solidification process based on the CNT, such predictions are sometimes less valid in the rapid
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solidification of metal AM. This is because the CNT process ignores the presence of structural
orders in the liquid. Rather than fully disordered, atoms in liquid, especially undercooled liquid,
are ordered in a short range. Note that the ordered structure of liquid is more random, dynamic,
and distorted compared to an atomic cluster in the solid state. Solidification in metal AM processes
is subject to fast cooling, resulting in a large undercooling of liquid. For alloys with complex
compositions, some solute elements can even induce local covalent bonding, thereby promoting
more stable atomic orders in liquid metals. Several structural orders with FCC-like, hexagonal-
close-packed-like (HCP-like), and icosahedral-like symmetries have been discovered in liquid
metals and investigated by multiple methods, including first-principle calculations [63], molecular
dynamics simulations [54,64], atomic electron tomography [65], elastic neutron scattering [66,67],
and synchrotron techniques [68,69]. A large undercooling restricts the CNT process based on
atomic diffusion, leading to alternative solidification mechanisms where preorders play a more
critical role. As introduced in Chapter 1.6, it has been widely believed that the presence of
icosahedral short-range ordering (ISRO) in undercooled liquid metal can result in an “abnormal”
columnar-to-equiaxed transition (CET) during solidification, and this phenomenon is called ISRO-
mediated solidification.

ISRO is a prevalent preorder in the liquid phase of FCC metals [53]. The principle of five-fold
symmetrical ISRO in the undercooled liquid was first proposed by Frank in 1952 [70]. A schematic
of the ISRO consisting of 13 atoms is shown in Fig. 1.11. This structure includes 20 distorted
tetrahedra arranged around the fivefold symmetry axes, the axis linking opposite vertices. The

central atom has 12 neighbors, similar to the close-packed structures with a coordination number
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of 12, such as FCC or HCP. The presence of ISRO is possible because this compact arrangement
of 13 atoms reduces the energy (~8.4%) compared to the dense-packed FCC or HCP clusters
consisting of the same number of atoms. Fifty years after Frank’s hypothesis, Schenk et al. [69]
and Kelton ef al. [71] provided experimental evidence of icosahedral short-range order (ISRO) in
both stable and deeply undercooled melts through neutron scattering and synchrotron x-ray
scattering, respectively. The further development of characterization and simulation tools has
facilitated the investigation of preordering in liquid metals and the evolution of preordering during

solidification.

Figure 1.11: A regular icosahedron constructed by 13 atoms [72]. The central atom and four
atoms located on vertices are numbered from 1 to 5. Atoms 1-2-3-5 represents a tetrahedron in this
icosahedron. This tetrahedron is slightly distorted compared to the {111} tetrahedra in FCC

Structures.
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ISRO can influence solidification behavior in several ways. According to the current theory
[53], the presence of ISRO in undercooled melt significantly diminishes atomic mobility, restrains
grain growth, and results in finer grains, as grain growth depends on atomic attachment at the solid-
liquid interface. On the other hand, ISRO clusters provide additional nucleation templates during
solidification. As illustrated in Fig. 1.11, ISRO consists of multiple tetrahedra with five-fold
symmetry for rotations. These tetrahedra can evolve to the {111} tetrahedra of an FCC structure
and lead to the heteroepitaxy growth of multiple twins [55,56]. As a consequence, several grains
with specific twinning relationships form around the ISRO core. Additionally, the ISRO, consisting
of 13 atoms, can undergo slight growth in the same manner—extending the FCC packing of the 20
distorted tetrahedra and forming additional layers of FCC shell, a phenomenon known as the
Mackay growth mode [73]. With abundant twinning boundaries and the presence of five-fold
symmetry among neighboring grains, the recent observation of the “abnormal” CET in metal AM

was attributed to such an ISRO-mediated solidification.

1.8 Approaches to investigate printing processes and the advantages of operando synchrotron
x-ray characterizations.
1.8.1 Sensing methods

Directly characterizing or monitoring the metal AM process is essential for better
understanding printing behaviors, including wire melting, melt-pool structure, and rapid
solidification. Over the past decades, the AM and welding communities have employed various

real-time sensing methods to monitor printing or welding processes. Optical imaging, either in
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visible light or infrared wavelength, is a representative vision sensor that provides direct and global
observation of the printing behavior. Owing to excellent accessibility and strong practicability, this
monitoring approach has been widely used to monitor the entire printing process, including melt
pool initiation, stable printing period, and wire retreat after printing. During the stable printing
process, melt-pool size and surface morphology can be directly measured, which delivers
important information to design the printing profile. Most importantly, high-speed optical imaging
can capture the generation of several printing defects, e.g., the “dripping” phenomenon induced
by excessive energy input (Fig. 1.12). In addition, using infrared thermography and digital image
correlation [74] makes it possible to visualize the temperature distribution and measure the
evolution of thermal stress during printing. This information is highly significant in guiding
processing optimization. However, it should be noted that optical imaging can only provide
information about the sample surface and is not available to investigate the structure dynamics

within the melt pool.

Figure 1.12: High-speed optical imaging of the “dripping” phenomenon in wire-laser DED
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induced by excessive energy input [75].

In addition to optical imaging, various sensing methods that monitor light, acoustic, and
electric signals have been applied in AM and welding for diverse purposes, particularly for
diagnosing the generation of printing defects and monitoring melt-pool dynamics. For instance,
studies have reported that the generation of cracks during AM processes would release a specific
acoustic signal [76]. By collecting acoustic emissions during the printing process, it becomes
possible to evaluate the position of cracks and their propagation directions. The development of
machine learning has greatly enhanced the potential of sensing methods in the field of real-time
monitoring and diagnosis. However, these methods are less effective at revealing the underlying

mechanisms involved in printing.

1.8.2 Multi-physics simulation

Phenomenological modeling is a powerful tool for investigating AM processes and predicting
the outcome of AM production. By modeling the fundamental physics related to laser-matter
interaction, thermal conduction, and mass transfer, numerical simulations can reveal the fluid
dynamics, temperature distribution, and stress field in AM processes [77—79]. High-fidelity models
can be used to elucidate the complex physics and reveal the underlying mechanisms involved in
AM processes. With an enhanced understanding of the related physics and the advancement of
computational capability, increasingly sophisticated models have been developed to investigate

highly dynamic phenomena. These models have demonstrated their potential to solve long-
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standing confusion within the AM community. For instance, high-fidelity simulations were utilized
to elucidate the mechanisms of defect generation during printing [80,81]. Moreover, by coupling
other modules that account for phase transformation and mechanical deformation, an integrated
model can simulate grain morphology and residual stress distribution in as-printed components.
Besides pursuing high-fidelity simulations, developing reliable yet more straightforward
models has merit. Such numerical simulations are valuable for gaining unique insights into
studying metal AM. For example, the simulation can calculate the three-dimensional temperature
field during the printing process, but this information is challenging to measure by experiments
directly. Numerical simulations have been employed to investigate the thermal fluid dynamics of
the melt pool in the wire-laser DED, as illustrated in Fig. 1.13. However, the main challenges of
utilizing numerical modeling remain in the absence of critical thermophysical parameters of

feedstock materials, lack of standardization, and limited access.
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Figure 1.13: The numerical simulation revealing the thermal fluid dynamics of the melt pool in

wire-laser DED [8].

1.8.3 Dynamic transmission electron microscopy
Advanced characterization technologies open new opportunities to study metal AM processes.

So far, in-situ and operando characterization of AM has been developed based on electron

microscopy, neutron techniques, and synchrotron x-ray techniques. Due to the high spatial

resolution and fast capture rate, dynamic transmission electron microscopy (TEM) can be
implemented to perform in-situ investigation. Mckeown et al. [82] investigated the rapid
solidification of hypoeutectic Al-Cu and Al-Si thin films by integrating a pulse laser source into

the microscope. The microstructure evolution during the rapid solidification can be monitored in
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microsecond timescales, as shown in Fig. 1.14. Accordingly, the solidification velocity can be
measured via the movement of the liquid-solid interface. The investigation of pulsed-laser-induced
rapid solidification provided valuable information for understanding the rapid solidification in
metal AM processes; however, the sample thickness available for this characterization is limited
to hundreds of nanometers. The current in-situ dynamic TEM investigation cannot accomplish the

actual AM printing conditions.

27.65 30.2
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Figure 1.14: Rapid solidification of hypoeutectic (a) AI-Cu and (b) Al-Si thin films characterized

by in-situ dynamic transmission electron microscopy [82].
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1.8.4 Neutron diffraction

Neutron and synchrotron facilities offer greater freedom to conduct operandol/in-situ
experiments for AM processes without the limitation of the small sample chamber in electron
microscopes. Compact AM machines could even be placed in the beamline room for operando
neutron/synchrotron characterization. Neutron scattering is desirable for studying high-deposition-
rate AM processes, like wire-laser DED and wire arc additive manufacturing (WAAM). The
primary reason is that neutrons have sufficient penetrative capability in thick metal samples.
Plotkowski et al. [83] performed operando neutron diffraction experiments on steel using the
WAAM process at the Vulcan beamline of Spallation Neutron Source in Oak Ridge National
Laboratory. The operando neutron diffraction experiment revealed the effect of the thermal history
on transient phase transformation and the evolution of lattice strain. The time-resolved operando
measurements are displayed in Fig. 1.15. By probing the neutron beam at specific locations in the
preceding layers, a series of 1D diffraction line profiles as a function of time can be obtained during
the printing process. Simultaneously, multiple detectors are equipped in the Vulcan beamline to
collect data from different directions. The time-resolved diffraction maps in Fig. 1.15 were
generated by compiling a series of 1D diffraction line profiles. Compared to synchrotron x-rays
and high-energy electron beams, the wavelength of the neutron beam is relatively long, which is
favorable for more accurate measurements of the lattice strain. However, the relatively low flux of
incident neutrons (compared to synchrotron x-ray) limits the temporal resolution of this operando
characterization technique, consequently affecting its potential to investigate highly dynamic

phenomena in AM processes. Additionally, the neutron beams used in such operando diffraction
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experiments typically have large dimensions (5 x 5 mm? in Fig. 1.15) to keep a high flux of incident
neutrons and to satisfy the need to include a sufficient number of grains within the detection
volume. Hence, the spatial resolution should also be a factor to consider in operando neutron

diffraction experiments of AM.
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Figure 1.15: The time-resolved operando measurements of operando neutron diffraction for the

WAAM process [83]. (a-c) The temperature distribution of the build during printing was measured
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using infrared thermography. (d-f, h, i) The time-resolved diffraction maps showing the
microstructure evolution at different locations of the build during printing. (g) A sketch showing

the sample geometry and the location of neutron data collection.

1.8.5 Synchrotron x-ray techniques

Operando synchrotron x-ray techniques provide a unique set of tools for studying metal AM
processes. The main advantage of hard x-ray techniques is that the high-energy x-rays can
penetrate through a relatively thick build track of high-density materials to acquire information
about the melt pool interior. Following the successful demonstration of operando synchrotron
experiments for laser powder bed fusion (LPBF) [84], synchrotron x-ray imaging and diffraction
have been widely adopted by the AM community to study highly dynamic phenomena, such as
defects generation [81], powder dynamics [85], melt pool evolution [86], phase transformation
[87], thermal stress accumulation [88], in various powder-based AM processes. In contrast, wire-
based AM processes have garnered comparatively less attention. One reason could be that the melt
pool of wire-based AM is typically large, resulting in a substantial attenuation of x-rays with
energies less than 50 keV. Consequently, the density contrast for distinguishing different features
in x-ray images is not readily discernible, and the diffraction signal is too weak to achieve adequate
temporal resolution.

Elmer et al. [89] and Brown et al. [90] successfully applied the in situ synchrotron x-ray
diffraction technique to investigate the solidification behavior of wire arc welding and wire arc

AM processes, respectively. The former examined the kinetics of ferrite-to-gamma phase
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transformation in the 304 stainless steel during solidification and subsequent cooling of a
stationary ‘spot’ weld. The latter implemented a substrate wheel to generate linear depositions of
304L stainless steel. The printing system also continuously moved horizontally with respect to the
incident x-ray during the operando experiment. Therefore, the diffraction data reflecting the
microstructure across the entire longitude melt pool was collected. This experimental
configuration is sketched in Fig. 1.16. A high-energy x-ray (71 keV) was adopted in the
measurement. The main advantage of adopting hard x-ray techniques is that high-energy x-rays
can penetrate through a relatively thick build track of high-density materials to acquire information
regarding the melt pool interior. The microstructural evolution during the solidification process,
including phase fractions, crystallographic textures, and residual stresses, was measured. These
two studies demonstrated the unique capability of the high-energy synchrotron x-ray diffraction
technique for probing the wire-based AM process. Compared with the operando neutron
diffraction shown in Fig. 1.15, the x-ray beam size used for operando diffraction is typically one
order smaller than the neutron beam. Meanwhile, another apparent advantage of adopting high-
energy synchrotron x-ray is the high flux of x-ray photons, which is required to investigate highly
dynamic phenomena, e.g., the phase transformation kinetics during the rapid solidification of AM
processes [87]. High-speed x-ray imaging also broadly impacts the AM community, even though
it 1s mainly applied to the powder-based AM processes. This real-time monitoring technique
enables fast characterization with a megahertz frame rate. Many fundamental insights have been
gained from this high-speed perspective, greatly promoting the development of metal AM

technologies.
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Figure 1.16: (a) The sketch of operando high-energy x-ray diffraction of WAAM [90]. The linear
deposition is formed on a rotating wheel substrate, and the position of the incident x-ray beam is
marked by red squares. (b) and (c) are x-ray images showing the wire feedstock and melt pool

front, respectively.

1.9 Application of x-ray total scattering in solving atomic structure of liquid metals

The operando synchrotron x-ray techniques open new opportunities for investigating the
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structure of melt pool and rapid solidification under AM conditions, where pair distribution
function (PDF) analysis is a desirable method to investigate the structure of amorphous materials
including liquid metals. PDF analysis is essentially the Fourier analysis of the total-scattering data
({(Q)) that treats both Bragg diffraction and diffuse scattering on an equal basis. Bragg diffraction
is primarily attributed to information regarding the perfect lattice, while diffuse scattering is mainly
associated with lattice deviations. In liquid metals, the atomic positions are more random and
dynamic, significantly contributing to the diffuse scattering of x-rays. The PDF profile has a
physical meaning related to the probability of finding an atom at a certain distance from a reference
atom, capable of providing statistical information about the liquid structure. The mathematical

expression of PDF analysis, from /(Q) to G(r), is shown as follows:

SQ) = % eq. 1.4
where O, S(Q), and (b), represent the wavevector, total-scattering structure function, and
compositional average of scattering amplitude of atoms. It should be noted that the /(Q) here refers
to the total-scattering intensity solely from the sample, which can be obtained via a background
correction. The background correction refers to subtracting the background signals, such as the x-
ray scattering from the sample container, by the as-collected intensity data. Then, the reduced pair

distribution function, G(r), can be readily calculated through the Fourier transformation of S(Q).
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G(r) =3 J, QIS(Q) — 1sin (Qr)dQ eq. 1.5

It should be noted that G(r) is only a correlation function of the pair distribution function, g(7).

They can convert into each other through the following equation:

G(r) = 4nrpy[g(r) — 1] eq. 1.6

where po is the atomic density. These two functions have similar physical meanings when
interpreting the atomic distribution. However, G(r) is more commonly used owing to the
calculation convenience and provides better presentation of data [91].

The development of the rapid acquisition PDF (RAPDF) method simplified the PDF
measurement, opening new opportunities for studies on short timescales. This method typically
implements a high-energy and monochromatic x-ray beam directly radiating on the sample. A large
2D area detector is required to be placed behind the sample and orthogonal to the incident x-ray
beam. This method is particularly valuable in studying liquid metals because of the highly efficient
measurement [68,71]. Figure 1.17 illustrates an example of applying RAPDF to solve the structure
of supercooled liquids [92]. With the utilization of levitation, the containerless RAPDF was
accomplished without contamination from the sample container. A laser was used to melt the
sample, allowing studies of the solidification process. It is worth noting that the RAPDF provides
the first experimental evidence about the five-fold symmetry of liquid metal and the existence of

ISRO [71,93].
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Figure 1.17: X-ray scattering experiments for liquid metal [92]. The metallic sample is levitated
electrostatically and melted by a laser source in an ultra-high vacuum chamber. The S(q) and g(r)

can be measured for the supercooled liquid via the RAPDF method.
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1.10 Dissertation overview

This dissertation investigated the wire-laser DED process, particularly by employing operando
synchrotron x-ray characterization and multi-physics simulation, to reveal the underlying
mechanisms and provide novel insights for improving the control of solidification microstructures.
Chapter 2 includes a detailed description of the methodologies applied in the research of this
dissertation work, followed by three chapters about the detailed investigation. Chapter 3
comprehensively investigates wire-laser DED for Inconel 718 alloy under a specific energy input.
This chapter also elaborates on the operando synchrotron x-ray characterization of wire-laser DED.
In contrast to the focus on printing conditions, Chapter 4 introduces a novel deposition strategy
that deliberately induces a certain degree of melt pool instability to control the crystallographic
texture and mechanical anisotropy of the as-printed samples. Chapter 5 aims to provide a thorough
investigation of the “abnormal” CET in metal AM. The utilization of operando synchrotron x-ray
characterization is expected to yield direct experimental evidence to unravel the “abnormal” CET
in metal AM. The final chapter (Chapter 6) summarizes the critical conclusions made in this

dissertation and discusses continuing works and future efforts following the current research.
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2. Materials and methods

2.1 Wire-laser DED processes

The printing processes in this dissertation were executed using two commercial DED systems:
uPrinter (Additec, USA) and M450 (Meltio, Spain). The photographs of these two DED printers
and their deposition heads are shown in Fig. 2.1. The principal components of the DED systems
are noted in the photographs, but the external cooling system and gas system are not presented
here. The pPrinter is a desktop DED printer, as shown in Fig. 2.1a, and has been modified for
operando synchrotron x-ray characterization. Its printhead was equipped with three diode lasers
arranged centrosymmetrically (Fig. 2.1c). Each laser has a ~1 mm diameter with a near-Gaussian
profile at the focal plane. This printer was primarily used to print single-track deposits for
fundamental investigations, such as operando synchrotron characterization. However, the
productive fabrication of bulk samples was carried out using the M450 DED printer with six diode
laser sources (Fig. 2.1b). Similar to the pPrinter, each laser beam equipped on M450 also shows a
near-Gaussian energy distribution with ~1 mm diameter at the deposition plane. The laser power
is evenly distributed over six laser beams. The maximum laser power available for the pPrinter
and M450 are 600 W and 1200 W, respectively. During printing, commercial Inconel 718 or 316L
wires with a 0.9 mm diameter (Harris, USA) were extruded straight down from the center of the
printhead and deposited onto the substrate made of the same materials. Meanwhile, the deposition
head was stationary, while the building platform was translated in both lateral and vertical

directions. High-purity Ar was blown out of the printhead throughout the printing process as
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Figure 2.1: Photographs of the two wire-laser DED systems used in this dissertation. (a) The
Additech uprinter and (c) its deposition head equipped with three lasers. (b) The Meltio M450

DED printer and (d) its deposition head equipped with six lasers.

2.2 Fundamentals of synchrotron x-ray and reasons for operando experiments at the 1-ID
beamline of the Advanced Photon Source
Operando synchrotron x-ray characterization is an important method used in this work to
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investigate the printing process. X-rays are essentially electromagnetic waves with short
wavelengths, typically in the 0.01 to 10 nanometers range. The energy of x-rays is correlated to
their wavelengths and can be quantized into photons. Briefly, x-ray photons interact with matter
in two ways: they are either scattered or absorbed by atoms. Since discovered by Wilhelm Conrad
Rontgen in 1985, x-rays have become an essential source for microstructure characterization.
According to the various characteristics of x-rays and their interaction with matter, many relevant
techniques, such as x-ray diffraction, x-ray imaging, and x-ray fluorescence spectroscopy, have
been developed for various applications. These techniques have enormously impacted many fields,
including environmental monitoring, medicine, energy, scientific research, and security.

The development history of x-ray sources is shown in Fig. 2.2 [92]. So far, x-ray tubes and
rotating anodes are still employed in commercial x-ray instruments as x-ray sources. For these lab-
based x-ray sources, electrons are produced by a glowing filament and subsequently accelerated
toward an anode that is generally made of heavy metals. Characteristic x-rays are emitted from the
collision of the incident electron with atoms in the anode. The incident electron may remove the
atomic electron from the inner shells, and outer-shell electrons subsequently fill the newly formed
vacancy accompanied by the emission of an x-ray photon with a specific energy. However, the lab-
based x-ray sources are less efficient in producing x-rays, and the generated x-ray photons have a
large energy bandwidth. Thus, lab-based x-ray sources are not ideal for monitoring the highly

dynamic microstructure evolution, such as operando characterization of AM processes.
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Figure 2.2: The development of the x-ray sources and their brilliance [92]. Brilliance is a
parameter used to evaluate the quality of the produced x-ray beam. Higher brilliance refers to

more photons emitted per second and better collimation of the x-ray beam.

The advent of synchrotrons has revolutionized x-ray science. Figure 2.3 displays a schematic
of the principal components of a third-generation synchrotron facility. The high-energy electrons
are accelerated and then stored in a huge storage ring while keeping the constant energy. As the
electrons travel along an alternating magnetic field, their small-amplitude oscillations lead to
emitting x-rays. The 1-ID beamline at the Advanced Photon Source (APS) of Argonne National
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Laboratory (ANL) is especially desirable for the operando x-ray diffraction experiments of metal
AM processes due to the following advantages. First, the 1-ID beamline at APS was designed to
provide brilliant and high-energy x-ray beams. The high-flux monochromatic x-ray ensures both
high temporal and spatial resolution of the operando characterization. The high-energy x-ray, on
the one hand, can reduce the attenuation when transmitting metallic samples. On the other hand,
higher energy leads to a larger detection range of the scattering vector (Q), which is required by
the pair distribution function analysis. Secondly, this beamline equips advanced optics. The precise
collimation and focusing of x-rays can be achieved. Thirdly, an advanced 2D diffraction detector
is available in the 1-ID beamline, which is beneficial for monitoring the dynamic microstructure
evolution during the AM process. This sensitive detector provides a high signal-to-noise ratio,
critical for quantitatively analyzing the scattering data. Additionally, this sector is versatile enough
to perform various measurements. Compact instruments, like the desktop DED system pprinter,

can be mounted into the beamline for operando characterization.
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Figure 2.3: A schematic of a beamline at a third-generation synchrotron x-ray source [92]. The

key components and their approximate sizes are marked.

2.3 Operando synchrotron x-ray imaging and diffraction

Operando synchrotron experiments in this work were conducted at the 1-ID-E beamline of

the APS at ANL. Both x-ray imaging and diffraction experiments were carried out using a

monochromatic beam with an energy of 100.0 keV generated by a superconducting undulator. Full-

field x-ray imaging was applied to observe the printing process directly. The imaging detector

consisted of a Pointgrey GS3-U3-23S6M-C CMOS camera, a 5x objective lens, and a 25 um thick

LuAG:Ce scintillator, which offered a pixel resolution of 1.172 pm and a frame rate of 80 Hz.

Time-resolved two-dimensional (2D) diffraction patterns were collected using a PILATUS3X-2M
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CdTe detector (DECTRIS, Switzerland) with a 250 Hz frame rate and an exposure time of 3 ms.
In the diffraction mode, the high-flux monochromatic x-ray beam was focused vertically first using
a series of saw tooth lenses and then collimated into a 100 pm (Horizontal) x 30 um (Vertical) or
50 um (H) % 30 pm (V) rectangular shape using slits [94].

The setup of the operando synchrotron experiment is illustrated in Fig. 2.4a, and a photograph
of the experimental setup in the beamline is shown in Fig. 2.4b. The x-ray entrance and exit
windows on both sides of the printing chamber were covered with acrylic-based laser protection
glass (Kentek, USA). In the experiment, the laser printhead was stationary, whereas the build
platform moved 15 mm horizontally in a plane perpendicular to the x-ray incidence (Fig. 2.4a).,
where SD, BD, and TD refer to the scanning, building, and transverse directions, respectively.
Through this setup, it was able to collect time-series diffraction data in hybrid mode. At the
beginning and end of the single-track printing process, when the build platform was stationary, the
detector captured the dynamic structural changes from the same locations in the sample. This is
essentially the “movie” mode in sifu experiment. During the stable printing process, while the
platform was moved, the x-ray beam position was fixed with respect to the printhead, which
allowed the characterization of material structures under identical process conditions over a
relatively long time (i.e., 1-2 s). This is the data collection mode similar to a “pump-probe” type
experiment, in which the time-resolved data series are obtained by piecing together the data
collected with the x-ray beam set at different positions relative to the lasers. The reproducibility
and stability of the operando experiments were assessed using four operando imaging and

diffraction trials. The data collected during the scanning process contained several hundred
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diffraction patterns, which provided good statistics.
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Figure 2.4: The (a) schematic and (b) photograph of the operando synchrotron x-ray experiments
on wire-laser DED process of Inconel 718 and 316L SS. The uprinter was used for the operando

synchrotron x-ray characterization.

The contrast and quality of the x-ray images were enhanced using /mageJ software [95]. A
series of x-ray images were collected before printing to optimize the background of the raw
imaging data. The raw diffraction patterns were radially integrated using GSAS II software [96].
The instrumental parameters, such as detector distance, were extracted from the diffraction data of
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the standard samples. The dead pixels on the diffraction patterns had been masked out before the

integration.

2.4 Post-characterization of as-printed samples

The optical imaging of as-deposited microstructures was conducted using a Hirox Digital Light
Microscope. The samples were polished first by a series of sandpapers and then electropolished in
an oxalic acid solution (10 wt.%) at room temperature with a potential of 3V. Electron backscatter
diffraction (EBSD) was conducted to characterize the microstructure of the as-printed samples
using a Helios UC G4 dual beam scanning electron microscope or FEI Quanta 650 scanning
electron microscope equipped with Oxford EBSD detectors. The sample was sectioned at the
center of printed tracks or bulk samples using wire electrical discharge machining. The obtained
cross-section was gradually ground using sandpapers with grit sizes ranging from 120 to 1200 and
was then sequentially polished with diamond solutions and a silica suspension. The EBSD maps

were post-processed using Aztec Crystal software.

2.5 Multi-physics simulation of wire-laser DED

Multiphysics simulations of the wire-laser DED processes were performed using the
commercial software Flow 3D (Flow Science Inc., USA). This numerical model utilizes the finite
volume method to solve the governing equations for the coupled fields of velocity and pressure,
energy conservation, momentum conservation, mass conservation, and Volume of Fluid advection.

Multiple physics involved in the wire-laser DED process were considered in the simulation,
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including wire feeding, laser absorption, incompressible flow, thermal conduction, surface tension,
gravity, liquid-solid phase transformation, and viscosity. The governing equations and principal
calculations for the laser-based AM module are available in [97,98]. A description of the numerical
model developed to simulate the wire-laser DED process is also provided as follows.

In the simulation, the mass continuity, momentum, and energy conservations are governed by

the following equations:

V-V =0; eq. 2.1
Z—Z+(I7-V)I7=—%Vﬁ+uvzv+§[1—a(T—Tm)]; eq. 2.2
and 24 (V- V)h = 2(V- kVT): eq.2.3

at p ’ q-=

where 17, P , U, G, @, p, h, and k are velocity vector, pressure, viscosity, gravity vector,
thermal expansion coefficient, density, specific enthalpy, and thermal conductivity, respectively.
The Maragoni and capillary effects are two major forces driving the flow dynamics, which are
calculated through the following equations: Tygrangoni = y[VT — ﬁ(VT . ﬁ)], and Peopitiary =
[0o + ¥(T — T,,) ]k, where y, 1, 0y,and k are thermocapillary coefficients, unit vector outward
normal to the surface, surface tension at 75, and the curvature of the surface. The numerical model
and geometry configuration in the multi-physics simulation of the wire-laser DED process are

presented in Fig. 2.5. The material feeding and stable deposition are managed by applying two
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phantom components, denoted as “Phantom wire feeder” and “Horizontal phantom”, for the wire
and the deposited part (including the substrate). The phantom component can assign a specific
moving velocity for the solid phase within the region to achieve dynamic wire feeding and relative
movement of the substrate. The phantom velocities of these two components were set based on the
feeding rate of the wire and the traveling speed of the substrate applied in experiments. The coaxial
wire-laser configuration, including the positions and convergence/tilting angle of three or six laser
beams relevant to the wire, is set up in the model to reflect the actual geometry of the deposition
heads. Based on the laser specs and measurements provided by the manufacturer, each laser beam
in the simulation was modeled as a spot with a 1 mm diameter at the deposition plane and a near-
Gaussian energy distribution. The irradiation of the laser beams is applied to the free surface of
the material. This simulation employs the adiabatic boundary condition with constant pressure.
Laser absorptivity and working distance are two major parameters input to calibrate the simulation.
The laser absorptivity was assumed to be constant because the incident angle of the laser beam is

nearly constant under a stable DED printing.
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Figure 2.5: Numerical model and geometry configuration in the multi-physics simulation of wire-

laser DED process.

After a series of tests with different mesh sizes, a mesh size of 0.15 mm was utilized to balance
the simulation accuracy and computational efficiency. Temperature-dependent parameters of
Inconel 718 and 316L SS were obtained from the database built in Flow 3D. The material
parameters at specific temperatures are listed in Tables 2.1 and 2.2. Given that the incident angles
of lasers are relatively stable in the wire DED process and there is no server vapor depression in
the melt pool, the laser absorptivity was assumed to be constant and calibrated based on experiment

data.

Table 2.1: Thermophysical parameters used for simulating the wire-laser DED process of Inconel

718 alloy.

Properties & units Inconel 718 alloy

8190, T=298 K
Density (kg/m®)
7160, T=1873 K

Heat capacity (J/kg/K) 435, T=298 K
Thermal conductivity (W/m/K) 8.9, T=298 K
Solidus temperature (K) 1533
Liquidus temperature (K) 1609
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Latent heat of melting (J/kg)
Laser absorptivity

Surface tension (N/m)

24 x10°

0.42

1.827, T=1628 K

Thermocapillary coefficient (N/m/K) -4.43 x 10™

Viscosity (Pa-S)

4.42 x103,T=1630K

Table 2.2: Thermophysical parameters of 316L SS used for simulating the wire-laser DED process.

Properties & units

316L SS

Density (kg/m®)

Heat capacity of liquid (J/kg/K)
Thermal conductivity of liquid (W/m/K)
Solidus temperature (K)

Liquidus temperature (K)

Latent heat of melting (J/kg)

Laser absorption

Surface tension (N/m)

Thermocapillary coefficient (N/m/K)

Viscosity (Pa-S)

7950, T<1697.15K

6881, T>1697.15K

830

30.5

1674.15

1697.15

2.6 x 10°

0.33

1.87

-4.5x 10

8 x 107
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3. Operando high-energy synchrotron x-ray characterization of wire-laser

directed energy deposition of Inconel 718

Directed energy deposition (DED) with a coaxial wire-laser configuration has gained
significant attention in recent years for producing large-scale metallic components because of its
low directional dependence, fast deposition rate, high feedstock efficiency, and low manufacturing
cost. The work in this chapter synergistically applies operando high-energy synchrotron x-ray
characterization and multi-physics modeling to study the coaxial wire-laser DED process of
Inconel 718 alloy under a stable deposition condition with a low input volumetric energy density
(55.48 J/mm’). The unique microstructure heterogeneity observed under this condition is explained
based on operando x-ray diffraction and numerical simulation results. This work highlights the
potential for tailoring solidification microstructure by controlling the melting state of the feedstock
wire, in addition to factors such as thermal gradient and solidification velocity. Furthermore, as
the first research chapter, this section elaborates on the capability of both operando synchrotron
x-ray characterization and multi-physics simulation in studying the wire-laser DED process. The
work presented in this chapter has been published in International Journal of Machine Tools and

Manufacture 194 (2024) 104089.

3.1 Introduction
Coaxial wire-laser DED is an emerging AM technique that has sparked a growing interest in

academia and industry. As introduced in Chapter 1.2, the coaxial wire-laser configuration has
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multiple advantages against the lateral wire feeding system in improving the quality of printed
components. Achieving consistent and high-quality products in wire DED requires a thorough
understanding of wire melting, melt pool structure, and solidification processes. These behaviors
are directly affected by the energy input. A good balance between the energy input and wire feeding
rate is required to yield a stable printing process and reduce defects. Nonetheless, even within a
stable processing window, knowledge regarding the feedstock wire behavior in the melt pool and
its effects on solidification is required, particularly under printing conditions of relatively low
energy input per unit volume of the deposited material (i.e., high feeding rate, low laser power, or
high scanning speed). For instance, Bambach et al. recently investigated the coaxial wire-laser
DED process of the Inconel 718 alloy. They speculated that the wire did not melt completely within
the melt pool throughout the deposition process under the studied conditions [10]. The prevailing
consensus is that incomplete melting of the feedstock wire hinders melt flow and induces wire
oscillation, thereby resulting in increased printing imperfections, such as little pits, in the builds
[99,100]. Without a more profound understanding provided by in situ experiments, an apparent
solution to the problem caused by partial wire melting is increasing the input volumetric energy
density (VED).

As introduced in Chapter 1.8.5, Elmer et al. [89] and Brown et al. [90] performed the in situ
synchrotron x-ray diffraction for the wire arc welding and wire arc AM process, respectively. These
studies demonstrated the unique capability of the high-energy synchrotron x-ray diffraction
technique for probing the wire-based AM process. However, the electric arc created extremely

intense heat around the melt pool in their wire arc processes, thereby fully melting the feedstock
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wire. Therefore, Elmer and Brown did not intend to reveal the temperature variations in the wires,
as the wire feedstocks were deposited into the melt pool, but focused primarily on characterizing
the solidification process. In contrast, for the coaxial wire-laser DED process studied here, the
laser energy was uniformly distributed around the wire and absorbed only by the wire tip and melt
pool surfaces. Thus, the melting state of the wire is more sensitive to the processing parameters,
potentially having a greater influence on the material microstructure. However, there have not been
any operando synchrotron experiments on the wire-laser DED process.

Operando high-energy x-ray imaging and diffraction experiments on the wire-laser DED of
the Inconel 718 alloy were conducted to address the knowledge gap concerning the wire melting
behavior within the melt pool. In the present DED process, a specific printing condition was
tailored to establish a stable melt pool while concurrently modifying the wire melting by fine-
tuning the VED. In the operando experiment, x-ray imaging was used to obtain real-space
information on the morphological changes in the metal wire and melt pool induced by laser heating.
Subsequently, a high-energy x-ray beam was focused at various locations of the melt pool to reveal
the structural evolution inside the melt pool using transmission-mode diffraction. The experimental
data provided valuable insights into the transient and dynamic phenomena during the printing
process. In complement to these experimental efforts, multi-physics simulations were conducted
to extract the difficult-to-measure structural attributes, thereby enhancing the understanding of the
coaxial wire-laser DED process. This study also offers an in-depth understanding of the formation

mechanism of a unique microstructure in the sample processed under a specific VED.
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3.2 Methods
3.2.1 Wire-laser DED process

Printing was executed using the modified commercial DED system, pPrinter (Additec, USA).
A printing condition, referred to as condition 1 herein, is designed to provide a relatively high
feeding rate (F = 17 mm/s) and low energy input (laser power P = 600 W, traveling speed V= 10
mm/s) while maintaining a stable deposition process. Hence, the linear energy density can be
calculated as P/V to be 60 J/mm, while the VED can be calculated as P/A/F to be 55.5 J/mm?,
where A corresponds to the cross-sectional area of the feedstock wire. For comparison, two other
samples were printed using different processing parameters. The conditions and sample structures
are presented in the corresponding section of this chapter. High-purity Ar was blown out of the

printhead throughout the printing process as shielding gas.

3.2.2 Operando synchrotron characterization and data analysis
Operando synchrotron experiments in this work were conducted at the 1-ID-E beamline of
the Advanced Photon Source (APS) at Argonne National Laboratory. For the diffraction
experiment, the x-ray beam on the sample was focused to 100 um (Horizontal) x 30 um (Vertical).
A more detailed description of the experimental setup is included in Chapter 2.3.
The temperature evolution of the sample at the end of the printed track after solidification was
determined from the measured lattice parameter and the known coefficient of thermal expansion
(CTE). The detailed calculation method and temperature-dependent CTE of Inconel 718 can be

found in literature [101,102]. Strong {111},, {311}y, and {222}, diffraction peaks were fitted using
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the pseudo-Voigt function to quantify the lattice parameters. A linear variation of the CTE with
temperature was assumed, and the diffraction data of a printed track after complete cooling served
as the reference do at room temperature. Error bars represent the standard deviation from the three

measurements of different diffraction peaks.

3.2.3 Multi-physics simulation and Scheil solidification simulation

Multi-physics simulations of the wire-laser DED process were performed using the
commercial software Flow 3D (Flow Science Inc., USA). The numerical model is explained in
Chapter 2.5. The exact laser configuration and substrate size in the experiments were implemented
in the model. The wire feeding rate, laser power, and scanning speed are direct input variables in
the simulation for different printing conditions. The cross-section of the printed track, melt pool
size, and cooling rate were measured from in situ/ex situ experiments and used to validate the

simulation.

3.3 Results
3.3.1 Operando synchrotron x-ray imaging

To better understand the printing processes under different volumetric energy density (VED)
inputs, particularly a low VED of 55.5 J/mm? (condition 1), operando synchrotron experiments
were performed at the Advanced Photon Source (APS). The x-ray imaging results of the single-
track wire-laser DED of Inconel 718 under condition 1 are shown in Fig. 3.1. Note that the

horizontal bright and dark stripes on each x-ray image are artifacts caused by the optics-induced
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intensity variation in the x-ray beam. The attempt to remove the background using a white-field
image was not satisfactory, owing to the beam instability. The printing process of wire-laser DED
consists of a few steps. Initially, the wire was pulled up and separated from the substrate by a small
distance (Fig. 3.1a). The wire then started to move downward until it contacted the substrate (Fig.
3.1b). The laser was then activated and focused on the wire tip, creating a liquid droplet attached
to the substrate (Fig. 3.1c). The base plate began to move horizontally to the right as the wire
continued to feed into the melt pool (Fig. 3.1d). After hundreds of microseconds, a stable melt pool
formed, which remained unchanged for approximately 2 s (Fig. 3.1¢). Once the set printing length
was completed, the wire was extracted from the melt pool (Fig. 3.1f), and all the lasers were turned
off. The final melt pool (Fig. 3.1g) at the end of the printed line experienced the fastest cooling
and significant thermal stress developed, which induced microcracking after solidification, marked
by ared arrow in Fig. 3.1h. It is important to note that the x-ray images shown here do not reveal
the melt pool boundary because the high x-ray energy used in this experiment generates no

discernable contrast between the solid and liquid phases.
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Figure 3.1: X-ray imaging sequence revealing the wire-laser DED process of Inconel 718 with
input VED of 55.5 J/mm’. (a) Before printing; (b) start of wire feeding; (c) activating laser; (d)
initial printing period; (e) stable printing period; end of the process (f) with wire retracting, (g)
before solidification, and (h) after solidification. Purple rectangles in Figure (e) illustrate the
regions probed by operando focused-beam x-ray diffraction with results to be shown in Fig. 3.3.
Note the horizontal bright and dark stripes on each image are artifacts caused by the optics-

induced intensity variation in the x-ray beam.

3.3.2 Operando synchrotron x-ray diffraction in temporal and spatial aspects
Operando synchrotron x-ray diffraction is critical for measuring the cooling rate and
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characterizing the phase evolution during wire-laser DED. Figure 3.2a shows the waterfall
diffraction intensity map as a function of time and the scattering vector (Q), which was constructed
by piling all 1D diffraction spectra extracted from the time-resolved 2D diffraction patterns. For
this dataset, the incident x-ray beam was placed at the spot E shown in Fig. 3.1e. In the first 800
ms (i.e., the region under the bottom white dashed line in Fig. 3.2a), the x-ray beam was not on
either the metal wire or the melt pool; thus, no diffraction intensity was observed. Note that the
diffraction data collection was initiated first, and the printing process was triggered manually
slightly thereafter. Therefore, the period before the sample moved into the x-ray beam (800 ms in
this case) varied slightly between samples. Fig. 3.2b shows a representative diffraction pattern
collected during this period, which reveals no diffraction signal from the sample. Subsequently,
the liquid tip of the metal wire touched the base plate, resulting in the development of the melt
pool, which was then scanned by the x-ray beam. Fig. 3.2c shows a representative diffraction
pattern collected from the melt pool, which exhibits typical liquid-metal scattering characteristics.
In Fig. 3.2a, diffuse diffraction peaks are observed between the two dashed lines during this period.
At the end of the printing track, after the wire was retracted and the laser was turned off, the sample
began to experience rapid solidification and cooling. In the diffraction patterns Fig. 3.2d, the
diffuse scattering peaks were replaced by strong diffraction spots. The phase evolution during and
after solidification is reflected in the data region above the top dashed line in Fig. 3.2a. By indexing
the diffraction peaks, it was found that solidification started with a liquid-to-gamma phase
transformation. The Laves, MC-carbide, and delta phases were generated after a very short period

(~80 ms), with the delta phase being the last phase to appear. During the entire data collection
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process, the relative location between the incident x-ray beam and the wire (or printhead) did not

change, as illustrated in Fig. 3.2a.
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Figure 3.2: (a) The time-resolved diffraction intensity map shows the microstructure evolution
during the entire deposition process when the incident x-ray is fixed at a certain location.

Representative diffraction patterns (b) before, (c) under, and (d) after deposition.
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The structural dynamics of Inconel 718 during the printing process were investigated in both
the spatial and temporal domains by repeating the same experiment and setting the x-ray beam at
different locations with respect to the printhead. Fig. 3.3 shows the integrated 2D diffraction
patterns and the corresponding 1D spectra obtained from regions A, B, C, D, E, and H, marked in
Fig. 3.1e. Each diffraction pattern results from summing 250 frames, all collected in the course of
the stable printing period, which equates to one second of total exposure time. Figs. 3.3a-3.3c
reveal the structure of the melt-pool region underneath the printhead. Region A was closer to the
feedstock wire. Because only the surface of the wire was melted by the laser at this position, the
diffraction rings from the solid Inconel 718 wire were dominant and the texture structure of the
wire was observed. In regions B and C, as the wire was further extruded and melted by the laser,
the x-ray scattering pattern from the liquid Inconel 718 became increasingly visible, while textured
diffraction rings were still present (Figs. 3.3b and 3.3c). This indicates that under the applied
processing condition, the wire was still partially melted at a location only ~300 um above the
substrate. Another important observation is that recrystallization did not occur in the unmelted part
of the wire. In regions D and E, no obvious crystal diffraction peaks were observed (Figs. 3.3d and
3.3e), suggesting that the wire was almost fully melted by the surrounding hot liquid via heat
conduction. In region H, well-defined diffraction peaks began to appear again on top of the liquid

scattering profile (Fig. 3.3f), indicating the development of a mushy zone.
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Figure 3.3: Local microstructures of the melt pool revealed by operando x-ray diffraction.
Integrated x-ray diffraction patterns (left in each panel) and corresponding intensity spectra (right
in each panel) collected during the stable printing periods by positioning the x-ray beam at the
regions A-H, marked in Fig. 3.1e. Each diffraction pattern shown here is the summation of 250

frames collected during the stable printing period, equivalent to 1 sec total exposure time.

3.3.3 Remaining solid particles inside the melt pool

Although no clear evidence of the solid phase is shown in the integrated 1D intensity spectra
in Figs. 3.3d and 3.3e, solid crystal diffraction spots were still observed in a small set of data by
frame-by-frame examination. The most commonly observed diffraction pattern is shown in Fig.

3.4a, only consisting of the diffusive scattering from the liquid phase. Figure 3.4b displays a
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representative diffraction pattern showing the appearance of the diffraction spots of MC-carbide.
In addition to the carbide phase, other solid phases including Gamma, Laves, Delta, and Sigma
were also found (Figs. 3.4b-3.4f). The lattice structures of these solid phases are introduced in
Chapter 1.4. In Fig. 3.4g, the experimental (black) and simulated (red) diffraction profiles of the
MC-carbide phase are compared. The experimental diffraction profile was obtained by summing
multiple diffraction frames, which included diffraction spots from MC-carbide, and the
background associated with diffusive scattering from liquid was removed. The peak positions
matched those in the simulated reference diffraction profile, confirming the presence of MC
carbide in certain melt pool regions during stable printing. Lattice expansion was considered in
the calculation, and the peak positions at elevated temperatures were calibrated using the
experiment results. The number of diffraction spots appearing in regions D, E, and F during the
stable deposition process was counted and statistically analyzed. Because of the low symmetry of
their crystal structures, the Laves and Sigma phases had more complex diffraction peaks than the
other phases. Distinguishing the diffraction spots from these two phases becomes challenging
within a specific Q range. Thus, the statistical results of Laves and Sigma phases are combined
into one group as the “Laves/Sigma phase”. As shown in Fig. 3.4h, more diffraction spots from
solid particles are found in region D (further from the solidification front) than in region E (closer
to the solidification front), and almost no solid particles were detected in region F (closer to the
heating laser). In regions D and E, the MC-carbide appeared more frequently than the other solid
phases, including the matrix phase (Gamma). This statistical analysis counted over 500 effective

diffraction patterns in each region. The total number of diffraction spots reflects the frequency of
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detecting a solid particle satisfying Bragg’s diffraction criterion and thereby correlates
qualitatively with the phase content. However, this work did not intend to quantify the number

density or volume fraction of the solid particles within the melt pool.

MC=Carbide

500 - —— Experimental | 35| Region D
_— —— Simulated §_ Region E
00 - @30 Region F
— c
5 300t Sa5l
s k3] =
: S0l
%« 200 £ 20
S 100 E 151
£ :
0 210+
g1 ¥ AR o
-200 ' — 0 _
2 4 6 8 MC Laves/Sigma Gamma Delta
Q(A") Solid phases

Figure 3.4: Presence of unmelted solid particles within the melt pool. (a) A representative x-ray
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diffraction pattern; and (b) the extracted 1D diffraction intensity profile indicating the existence
of MC-carbide particles in the melt pool. The result in (b) was obtained by summing and
integrating multiple diffraction frames which include diffraction spots of MC-carbide at various
QO values. The peak positions agree with the corresponding calculation based on the crystal
structure of MC-carbide. (c) The statistical result of the remaining solid particles at different
regions of the melt pool. Each set of data for a specific phase was obtained by counting the total
number of diffraction spots present in the diffraction pattern sequence. More diffraction spots are
found in region D than in other regions, with MC-carbide appearing more frequently than other

solid phases.

Meanwhile, the shallow diffraction peaks shown in the intensity spectra in Figs. 3.3a-3.3¢c
confirmed the presence of these secondary solid phases in the wire feedstock. Therefore, it is
reasonable to believe that the solid particles in the melt pool ahead of the solidification line mainly
resulted from the incomplete melting of the feedstock wire rather than from broken dendrites from
the mushy zone. This claim is supported by the diffraction results from regions F and G, where no
obvious diffraction spots from the solid phases were observed in region G and only trace amounts
in region F. The temperatures in these two regions were higher than those in region E because of
their proximity to the direct laser exposure. Thus, no solid particles were present in these melt-

pool regions.
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3.3.4 Multi-physics simulation

The single-track printing of Inconel 718 was simulated using a multi-physics model, as shown
in Fig. 3.5a. The simulation results were calibrated and validated against the operando x-ray
imaging result (Fig. 3.1) and the scanning electron microscopy (SEM) image of the build track
cross section (inset of Fig. 3.5a). The 2D temperature distribution (colored shade) and melt flow
(black vectors) at the center plane (TD view) and cross-section (SD view) during the stable
deposition period are presented in Figs. 3.5b and 3.5c, respectively. In the printing process using
the deposition head with three laser beams, the melting behavior of the wire was influenced more
by the two front laser beams. Under condition 1, the temperature of the region underneath the
feeding wire was higher than the solidus temperature but lower than the liquidus temperature, and
the wire was only partially melted owing to insufficient heating. In the center plane (Fig. 3.5b),
the front and rear sides of the melt pool contained two different melt flow patterns that were
physically separated by the partially melted wire. The melt flow at the rear side was primarily
affected by the rear laser beam radiating from the upper melt-pool surface. The recoil pressure and
thermocapillary force drove the molten metal to flow away from the hot region on the melt-pool
surface. In the front melt pool region, the two front laser beams induced two melt flow vortices
distributed symmetrically around the center of the melt pool (Fig. 3.5¢). The constant downward
feeding of the unmelted wire drove the surrounding melt to the bottom of the melt pool, resulting

in opposite flow directions of these two vortices.
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Figure 3.5: Multi-physics simulation of the wire DED process of Inconel 718 with input VED of
55.5 J/mm’. (a) 3D view of the simulation. The 2D slices of (b) the center plane on the lateral view
and (c) the cross-section on the front view are indicated using grey boxes. The inset of (a) depicts
a comparison between the experimental and simulated build track cross-section, showing a good
agreement in morphology. In the simulated cross-section, blue and red colors correspond to
unmelted and fully melted regions, respectively. In (b) and (c), the color map and black arrows
within the melt pool display the temperature distribution and flow dynamics. With this specific

input VED (condition 1), the wire is only partially melted.
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The temperature evolution during the solidification process of the melt track (the end region
after the lasers were turned off) was quantified via operando x-ray diffraction and multi-physics
simulations. In the time-resolved diffraction intensity map (Fig. 3.2a), the shift of the diffraction
peaks to a higher scattering vector (Q) corresponds to cooling-induced lattice contraction. The
temperature evolution of the sample after solidification was calculated using the measured lattice
parameters and the known coefficient of thermal expansion (CTE) of Inconel 718. This calculation
assumes (i) no chemistry or stress-induced lattice strain and (ii) that the variation of the CTE with
temperature is linear. Because the x-ray diffraction was in the transmission geometry, the measured
lattice parameter (black dots in Fig. 3.6) reflected the average sample structure within an x-ray
interaction volume along the TD. The average, maximum, and minimum temperatures of the
sample region, which was within the x-ray interaction volume, were extracted from the simulation
results. Their changes as a function of cooling time are plotted in Fig. 3.6 using blue, red, and
green lines. During the initial cooling stage (1500-1250 K), the temperature dropped rapidly at a
rate of approximately 3800 K/s. The cooling rate gradually decreases to approximately 80 K/s
during the final stage of the measured cooling data. Simulation results also revealed that the
temperature variation within the x-ray interaction volume was approximately 180 K during the
initial cooling state. As the sample continued to cool, the temperature difference between the side
surfaces and the center of the melt track decreased. In general, the simulation result matches the
experimental measurement very well in the initial cooling stage yet deviates slightly in the low-
temperature region. This may have been caused by the appearance of secondary phases (e.g., the

delta phase) and the development of residual stress. The temperature evolution of the wire DED
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process measured using operando x-ray diffraction was comparable to that of the powder DED

process measured using a pyrometer [103].
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Figure 3.6: Temperature evolution in the solid phase at the end of the print track after the wire
was retracted and the laser was turned off. The black dots represent temperatures calculated via
the thermal expansion of the crystal lattice, as measured by the operando x-ray diffraction
experiment. Error bars represent *I standard deviation from the mean value from three
measurements of different diffraction peaks. The blue, red, and green curves represent the average,

maximum, and minimum temperatures extracted from a certain region in the simulation.

3.3.5 Solidification microstructure under the low volumetric energy density of 55.5 J/mm?

(condition 1)

The microstructure of single-line samples printed under condition 1 was characterized using
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EBSD. Figs. 3.7a and 3.7b display the inverse pole figure (IPF) maps of the cross section in the
SD and the center plane in the TD, where the fusion boundary between the printed line and the
substrate is marked by a white line. As shown in Fig. 3.7a, the fusion into the substrate under
condition 1 was very shallow owing to the high deposition rate and low energy input. The shallow
fusion area also refers to a low dilution ratio (the ratio of the penetration depth into the substrate
to the total melt pool height), a parameter widely used in the cladding community. In this sample,
columnar grains are roughly aligned with BD, and the growth of columnar grains at the central
bottom region (outlined by a black dashed circle in Fig. 3.7a) is suppressed compared to the outer

region.

Figure 3.7: EBSD characterization of the printed Inconel 718 line with an input VED of 55.5
J/mm?. (a) SD and (b) TD view of the sample. The step size of EBSD mapping is 1.5 um. The scale
bar in (a) is applicable to (b). The white lines in (a) and (b) define the fusion boundary. The two
solid boxes in (a) mark the specific areas for magnified EBSD characterization shown in Fig. 3.9.
The black dashed circle in (a) and black dashed lines in (b) define the interested region with

suppressed columnar grain growth.
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3.4 Discussion
3.4.1 The printing behavior under the specific printing condition

The wire-laser DED process and the quality of the printed components are strongly dependent
on the melting behavior of the feedstock wire. In general, a good balance between wire feeding
and energy input is crucial for achieving a stable deposition process. Insufficient wire melting can
lead to structural defects, such as stubbing. In this study, the wire-laser DED printing process under
a specific condition (condition 1) is investigated, which happens to lie between complete wire
melting and stubbing. The feedstock wire did not melt fully, as revealed by operando x-ray
diffraction and simulation; however, stable printing was sustained without generating defects.

In the coaxial wire-laser DED process, the melting of the Inconel 718 wire starts from the
surface by directly absorbing the laser energy. Under condition 1, the wire was only partially
melted when it entered the melt pool. Because of the relatively low energy input, the partially
melted wire can reach the bottom of the melt pool, which is characterized by lower temperatures.
Upon continuous heating by the surrounding liquid, most of the feedstock wire inside the melt
pool eventually melts to maintain a stable deposition. However, residual solid particles, mainly
MC carbides, are present in the melt pool and affect solidification. The remaining particles were
mainly distributed in the bottom region of the melt pool because the surface of the melt pool
directly absorbed laser energy and was hotter. As shown in Fig. 3.4h, more carbide particles were
found in the melt pool compared with other phases. The liquidus temperature of the NbC phase
(1603 K) is almost the same as that of the Inconel 718 alloy (1609 K) matrix (i.e., y phase), but the

latent heat of fusion is quite different (435 klJ/kg for NbC vs. 295 kl/kg for y) [104]. Therefore,
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under the rapid heating conditions involved in the DED process, the carbide phase could
experience only partial melting, whereas the Gamma phase is fully melted. Melt flow is another
factor that delays the melting of carbide phases. As revealed by the multi-physics simulation (Figs.
3.5b and 3.5¢), the melt flow at the rear melt pool moved downward at the center, which made it

difficult for the solid particles to drift upwards and quickly melt by the lasers.

3.4.2 The variation in solidification microstructure with increasing volumetric energy density

To better understand the impact of printing conditions on the resultant microstructure,
particularly the input VED, samples were printed under two additional conditions (conditions 2
and 3) with larger VEDs. The detailed parameters of all three printing conditions are listed in Table
3.1. Compared to condition 1, condition 2 had the same energy input (linear energy density) but a
lower wire feeding rate. Condition 3 reduced the deposition rate and increased energy density by
decreasing the traveling speed. The EBSD characterization was performed on these two samples
with higher input VEDs (conditions 2 and 3), as shown in Figs. 3.8a-3.8d. In the SD view, coarse
columnar grains are dominant in these two samples, which is similar to Sample 1. Such a
microstructure is common for DED and wire-arc AM samples because of the high temperature
gradient (G) and low solidification rate (R) involved in the solidification process [105,106].
However, in contrast to the low dilution ratio in Sample 1, conditions 2 and 3 result in greater melt
penetration depths in the substrate (Figs. 3.8a and 3.8c). More importantly, condition 1 produces
smaller grains exhibiting reduced elongation in morphology within the central bottom region of

the printed track, in comparison to the other two samples which possess microstructures typical to
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laser DED and wire arc AM (WAAM) samples. A quantitative comparison was conducted for
grains at the central bottom region of samples printed under all three conditions, as depicted in
Figs. 3.8¢ and 3.8f. The grain area and the fitted ellipse aspect ratio (FEAR) were measured to
present the grain size and morphology. As shown in Figs. 3.8e and 3.8f, the average grain areas at
the marked region of these three samples are 701.1, 820.2, and 1188.0 um?, respectively. The
average FEAR values are 3.1, 4.9, and 2.6. This result suggests that condition 1 led to smaller
grains in that region. In comparison, conditions 2 and 3 generated longer grains in shape and larger
grains in size. The constrained VED is responsible for the special microstructure heterogeneity in
Sample 1. The possible mechanisms will be analyzed and illustrated in the following discussion
through two aspects, i.e., the unmelted solid particles inside the melt pool and G-R conditions of

solidification.

Table 3.1: All three printing parameters applied for the wire-laser DED process of Inconel 718.
The detailed printing parameters of conditions 1, 2, and 3 are summarized. Conditions 2 and 3

present larger VED than Condition 1.

Conditions P (W) V (mm/s) F (mm/s) LED (J/mm) VED (J/mm?)

1 600.0 10.0 17.0 60.0 55.5
2 600.0 10.0 14.0 60.0 67.4
3 600.0 6.7 11.4 89.6 82.7
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Figure 3.8: EBSD characterization of the printed Inconel 718 line under conditions 2 and 3. (a)
SD and (b) TD view of Sample, (c) SD and (d) TD view of Sample 3. The step size of EBSD mapping
is 1.5 um. The scale bar in (a) and (c) is applied for its TD view (b) and (d). The white
straight/curved lines mark the fusion boundary. The black dashed circle and black dashed lines in
(a-d) define the center bottom region mentioned in the main text. Average grain area and Fitted

ellipse aspect ratio (FEAR) were measured from the specific regions on the SD (e) and TD (f)
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EBSD maps in Figs. 3.7 and 3.8. A low FEAR value and smaller grain area indicate the production

of less elongated and smaller grains produced under printing condition 1.

3.4.3 The effect of unmelted carbides on solidification microstructure

The presence of small solid particles near the mushy zone front can affect the solidification
behavior in two ways: (i) promoting heterogeneous nucleation and (ii) impeding grain coarsening.
In sample 1, small grains with a relatively spherical geometry were only observed in the bottom
center region, which agrees with the distribution of solid particles inside the melt pool (Fig. 3.4h).
The distribution of the carbide phase in the printed sample supports this reasoning. The
corresponding EBSD phase maps of sample 1 are shown in Fig. 3.9. In the bottom region of the
sample (Fig. 3.9b), carbides were randomly distributed on the grain boundaries, likely owing to
unmelted carbide particles pinning on the primarily solidified grain during the initial solidification.
However, the continuous distribution of carbides along the grain boundaries in the top region of
the sample indicated element segregation at the grain boundaries formed at a later cooling stage

(Fig. 3.9¢), which is typical in a DED sample.
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Figure 3.9: (a) The corresponding phase map of Figure 3.7a. High-resolution phase maps of the
(b) top and (c) bottom rectangular regions marked in Figure 3.7a. The high-angle and low-angle

grain boundaries are represented by black and purple colors, respectively.

Although the magnified EBSD maps shown in Fig. 3.9 applied the small step size of 0.25 um,
the signal of each carbide along grain boundaries is only represented as a few pixels. To further
compare the morphology and distribution of carbides in different regions of the as-printed track,
high-resolution scanning electron microscopy was performed on the central bottom and top regions.
Figs. 3.10a, 3.10c, and 3.10d show the microstructure at the central bottom region of the printed

track, and Fig. 3.10b shows the energy-dispersive spectroscopy (EDS) mapping of the carbides in
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the marked region of Fig. 3.10a. In this region, isolated Nb-rich carbide particles (darker contrast)
were randomly distributed on the grain boundaries and in interdendritic regions, as indicated by
the white arrows. These carbide particles had irregular shapes and were typically smaller than 0.5
um in size. The carbides in the top region of the as-printed track are shown in Figs. 3.10e and 3.10f.
In contrast, the carbides in this region exhibited strip-like shapes and were formed along the grain
boundaries and interdendritic regions. This difference also suggests distinct carbide formation
mechanisms in these two regions. The irregular and isolated carbides observed in the central
bottom region resulted from unmelted particles in the melt pool, whereas the strip-like carbides
formed during solidification owing to element segregation. This observation is consistent with the

features of the EBSD phase maps characterized by the different regions.
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Figure 3. 10: Scanning electron microscopy (SEM) of the printed Inconel 718 line with a low input
volumetric energy density of 55.5 J/mm’ (condition 1). The SEM images display the distribution
and morphology of carbides in the (a, ¢, d) central bottom region and (e, f) top region of the printed
track. Figure (b) is the energy disperse spectroscopy mapping of the carbides in the marked region
of Figure (a). The concentration of carbon and niobium confirms that these particles are Nb-rich
carbides. White arrows in the SEM images point out the carbides for improved visualization. In
the central bottom region, these carbides appear as isolated particles on grain boundaries,

indicating the influence of unmelted carbides on solidification. In the top region of the printed
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track, carbides exhibit strip-like morphologies distributed along grain boundaries and

interdendritic regions, attributed to the solidification of carbides due to element segregation.

The large dilution ratios and large melting depths of the substrates (Fig. 3.8) indicate that under
conditions 2 and 3, the bottom melt-pool regions possessed relatively high temperatures. Figure
3.11 compares the operando x-ray diffraction results from region C in Samples 1 and 3. Feedstock
wire in the printing process under condition 3 was fully melted. The thermal conditions governing
solidification were also analyzed through multi-physics simulations. The results reveal that the

wire could be fully melted at the bottom of the melt pool for conditions 2 and 3.
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Figure 3.11: The comparison of the wire melting under between condition 1 and condition 3 at the
equivalent region “Region C”. Figure (a) is a copy of Fig. 3.3c, and Figure (b) is the counterpart
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of operando diffraction data corresponding to the printing condition 3.

3.4.4 The effect of thermal conditions on solidification microstructure

Three directional components of the temperature gradient, Gsp, Gtp, and Gep were extracted
from the simulations for all three printing conditions. Figure 3.12 shows the top view of the
temperature gradient distribution near the solidification front of the mushy zone. Visualization
employed an isosurface defined by a solidification fraction of 0.1. White and black dashed curves
outline the lower and upper regions of the iso-surface. As revealed by the temperature gradient
distribution, the thermal gradient at the bottom melt pool region was dominated by the Ggp across
all three printing processes. In regions close to the sample surface, the Gpp decreased, whereas the
Gsp increased to the same level as the Gep. Regarding Grp, its magnitude increased with the
distance from the melt pool center. The temperature gradient distribution agreed with the grain
morphology of the as-printed samples. Under conditions 1 and 2, the solidification progressed
primarily from the bottom to the top of the melt pool, as reflected by the coarse columnar grains
aligned along BD. Condition 3 had a lower deposition rate but higher energy density than the other
two conditions, thereby creating a wider melt pool. In this scenario, the Grp plays a more important
role in solidification. Therefore, solidification tends to start from the outer region of the melt pool
and ends at the center. Thus, the large columnar grains grew symmetrically toward the centerline

of the melt pool in Sample 3.
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Figure 3.12: The simulation results show the distribution of temperature gradient in the printing
processes under conditions 1, 2, and 3. (a-c) G, (d-f) Gsp, and (g-i) Gap distributions on the iso-

surface with a solid fraction of 0.1 within the melt pool. White and black dashed curves outline the

lower and upper regions of the iso-surface.
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The specific solidification conditions (G and R) at the center-bottom region of the melt pool
were extracted for conditions 1, 2, and 3 and are marked in an established solidification map of
Inconel 718 in Fig. 3.13 [107]. The solidification conditions of all three samples are located in the
zone corresponding to columnar grains. The G-R for conditions 1 and 2 exhibited notable
similarity; however, a finer microstructure is only observed in Sample 1. Therefore, this work
argues that the unique solidification structure in Sample 1 that developed under this specific

printing condition was caused by the presence of the remaining solid particles in the melt pool.
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Figure 3.13: Solidification conditions of different printing parameters with reference to a
solidification map of Inconel 718 [107]. The comparison was conducted for the regions marked
by solid boxes in Figs. 3.12g-3.12i. The temperature gradient G on the plot refers to the directional

maximum G computed by Gsp, Grp, and Ggp. For all three printing conditions, the solidification

114



conditions at the center bottom region of the melt pool are located in the zone corresponding to

columnar grains.

Notably, the grain-refinement mechanism discussed herein may not produce fully equiaxed
and randomly oriented grains. Achieving a fully equiaxed microstructure is extremely difficult in
AM processes involving large melt pools such as laser DED and WAAM. This is because
solidification in these processes is dominated by a large temperature gradient. In the case of this
work, the solid particles induced by the incomplete melting of the feedstock wire exhibited effects
similar to those of refractory particles intentionally added to the feedstock in previous studies on
WAAM [51]. Instead of yielding fully equiaxed grains, the presence of these solid particles in the
melt pool led to the formation of shorter columnar grains during WAAM. Although heterogeneous
nucleation can reduce the energy barrier for forming stable nuclei, the columnar growth of grains
remains more favorable in the DED and WAAM processes owing to the steep temperature gradient.
Adequate undercooling is a prerequisite for heterogeneous nucleation. In addition, the influence
of solid particles on heterogeneous nucleation depends on several factors, including particle size,
distribution, number density, and local thermal conditions. In the present scenario, unmelted
particles may not be sufficiently abundant to induce the formation of tiny equiaxed grains or

change the crystallographic texture.

115



3.5 Conclusion

This work investigated the coaxial wire-laser DED process of an Inconel 718. Unique
microstructure heterogeneity was observed in samples processed under specific VED conditions.
An in-depth mechanistic study was conducted using operando high-energy synchrotron x-ray
techniques and multi-physics simulations. It was found that, by tuning the volumetric energy
density, the feedstock wire could only be partially melted as it entered the melt pool. Although the
wire continues to be heated and melted by the surrounding melt pool, some solid particles, such as
MC-carbide, remain in the bottom region close to the mushy zone. These small particles promote
heterogeneous nucleation and impede grain coarsening, resulting in small grains in the region
where they are present.

This finding suggests a new method for tailoring the structure and properties of wire-laser DED
materials by controlling the melting state of the feedstock wire. Traditionally, for any AM process
of an alloy, a process map is established with zones that correspond to built structures exhibiting
different levels and types of defects (e.g., porosity and balling). Within the “good” process window,
the microstructure control is generally guided by G and R. Yet, this study demonstrated that in
wire-laser DED process, another “knob”, manipulating the melting state of the feedstock wire, can
be used to further tailor the microstructure. The specific condition studied here represents a
relatively low VED within the “good” process window. Therefore, when considering industrial
production, advocating for such printing conditions could promote more economically efficient
manufacturing practices.

This work further demonstrates the applicability of synchrotron x-ray techniques for operando
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studies of metal AM processes. Full-field x-ray imaging provided an overview of the printing
process and guided the positioning of the focused x-ray beam for the diffraction experiment. X-
ray diffraction was used to characterize wire melting, melt pool development, and solidification
behavior. By fixing the printhead while scanning the build platform, the time delay in the dynamic
diffraction data was translated into the spatial separation between the x-ray beam and printhead.
Thus, a longer probing time can be used to obtain high-quality diffraction data, even in the liquid
phase. This work highlights the potential of future operando synchrotron experiments on wire-
laser DED process to deepen our understanding of this emerging metal AM technique, while also

providing critical data for calibrating, validating, and informing numerical models.
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4. Tailoring material microstructure and property in wire-laser directed energy

deposition through a wiggle deposition strategy

Developing effective strategies for directly controlling material microstructure, properties, and
anisotropy is an active research area in metal additive manufacturing. Chapter 3 illustrates a
strong correlation between the wire melting and solidification microstructures. In contrast to the
focus on energy input in Chapter 3, the present chapter explores novel and practical printing
strategies for flexible control of microstructure in wire-laser DED. In this effort, a wiggle
deposition pattern is developed for wire-laser directed energy deposition (DED) of 316L stainless
steel (SS) to modify the crystallographic texture, especially in the building direction, in as-
deposited bulk samples. Various characterization approaches and modeling methods have been
applied to identify the underlying mechanism relevant to the specific texture generation and
examine the effect of crystallographic textures on mechanical anisotropy. The work presented in

this chapter has been published in Additive Manufacturing 77 (2023) 103801.

4.1 Introduction

As explained in Chapter 1.5, wire-based DED tends to generate a strongly textured
microstructure due to the directional solidification and relatively slow cooling rate (compared with
laser powder bed fusion) [32]. The crystallographic texture is an important concern in metal AM
because it significantly affects the mechanical anisotropy and other properties of as-printed

samples. Therefore, the flexible control of texture is of great significance for fabricating
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components with superior performance and tailoring structures adapted to complex serving
environments.

This work developed a facile wiggle deposition strategy for wire-laser DED of 316L stainless
steel (SS), which periodically alternates the scanning direction in every single track to yield a
constantly wobbling melt pool. The microstructure of as-deposited samples was characterized
using optical imaging, scanning electron microscopy (SEM), and synchrotron x-ray micro-
computed tomography (uXCT). To unravel the solidification mechanism of the wiggle deposition,
this work investigated the melt flow and thermal conditions involved in the DED process using
operando high-speed near-infrared (NIR) imaging, multi-physics simulation, and operando
synchrotron x-ray diffraction synergistically. The deformation behavior was investigated
experimentally and numerically using electron backscattering diffraction (EBSD) and crystal
plasticity simulations, respectively. Tensile loading was performed to measure the strength and
ductility in samples cut along different directions in order to assess the heterogeneity in mechanical
properties. According to the comprehensive investigation, this work offers a unique approach for

tailoring local properties by controlling melt pool instability by applying different tool paths.

4.2 Methods
4.2.1 Sample preparation

Bulk 316L SS samples were fabricated using the commercial DED printer Meltio M450 with
six diode laser sources (Fig. 4.1a). These six laser beams provide a uniform energy distribution at

the deposition plane, as sketched in Fig. 4.1b. The total laser power used in this experiment was

119



800 W, which was evenly distributed over six laser beams. The travel speed and deposition rate
were 7.00 mm/s and 16.31 mm?/s, respectively. The deposition head was stationary during the
printing process while the building platform was translated in both lateral and vertical directions.
Two scanning paths, bi-directional (Bi) and wiggle (Wig), were applied to deposit each layer, as
illustrated in Figs. 4.1c and 4.1d, respectively. In the Wig deposition pattern, the scanning turns
90° every 1 mm back and forth, creating an effective track width of ~1.4 mm. The Wig deposition
constantly provides a transverse deposition displacement slightly shorter than the melt pool width,
yielding a dynamic melt pool rather than simply changing the deposition direction. Meanwhile,
the 90° rotation angle was selected for the alternating scanning directions to balance the deposition
components in both scanning and transverse directions. The software Simplify3D® was used to
create the codes controlling the scanning patterns. Simple bulk samples with the dimension of 30
(L) x 15 (W) x 42 (H) mm?® were printed on 316L SS build plates. The build chamber was filled
with Ar (99.999% purity) protection gas to prevent oxidation. The Ar shielding gas was also

activated during the deposition process.
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Figure 4.1: Schematic illustration of (a) the deposition head, (b) laser positions at the deposition
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plane, (c) the conventional Bi deposition pattern, and (d) the newly developed Wig deposition

pattern.

4.2.2 Microstructure characterization

The microstructure of as-printed samples characterized using scanning electron microscopy
(SEM) and optical imaging is explained in Chapter 2.4. The SEM samples were cut from the center
region of the as-deposited bulks. uXCT characterization of as-deposited samples was conducted
at the 2-BM beamline of the Advanced Photon Source (APS) at Argonne National Laboratory. A
white beam filtered with a 3 mm copper plate for suppressing low-energy photons was used in the
puXCT experiment to guarantee penetration of x-rays through samples with the image contrast level
suitable for further data analysis and segmentation procedures. Tomographic projections were
collected in an on-the-fly scan mode while the sample was continuously rotated over 180° at 2.4°
per second, which yielded 75 seconds for each 180°-scan of 1500 projection angles. FLIR Oryx
ORX-10G-51S5M camera with 2448 x 2048 pixels (pixel size 3.45 pm x 3.45 pm) recorded
projections from a 100 pm-thick LuAG:Ce single-crystal scintillator and with 5x lens
magnification yielding a resulting isometric voxel size of 0.69 pm. The data processing,
reconstruction, and visualization were performed using the Python package Tomopy [108] and the

Dragonfly software (Object Research Systems), respectively.
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4.2.3 Mechanical property measurement

To investigate the effect of the deposition strategies on the mechanical properties, uniaxial
tensile tests along the building direction (BD), transverse direction (TD), and scanning direction
(SD) were performed for both Bi and Wig samples. The flat tensile specimens were cut from the
center region of the DED bulk samples by electrical discharge machining, and the sample surface
was mechanically polished before loading. The gauge region of the tensile samples had a
dimension of 8 (L) x 3 (W) x 1.5 (T) mm?. Uniaxial loading was applied at room temperature
using a loading frame (Model C43.304, MTS Systems) with a strain rate of 1 x 103 s, and an
extensometer measured the strain. Some specimens were tested until failure and used for
fractography, while some tests were interrupted after 30% true strain to perform post-deformation
microstructure characterization using EBSD. Hardness tests were performed using the Tinius
Olsen FH-14 hardness testing instrument with 0.5 kgf force and 15 s dwell time. Each hardness

measurement was repeated five times to obtain the average value and standard deviation.

4.2.4 Multi-physics modeling

The wire-laser DED processes using Bi and Wig deposition strategies were simulated using
the commercial software Flow-3D (Flow Science Inc). This software solves the governing
equations, including the coupled fields of velocity and pressure, energy conservation, and Volume
of Fluid advection via the Finite Volume Method. The Volume of Fluid method was used to track
the free surfaces. The physics of incompressible melt flow, laser energy absorption, thermal

conduction, surface tension, gravity, phase transformation, and viscosity were considered. A
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detailed description of the modeling configuration can be found in Chapter 2.5. The actual laser
distribution was incorporated into the simulation. In the simulation of the Wig deposition processes,

a dynamic velocity was applied in the transverse direction based on the set wiggle deposition path.

4.2.5 Operando synchrotron characterization

The operando high-energy synchrotron x-ray diffraction of the wire-laser DED process was
conducted at the 1-ID-E beamline of the APS. Another DED system (Additec pPrinter) was used
to execute the deposition process. Single-track straight and wiggle depositions were performed
with 360 W laser power, 7 mm/s traveling speed, and 18.7 mm?/s deposition rate. The deposition
was realized by moving the build platform (substrate) while the deposition head was always
stationary. For diffraction experiments, the x-ray beam on the sample was 100 pm (H) x 30 pm
(V). The x-ray beam was aimed at the mushy zone of the melt pool to monitor the structure
fluctuation during the deposition process. The dynamic diffraction patterns were analyzed using
the software GSAS 11 [96].

The operando optical imaging of the DED process was carried out in the lab using a high-
speed camera (Photron FASTCAM Nova S9) with a NIR lens (Navitar Resolv4K). The pixel
resolution of NIR images was 10 um, and the frame rate was 1 kHz. The software ImageJ [95] was

used to process the images.

4.2.6 Crystal plasticity simulation

In order to explore the effect of texture evolution on the distinct plastic flow behavior in
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samples cut along BD, the elastic-viscoplastic self-consistent (EVPSC) model was employed. It
was initially developed by Molinari et al. [109,110] and recently extended by Wang et al. [111] to
account for large strain deformation and arbitrary crystal structures. The EVPSC model employed
in the present work was initially coded by Christopher Calhoun [112] and further developed by
Jishnu Bhattacharyya to incorporate the dislocation density based on the hardening law introduced
by Beyerlein and Tome in 2008 [113]. The overall strain rate was additively decomposed into an
elastic and a viscoplastic component. The elastic response was modeled using Hooke's law, while

the viscoplastic response was described by a slip system-level viscoplastic flow rule: y* =

a

n
Yo :—a sgn(t%®) [114]. The stress exponent, n, was set to 20, to overcome the “ambiguity
c

problem” of slip system selection [115,116]. The reference strain rate y, was set equal to the
global straining rate enforced in the experimental tests (1 x 10~ s™), which eliminated the effect of
this rather high stress exponent on the overall flow stress, as suggested by [117].

The plastic deformation of FCC 316L SS was accommodated by the octahedral slip mode,
{111} <110>. The extended Voce empirical hardening rule was used to describe the evolution of
critical resolved shear stress (CRSS) of the slip systems of this mode, t&: & = 7§ +
(zf + 67T) (1 — exp (—F Z—Ej) ), where I' =), y% is the accumulated shear strain in a grain;
Tg is the initial threshold stress; t§ + 75 is the saturation stress; and 6§ and 67 are the initial
and final strain hardening rates, respectively. The strength increment due to strain hardening
occurred via a hardening matrix, A%, according to At% = %‘fxz B h*B Ay B, where oI = Y. B AyP.
A latent hardening coefficient of 1.0 was employed since there was not sufficient experimental

evidence to justify employing a more complex description for the present case. Several interaction
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schemes such as Secant, Affine, Tangent and the n¢/ interaction (where, 1< n/ < n, the viscoplastic
power law exponent) have been used to linearize the single-crystal viscoplastic constitutive rule in
order to control the stiffness of the grain-matrix interaction [118-120]. The Secant and the Tangent
result in the stiffest and the most compliant interactions, respectively, while the Affine and the n%/
interaction leads to intermediate grain-matrix interaction, where, for the latter, smaller values
promote stiffer interaction [121]. In this work, %/ = 10 was used.

In order to simulate the constitutive response of the Bi and the Wig sample, the polycrystal was
represented as a collection of 2000 orientations with volume fractions representing the
experimentally measured initial texture of the two materials. Uniaxial tension along the build
direction was simulated by imposing straining increments of 5 x 10 parallel to the loading
direction at a rate consistent with the experimental testing rate of 1 x 107 s}, while the shear strains
were set to zero. The normal stresses along the two directions perpendicular to the loading axis
were also set to zero. The initial CRSS t§ and the hardening parameters 6§, 67 and t{ of the
octahedral slip mode were fitted to the experimental BD tensile flow curve of the Bi sample. The
best-fit values are shown in Table 4.1. These same parameters were used to predict the stress-strain
response of the Wig sample. The predicted flow curves were then compared to the experimental

stress-strain data.

Table 4.1: Best-fit Voce parameters for BD tension of the Bi sample. All values are in MPa.

Slip mode g 65 Tt 6%




(111} <110> 120 400 120 100

4.3 Results
4.3.1 Microstructure of as-deposited samples

Figures 4.2a-4.2d show optical images of Bi and Wig samples along SD and TD, respectively.
On the SD cross-sectional view (Figs. 4.2a and 4.2c¢), the melting tracks in both samples show a
crescent shape owing to the large overlapping between adjacent tracks. Inset figures in Figs. 4.2b
and 4.2d are optical images showing magnified features on the top surface of Bi and Wig samples,
respectively. While the Wig deposition strategy did induce waved boundaries between adjacent
tracks, it did not significantly elevate the degree of surface roughness. Coarse columnar grains
were observed in both Bi and Wig samples, common to DED 316L because of the relatively large
melt pool and directional solidification. The inset of Fig. 4.2a offers a closer look at a single-track
cross-section, with fusion boundaries highlighted by blues lines. Also marked are three
representative positions where the Vickers hardness tests were performed, i.e., the track interior
(A), lateral fusion boundary (B), and bottom fusion boundary (C). The Bi and Wig samples exhibit
only a small difference in hardness measured at these locations (Table 4.2), which indicates the
similarity between the matrix structures of the two samples. The energy-dispersive spectroscopy
(EDS) results indicate an elevated concentration of Ni and Cr at the dendritic subgrains and
interdendritic boundaries in both samples (Figs. 4.2e and 4.2f). The densities of Bi and Wig

samples were measured based on Archimedes’ principle, and the results (Table 4.2) indicate a low
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level of porosity in both Bi and Wig samples and no significant difference between them. The 3D
morphologies of representative pores were characterized using the synchrotron pXCT (Figs. 4.2g
and 4.21). Together with the optical microscopy (Figs. 4.2h and 4.2j), the results show that the Bi
sample contains lack-of-fusion pores with irregular shapes, commonly observed in DED samples
[122,123], whereas the pores observed in the Wig sample are mostly spherical. The present work
was unable to perform statistical analysis on the morphology of pores over a large number of pores

owing to the high density of these samples.
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Figure 4.2: (a-d) Optical microscopy images showing coarse columnar grains on SD and TD
planes of Bi and Wig samples. The inset images in (b) and (d) consist of corresponding optical
images showing the surface of as-deposited samples. (e, f) SEM and EDS of as-deposited samples
revealing element segregation at subgrain boundaries. (g, i) Synchrotron uXCT with a perspective
view and (h, j) optical microscopy characterizing pore defects in as-deposited samples. The fusion
boundaries are marked in blue lines in optical images. Scale bars in (a), (e), (g), and (h) are

applied for the Bi and Wig samples.
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Table 4.2: Hardness and density of the as-deposited Bi and Wig samples.

Micro Vickers Hardness (Hv)
Strategies Data Density (%)
A position B position C position

Average 192.44 188.98 195.46 99.26

Bi Standard
3.76 2.76 7.11 0.11

deviation
Average 194.68 190.14 196.64 99.29

Wig Standard
1.70 3.74 4.56 0.10

deviation

The grain morphology and texture at the central locations in Bi and Wig samples were analyzed
using SEM-EBSD. Figure 4.3a shows an inverse pole figure (IPF) map for the SD plane of the Bi
sample. The approximate positions of interlayer and lateral fusion boundaries are marked by
yellow and white dashed lines, respectively. Large columnar grains on a millimeter scale appear
in each deposition layer, roughly aligned with the building direction and perpendicular to the lateral
fusion boundary. The epitaxial growth of columnar grains can be observed on the interlayer and
lateral fusion boundaries. The corresponding kernel average misorientation (KAM) map (Fig. 4.3b)
indicates subgrain boundaries with small misorientation angles in coarse columnar grains, and
these boundaries are arbitrarily distributed throughout the entire sample. The inverse pole figures

(IPFs), pole figures (PFs), and orientation distribution function (ODF) sections of the Bi sample
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are presented in Figs. 4.3c-4.3e. The as-deposited Bi sample exhibits a strong cube texture with a
significant volume fraction of material having <100> crystal directions parallel to the three sample

directions, i.e., SD, TD, and BD, in the deposition coordinates.
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Figure 4.3: EBSD (a) IPF and (b) KAM maps on the SD plane of the as-deposited Bi sample and

corresponding (c) IPFE, (d) PF, and (e) ODF analyses.

The EBSD maps for the SD plane of the as-deposited Wig sample are shown in Fig. 4.4. The
Wig sample exhibits grain size and morphology similar to the Bi sample. The coarse, columnar
grains with preferred orientation and the substructure within some grains are also observed in the
Wig sample. Epitaxial growth occurs across layers and between adjacent deposition tracks. Figure
4.4b is the corresponding KAM map that depicts subgrain boundaries within coarse grains. The
IPF, PF, and ODF sections are shown in Figs. 4.4c-4.4e, respectively. Different from the cube
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texture in the Bi sample, strong <111> alignment occurs along the scanning direction, and there is
also a somewhat lower tendency for a near-TD orientation of a related <111> fiber. (Note that <111>

directions are 70.53 degrees away from each other.)

Figure 4.4: EBSD (a) IPF and (b) KAM maps on the SD plane of the as-deposited Wig sample and

corresponding (c) IPF, (d) PF, and (e) ODF figures.

4.3.2 Investigation of the DED process
To unravel the formation mechanism of the unique texture in the Wig sample, an operando
high-speed NIR imaging experiment was carried out during the Bi and Wig single-track deposition

processes along both SD and TD directions. The positions and angles of laser beams (marked in
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Fig. 4.5a) can be identified by the hot spots on the melt pool surface and by the vapor plume
scattering of the emitted light. When applying the Bi scanning strategy, the melt pool is relatively
stable during deposition. Viewed relative to SD, the melt flows outward from the gap between two
front hot spots, as depicted by the yellow arrows in Fig. 4.5a. A similar flow pattern can be
observed along TD (Fig. 4.5¢), though the melt stream flowing towards the front of the melt pool
constantly impacts the back-flowing stream. By contrast, the melt pool in the Wig deposition
process appears asymmetric and more dynamic, and the melt flow becomes unstable due to the
small transverse displacement during scanning. The Wig deposition track does not present a zig-
zag shape but appears to be a continuous line. Constantly changing scanning direction causes the
melt pool to wobble around the laser beams. This wobbling could alter laser absorption as the
incidence angle influences laser reflectance. Keeping the deposition track as a straight line while
inducing melt pool wobbling is the main reason for applying the specific wiggle pattern illustrated
in Fig. 4.1d.

Based on the relative position between the feeding wire and laser exposure, the Wig deposition
has three dynamic states occurring periodically (Figs. 4.5b-4.5d). The surface melt flow direction
oscillates if viewed against SD. Note that the melt flow was tracked based on the moving
trajectories of features on the melt pool surface, e.g., small pieces of impurity phases. Viewed
along TD, on the weak laser absorption side (Fig. 4.5f), the melt surface flows primarily from the
front to the rear along the melt pool boundary, while on the strong absorption side (Fig. 4.5h), the
melt surface flows radially from the hottest spot on the side. At the transient moment when the

melt pool is not deflected (Figs. 4.5¢ and 4.5g), both TD and SD views reveal the same melt flow
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patterns as those in the stable melt pool under the Bi deposition process.

1mm

Figure 4.5: Operando high-speed NIR imaging of the Bi and Wig deposition processes. The
scanning-direction (SD) view of the (a) Bi and (b-d) Wig deposition process. The transverse-
direction (TD) view of the (e) Bi and (f-h) Wig deposition process. The Bi scanning condition yields

a stable melt pool, while the Wig scanning condition results in an oscillating melt pool.

A multi-physics model was developed to study the laser absorption further and melt pool
characteristics for simulating the single-track deposition. The simulations were calibrated and
validated against the operando NIR imaging result (Fig. 4.5) and the post-characterization of the
build track cross-section (insets of Figs. 4.6a and Fig. 4.6a). Figures 4.6a and 4.6b show the
temperature distribution on the center plane of the Bi and Wig deposition tracks. Yellow dashed
lines mark the liquidus temperature, and the white arrows indicate the melt flow. Figure 4.6¢
illustrates the history of transverse thermal gradient (Grp) extracted from a specific location close
to the liquidus line, as marked with black and blue squares in Figs. 4.6a and 4.6b, respectively. For
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the Wig process, the location of the analyzed region on the TD is fixed to the center of the printed
track. Noticeably, the Wig deposition periodically varies the transverse temperature gradient near
the solidification front, which agrees with the melt pool oscillation observed by the high-speed
NIR imaging (Figs. 4.5b-4.5d and 4.5f-4.5h). By contrast, the Gtp in the Bi deposition process is
negligible and only fluctuates weakly. The melt pool boundary was extracted from the simulation
data, and the locations of the solidification front at the melt pool surface from 7 frames (with a
time interval of 0.02 s) are displayed in Figs. 4.6d and 4.6e. The black, yellow, and blue lines
represent the outline of the deposition track, liquidus, and solidus lines, respectively. The positions
of the solidus and liquidus lines, relative to the feeding wire location, in the Wig deposition show
a more significant fluctuation, indicating a dynamic variation of thermal conditions along the SD
during the deposition. In the Wig deposition process, the liquidus and solidus lines at the melt pool

surface are still perpendicular to SD.
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Figure 4.6: (a-b) Simulations showing the temperature distribution and melt flow at the center
plane during the (a) Bi and (b) Wig deposition processes. The inset of (a) shows the comparison
between simulated and experimental cross-sections of single-track deposited under the Bi
deposition condition. (c) History of thermal gradient Grp extracted at the specific positions marked
using squares in (a) and (b). (d-e) Position fluctuation of the melt pool extracted from 7 frames

with a time interval of 0.02 s. The black, yellow, and blue lines mark the deposition track, liquidus

boundary, and solidus boundary, respectively.

The solidification behavior of 316L SS in Bi and Wig deposition was further investigated via

operando synchrotron experiment. Figure 4.7a is a representative x-ray image showing the wire-
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laser DED process. Note the horizontal dark-bright stripes are artifacts induced by imperfect x-ray
optics. Since these optical components at the beamline vibrated constantly, flat-field background
correction for this x-ray image was not successful. In this experiment, the deposition head was
stationary during the entire deposition process. In other words, the position of the melt pool, with
respect to the incidence x-ray beam, was fixed. Thus, the stability of solidification behavior could
be monitored by the time-resolved diffraction with the x-ray beam probing the mushy zone. The
diffraction pattern presented in Fig. 4.7b is a representative frame in a sequence, which presents
both diffraction spots from solidified coarse grains and diffusive scattering from the liquid phase.
Figures 4.7c and 4.7d are the time-resolved diffraction intensity maps radially integrated from 2D
diffraction patterns of Bi and Wig deposition processes, respectively. The discernable diffraction
spots from solid phases were masked during the integration; therefore, the broad peak at the Q
value of 2.87 A-1 in the intensity maps primarily corresponds to the liquid phase. The stable melt
pool and mushy zone in the Bi deposition process are manifested by the constant peak intensity
over time in Fig. 4.7c. By contrast, the fluctuating diffraction peak intensity in Fig. 4.7d suggests
a changing volume fraction of solid crystals in the fixed detection volume during the Wig
deposition, i.e., the mushy zone moves back and forth along the scanning direction. This
fluctuation is consistent with the simulation results shown in Figs. 4.6d and 4.6e. A variation in the
melt pool shape typically accompanies such a shift in the rear mushy zone. Thus, except for along
the TD, the thermal conditions and solidification behavior along the SD change dynamically during

the Wig deposition process.
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Figure 4.7: Representative dynamic (a) x-ray image and (b) diffraction pattern of the Bi deposition
process. The horizontal dark-bright stripes in (a) are artifacts induced by imperfect x-ray optics.
The time-resolved x-ray diffraction intensity maps reveal the variation of the mushy zone

constitution in (c) Bi and (d) Wig deposition processes.

4.3.3 Tensile property and deformed microstructure

Representative tensile curves of Bi and Wig samples loaded along BD are shown in Fig. 4.8a.
Notably, the Wig sample exhibits significantly higher ductility than the Bi sample and surpasses
most of the reported AM 316L SS samples [124-129] with no compromise in strength. The
ultimate tensile strength (UTS) and elongation of samples loaded along different directions are

summarized in Fig. 4.8b. The Bi samples yield significant anisotropy in strength and ductility, and
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the better property was achieved from tensile samples cut parallel to the SD and TD than the BD.
This anisotropy is common in DED metals because the structure defects and residual stress affect
the mechanical properties more in BD than in other directions [28,34,130]. While the Wig samples
still show anisotropy in ductility, the difference in strength along different directions is
substantially reduced. Fractography of Bi and Wig tensile samples loaded along BD are shown in
Figs. 4.8c-4.8d. The uniformly distributed dimples on the fracture surface indicate a ductile

fracture of both samples.
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Figure 4.8: (a) Stress-strain curves of the Bi and Wig samples loaded along the BD. (b)
Comparison of tensile properties of Wig and Bi samples cut along three directions. Fractography

of the (c) Bi and (d) Wig tensile samples loaded along the BD.
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To further investigate the deformation behavior, the Bi and Wig samples were loaded along
BD up to 30% strain, and then the microstructures were characterized by EBSD. Figures 4.9a and
4.9¢c are representative IPF maps showing the grain morphology in deformed Bi and Wig samples.
In both samples, columnar grains tend to further align with the BD since that is parallel to the
loading direction. Meanwhile, mechanical twinning is observed in coarse grains. Furthermore, the
corresponding KAM maps (Figs. 4.9b and 4.9d) display considerable local misorientation in grains.
Higher local misorientation concentrates on the region consisting of smaller grains. The geometry
necessary dislocation (GND) density in as-deposited and deformed samples can be calculated from
their corresponding KAM maps. Curves in Fig. 4.9¢ show the distribution function of GND density
with an unimodal feature in all samples. The as-deposited Bi (black solid line) sample presents a
sharp peak at a low-density level, which mainly results from the boundaries between subgrains
within coarse grains (Fig. 4.3b). Due to the inhomogeneous deformation, the GND distribution
profile of the deformed Bi sample yields a flatter peak at a high-density level (black dashed line).

Moreover, there is no obvious statistical difference in GND between Wig (red lines) and Bi samples.
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Figure 4.9: EBSD IPF maps of deformed (a) Bi and (c) Wig samples and (b, d) corresponding
KAM maps. (e) Statistical GNDs of as-deposited and deformed Bi and Wig samples. (f)
Experimental and simulated true stress-strain curves and work hardening curves for Bi and Wig

samples. EXP and EVPSC refer to experimental and simulated results, respectively.

Crystal plasticity simulations were performed for the Bi and Wig samples to quantify the effect
of texture on the constitutive response. The slip system strain hardening response of the material
was fit to describe the Bi sample flow curve using the appropriate initial texture for that sample as
an input. Then, the tensile flow curve of the Wig sample was predicted using the same slip system
level behavior but beginning with the initial texture that results from the Wig scan strategy. The
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experimental true stress-strain curves and work hardening rates (8) obtained from the tensile tests
parallel to the build direction (BD) and from the corresponding EVPSC simulations are shown in
Fig. 4.9f. There is a good qualitative agreement between the experiment and the simulation. The
Wig sample exhibits a higher flow stress and work hardening rate than the Bi sample, and the
simulation result captures this trend. The higher strain hardening rate of the Wig sample contributes
to delaying plastic instability (when 6 = o, according to the Considére criterion). This correlation
aligns with the experimentally observed higher uniform elongation in that sample. Although other
factors, such as deformation twinning, may influence the stress-strain response, the effect of the
initial texture appears to be the dominant factor responsible for the observed differences in tensile

strength and ductility between the Bi and Wig samples in BD.

4.4 Discussion
4.4.1 Formation mechanism of fiber texture under the Wig deposition process

In accordance with solidification theories, the temperature gradient (G) and cooling rate (R)
play critical roles in defining the nucleation and grain growth behaviors of metals. Owing to the
intrinsically high G/R ratio, the growth of coarse columnar grains with preferred crystallographic
orientations, rather than the nucleation of refined grains, dominates in the liquid-to-solid phase
transformation in the DED process [18,51,131]. The specific type of solidification textures
depends on both the surface energy anisotropy of the material system and the maximum
temperature gradient during solidification [46,132]. In the deposition process with traditional

deposition strategies, such as the unidirectional line scans, the melt flow and temperature gradient
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inside the melt pool remain relatively stable. In principle, the temperature gradient is mirror-
symmetric around the vertical central plane of the melt pool. Owing to the intense heat input and
relatively slow printing velocity in DED processing, Ggp is higher than the components in SD and
TD, making it the controlling factor for solidification. For FCC and BCC crystals, <100> is the
preferred crystal growth direction [133]. Therefore, the formation of the cube texture with
<100>//BD is most favorable, as observed in the Bi 316L sample and other FCC metals [134].
However, the present Wig deposition strategy introduces an oscillating transversal motion of
the melt pool that is believed to alter the preferred growth direction. The operando high-speed NIR
imaging (Fig. 4.5) and multi-physics modeling (Fig. 4.6) of the Wig deposition indicate a
significant instability of melt flow and solidification conditions caused by the dynamic and
asymmetric laser absorption. When the melt pool is significantly deflected (Figs. 4.5b, 4.5d, 4.5f,
and 4.5h), the Gtp increases dramatically and becomes asymmetric around the vertical central
plane of the melt pool. Therefore, the preferable growth direction shifts to one side under the SD
view. As Gtp fluctuates periodically (Fig. 4.6¢), the maximum temperature gradient constantly
oscillates from one side to another during the deposition. As a result, the growth of a coarse
columnar grain/subgrain colony is subject to different temperature gradients. Despite the
temperature gradient changing smoothly and continuously, solidification during the deposition
process is still constrained by the crystal orientation of primary/precursor solidified grains. The
solidification growth front, therefore, cannot follow the variation of the temperature gradient,
which is reflected by the absence of orderly distributed misorientation in columnar grains (Fig.

4.4). To reach a balance/compromise between the deposition geometry and energetically favorable

142



growth direction, the 316L system may activate the preferential growth along two perpendicular
<100> crystal orientations by turns, as sketched in Fig. 4.6¢. In this case, coarse columnar grains
are still formed and roughly aligned along the building direction but yield a fiber texture with
<110>//BD because the subgrain colonies with <110>//BD are always more active than those in
other orientations. Pauza et al. simulated such grain growth behavior using Monte Carlo Potts
modeling and demonstrated the high sensitivity of texture structure to local thermal gradient and
melt pool morphology [47]. In addition, the dynamic thermal conditions in the SD direction, as
suggested by the operando x-ray diffraction in Figs. 4.7¢ and 4.7d, can induce fluctuation of the
rear mushy zone and slightly tilt the favorable growth direction on the TD plane (in the SD). As a
consequence, a nearby <l11> orientation tends to develop along the SD direction in the as-

deposited Wig samples (Fig. 4.4c).

4.4.2 Effects of crystallographic texture on mechanical properties and anisotropy
As-deposited DED samples are subject to significant anisotropy of mechanical properties, which
intrinsically results from the elongated grain morphology, oriented defects, crystallographic texture, and
microstructure heterogeneity [34]. As supported by the crystal plasticity simulation (Fig. 4.9f), the texture
in Wig samples is beneficial in increasing the work hardening rate when deformed along the BD, thereby
enhancing the strength and ductility. For the Bi samples, the cube crystallographic texture exerts a minimum
influence on mechanical anisotropy due to the similarity in preferred crystal orientations along the three
loading directions (SD, TD, and BD). The enhanced mechanical properties observed in the SD and TD can

be attributed to microstructural heterogeneities, e.g., heterogeneous grain size distribution. The observed
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level of mechanical anisotropy is very common in DED 316L SS samples. However, the presence of a fiber
texture results in a distinct mechanical anisotropy in Wig samples. As a result, Wig samples present better
mechanical properties (both UTS and elongation) than Bi samples when loading along the BD. In both the
SD and TD, conversely, Bi samples present higher ultimate tensile strength and better elongation compared
to the Wig samples. Previous research reported the positive effects of fiber texture on improving the strength
and ductility of 316L SS [135]. A similar mechanical anisotropy in the AM 316L SS featuring fiber texture
has been observed. In addition, because of the similar grain morphology, micro-hardness, and GND
accumulation in Bi and Wig samples, it can be concluded that the specific crystallographic texture is the
key factor responsible for their distinct mechanical anisotropy. Given the easy adoption and reliable effects,
the Wig deposition strategy opens a new opportunity to design and customize complex large-scale structural
components, e.g., alternatively applying Bi and Wig deposition across layers or at different locations of the
part. To further examine this possibility, another batch of DED samples was fabricated with alternative Bi
and Wig deposition layer by layer, named “Bi+Wig.” As summarized in Fig. 3.9b, the Bi+Wig deposition
yielded better homogeneity (particularly for ductility) in samples cut along three directions without much
compromise in overall properties, if compared with Bi and Wig samples. This effect is attributed to pitting

the distinct anisotropies of the Bi and Wig layers against one another.

4.4.3 Advantages of wiggle deposition
The Wig deposition can generate a unique solidification texture in 316L SS. Since in-plane texture (i.e.,
SD and TD direction) can be readily controlled by changing the scanning direction during the build process,

the capability of modifying the BD texture, enabled here by the Wig deposition, becomes significant. The
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present work confirms the feasibility of altering the solidification texture and mechanical anisotropy in the
wire-laser DED of 316L SS by controlling the stability of the melt pool. As demonstrated above, a certain
degree of melt pool instability can be induced by alternating the transversal component of scanning. This
Wig deposition strategy is expected to open up many exciting opportunities for programming the
microstructure and properties of as-printed materials. For example, by changing the frequency (or
characteristic length scale) of wiggling, a variety of texture structures could be obtained. Also,
synergistically and alternatively applying the Bi and Wig depositions at different positions of the build can
achieve a single part with locally varied structures and properties.

Compared with reported approaches for changing solidification texture and mechanical property, the
additional overhead for implementing the Wig deposition strategy in current commercial DED systems is
very low. It involves only small modifications of the control system and computer code for deposition.
Applying the wiggle strategy may slightly reduce the effective SD traveling velocity and the cooling rate
during printing. However, neither larger grains nor more secondary phases were observed in the as-printed
Wig sample, compared with the Bi sample. A higher scanning velocity can be set when adopting the Wig
strategy for materials whose grain structures are sensitive to cooling rate. Therefore, the Wig deposition is
promising to be widely applied in the wire-laser DED process for customizing large-scale components.

In addition to the solidification texture, the Wig deposition strategy may also modify the morphology
of lack of fusion (LOF) pores. In a wire DED process, LOF pores, formed between melt tracks, typically
have irregular shapes (Figs. 4.2g and 4.2h). However, the LOF pores in the Wig sample are mostly spherical
(Figs. 4.2i and 4.2j). It is speculated that the melt pool wobbling and dynamic melt flow might manage to

remelt the LOF pores generated in the previous track and allow the surface tension to work the pores into
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spherical shapes. In the present work, the impact of pore shape on the tensile properties of Bi and Wig

samples is not evident, as both samples exhibit low porosity. Additionally, the gauge regions of all tensile

samples were inspected using an optical microscope before loading to ensure they were defect-free at the

sample surface. Moreover, the fractography of both samples did not reveal any structural features associated

with defect-induced cracking. For dense samples, the spherical-shaped pores are less detrimental to other

mechanical performance, such as fatigue, since the stress can easily concentrate around irregular-shaped

pores and lead to an early failure of materials [136].

The Wig deposition strategy introduced here demonstrated not only the benefits of direction

independence in coaxial wire feeding but also the tremendous potential of the dynamic melt pool to control

the microstructure and performances of DED samples. Even though this work only presents the results of

the wire-laser DED process, no fundamental limitations would impede the implementation of the same

operation in other wire-based AM processes, such as wire arc AM and wire-feed electron beam melting.

The thermal conditions and solidification behaviors of these AM processes are not drastically different from

the wire-laser DED. In terms of alloy systems, because their melt flow dynamics and solidification

behaviors can be very different, specific processing conditions for producing specific crystallographic

textures in particular materials need to be explored. Lastly, to better understand the mechanisms by which

the solidification textures are formed and gain full control over the microstructure, more sophisticated

modeling (e.g., coupling phase field with multi-physics modeling) would be extremely helpful.

4.5 Conclusion

This work introduced a wiggle deposition strategy for the wire-laser DED of 316L SS, which involved
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an alternating transversal component of scanning. Through operando NIR imaging, synchrotron x-ray

diffraction, and multi-physics simulation, it was found that the resulting wobbling motion of the melt pool

induced asymmetric laser absorption and thereby led to highly dynamic melt flow and complex thermal

conditions inside the melt pool. Consequently, a specific solidification texture in samples was generated,

which differed from those built with the conventional deposition pattern (e.g., bi-directional scanning). The

tensile loading experiment revealed that both the Bi and Wig samples exhibited superior ductility and

satisfactory ultimate tensile strength; however, they presented distinct mechanical anisotropy in samples

cut along SD, TD, and BD. Crystal plastic simulation verified that the Wig BD sample, with its specific

fiber texture, demonstrated a higher flow stress and work hardening rate compared to the Bi sample. This

characteristic could delay plastic instability within the Wig sample, consequently leading to higher ductility.

In the field of laser AM, the community believes that a stable melt pool is desirable for assuring build

consistency and avoiding structure defects. However, the Wig deposition strategy described here challenges

this traditional wisdom by suggesting that a certain degree of melt pool instability can be utilized to directly

modify the solidification texture and thereby control the mechanical properties.
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5. Atomic structure of melt pool and its evolution during the rapid solidification

in metal additive manufacturing

According to the new understanding gained from the previous research chapters about the
wire-laser directed energy deposition (DED) process, this work focuses on an ‘“abnormal”
columnar-to-equiaxial transition (CET), an attractive but controversial topic raised recently in the
metal additive manufacturing (AM) field. This chapter conducted a comprehensive measurement
of the processing map to investigate the occurrence of this “abnormal” CET in the wire-laser DED
of Inconel 718. Based on existing theory, the microstructural features in the “abnormal” CET
region obtained in the wire-laser DED of Inconel 718 agree with the hypothesis of icosahedral-
short-range-ordering (ISRO)-mediated nucleation. To investigate this hypothesis further with solid
evidence, this work employed operando synchrotron x-ray diffraction and corresponding total-
scattering analysis for wire-laser DED processes under different printing conditions. This
advanced characterization first revealed the atomic structure of the melt pool and its evolution
during the rapid solidification in metal AM. By incorporating multi-physics simulation, the

“abnormal” CET formation mechanism in metal AM has been explained and clarified.

5.1 Introduction
An “abnormal” CET and the hypothesized ISRO-mediated nucleation theory recently attracted
significant attention in metal AM [53]. As explained in Chapter 1.6, this CET phenomenon was

considered “abnormal” due to the unique solidification structure in this region, e.g., the five-fold
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symmetry among neighboring grains, and its inconsistency with conventional CET knowledge.
This emerging finding is promising to be manipulated for producing metallic samples with refined
microstructure, weak crystallographic texture, and superior performance [137]. However, the
current perspectives on ISRO-mediated solidification have only been derived from the ex-situ
characterization and post-analysis of as-printed samples. Hence, whether the ISRO-mediated
solidification takes effect in AM is still debatable. In other words, it remains uncertain whether the
“abnormal” CET in AM processing is induced by ISRO in the liquid phase or by other factors. In
addition, the existing understanding of atomic clusters in the melt pool is primarily derived from
the traditional solidification of liquid melts. However, the solidification behavior in AM processing
is more complex than the equilibrium solidification. Various factors, including intense melt flow,
a heterogeneous temperature field, constitutional supercooling, and rapid solidification, challenge
the hypotheses and conclusions proposed for the ISRO-mediated nucleation theory. Besides, there
is still a lack of a comprehensive investigation of the “abnormal” CET in metal AM, thereby failing
to illustrate the correlation between printing conditions/printing behaviors and the occurrence of
“abnormal” CET in metal AM. As a consequence, many conclusions raised for the ISRO-mediated
solidification in metal AM might be inconsistent. As reported by previous works [55,60], for
example, ISRO-mediated solidification led to equiaxed grains in DED samples but was also
responsible for the elongated grains in LPBF samples. A more systematic investigation is necessary
to reconcile these contradictions, incorporating advanced operando characterizations and

integrating multi-physics simulations for additional support.
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5.2 Methods
5.2.1 Printing process and sample preparation

The single-track printing of Inconel 718 alloy was executed using a commercial DED system (Additec
pPrinter). The specification of this DED system and the printing procedure can be found in Chapter 2.1.
The feedstock used for the printing is a commercial Inconel 718 wire with a 0.9 mm diameter. The
deposition substrates are Inconel 718 strips with a dimension of 3.6 (Thickness) x 5.1 (Width) x 18 (Length)
mm?®. Wire feeding rate (F), traveling/scanning speed (¥), and total laser power (P) are the major variables
for the printing process. The corresponding linear energy density (LED) and volumetric energy density
(VED) were calculated according to eq. 1.2 and eq. 1.3, respectively. Given the three-fold symmetry of the
laser distribution in this DED system, the printing direction described in Fig. 2.5 is defined as the default
printing direction. The shielding gas, high-purity Ar, was active during the entire printing process. The

detailed printing parameters of the three representative printing conditions are summarized in Table 5.1.

Table 5.1: Three representative printing conditions applied for the wire-laser DED process of

Inconel 718. The detailed parameters of these three printing conditions are summarized.

Conditions P(W) V(@mm/s) F (mm/s) LED (J/mm) VED (J/mm?)
Lack of Fusion 400.0 10.0 17.0 40.0 37.0
Transitional 600.0 5.8 29.0 103.4 32.6
Normal 600.0 6.7 11.4 89.6 82.7
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The post-characterization of as-printed samples, including optical imaging and scanning electron
microscopy, and the procedure of sample preparation are described in Chapter 2.4.

5.2.3 Operando synchrotron x-ray characterization and PDF extraction

Operando synchrotron x-ray imaging and diffraction were conducted at the 1-ID-E beamline
of Advanced Photon Source at Argonne National Laboratory. More details about the experiment
setup and conditions are described in Chapter 2.3. For the high-energy x-ray diffraction employed
in this study, the size of the x-ray beam on the sample was reduced to 50 um (H) x 30 um (V) to
achieve a higher spatial resolution.

Following the procedure of data analysis described in Chapter 2.3, the raw x-ray images
collected by the imaging detector were processed to optimize the background using ImageJ [95].
The radial integration of the diffraction patterns was performed using the GSAS I software [96].
The instrumental parameters, e.g., detector distance, were extracted from the diffraction data of a
standard CeO> sample. The dead pixels on the diffraction patterns had been masked out before the
integration. Pair distribution function (PDF) profiles were extracted using the software PDFGetX2
[138]. The entire procedure incorporating the diffraction integration and PDF extraction is
explained step by step as follows.

1. As described in Chapter 3, each operando x-ray diffraction data set covers the entire
printing process, including 2000 frames of diffraction patterns. In the total-scattering
analysis of each data set, 330 frames of scattering patterns corresponding to the statuses
“before printing” and “stable printing period” were extracted from the entire sequence of

scattering patterns. The scattering patterns belonging to the “stable printing period” were
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designated as the sample data. In the dataset labeled “before printing,” the scattering from
the sample was absent , which was used to measure the scattering background from the
container (referring to the laser protection glasses shown in Fig. 2.4a). In addition, the
instrument background was acquired through an additional diffraction measurement
without the sample and laser protection glasses. It is important to note that the continued
collection of 330 frames corresponds to the 1.32 seconds of printing. Then, summarization
and integration were carried out for each data set using GSAS-11.

The 1D scattering profile was input in PDFGetX2 for the PDF extraction. The scattering
background from the instrument and containers was deducted from the scattering data
profile. The x-ray attenuation across the Inconel 718 sample was calculated according to

the following equation

B = o)z eq. 4.1
where p, wj, u;, z refers to the density of Inconel 718, mass fraction of element j, mass
attenuation of element j, and the thickness of the sample.

The ratios of each background term were evaluated based on the x-ray energy, sample
thickness, and sample composition. Then, these ratios were subjected to fine-tuning based
on the shape of the 1D scattering profile at the low wavevector (Q).

After the background correction, the 1D scattering intensity profile (/(Q)) was converted

to the total-scattering structure function (S(Q)) and reduced pair distribution function (G(r)).
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The detailed mathematics are described by eq. 1.4 and eq. 1.5. The Q range used for the

PDF extraction was from 0.82 to 14.82 A™l.

5.2.2 Small-box fitting of G(r)

The small-box fitting was applied to analyze the measured G(r) using the software PDFgui
[139]. The instrumental parameters, Qdamp and Qbroad, were obtained from the refinement
associated with the calibrant. Several atomic models, including FCC-Crystal, FCC-MRO, ICO-
MRO, and ICO-SRO, were used as input for fitting the G(r) profiles measured during the operando
experiments. The isotropic Gaussian atomic displacement parameter (ADP), scale factor, linear
atomic correlation factor 61, and lattice parameters were refined for each phase and atomic clusters
within the » range from 1 to 80 A. The fraction of each structure can be calculated through the
fitted scale factors.

The term FCC-Crystal refers to the FCC solid phase with the space group of Fm-3m, indicating
the unmelted wire and the solidified phase. In the G(r) component of the solid phase FCC-Crystal,
sharp peaks extend to the high-r range, distinguishing the solid phase from the atomic orders in
the liquid phase.

FCC-MRO represents the FCC-like medium-range ordering (MRO) in the liquid phase. Its
structure information was extracted from the corresponding FCC solid phase, but an additional
variable spdiameter, was refined specifically to account for the attenuation of peak amplitude
resulting from the limited cluster size. Apart from this shape-damping function, the FCC-MRO

G(r) component shows broad peaks and different “lattice parameters” compared to those of the
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FCC-Crystal phase. The peak broadening is associated with a significant ADP value, consistent
with the liquid nature of FCC-MRO. In the raw diffraction pattern, FCC-MRO and FCC-Crystal
are associated with diffusive scattering and Bragg diffraction, respectively. Although the atomic
model of FCC-MRO input in the refinement was created based on the FCC crystal phase, the large
ADP value refined in the PDF analysis for FCC-MRO elucidates the significant atomic deviation
of this atomic ordering in the liquid phase. For such a liquid ordering, the refined parameters of
FCC-MRO, such as the “lattice parameters,” only indicate the average information of its structure.

The ICO-MRO and ICO-SRO indicate icosahedral MRO and icosahedral short-range ordering
(SRO) in the liquid phase. As there is no crystal structure corresponding to these two types of
orders, their input atomic models were generated using a Matlab code [140]. This code allows the
modification of the cluster size by increasing or decreasing the number of FCC shells. The PDFgui
underestimates the packing density of such atomic clusters because this software considers the
input atomic clusters as the unit cells of corresponding crystals. To address this issue in the
refinement of icosahedral MRO and SRO, a composite modeling approach [141] was adopted. The
size of the ICO-MRO was fitted by manually testing the refinement with different numbers of FCC
shells instead of using the parameter spdiameter. The G(r) components of ICO-MRO and FCC-
MRO present different peak positions due to the different configurations of atomic pairs. Therefore,
these two orders can be accurately distinguished in the refinement, even though both display broad
peaks. In contrast to these MROs, the ICO-SRO consists of only 13 atoms and fewer atomic pairs.
It was assigned to refine more randomly arranged atoms in the liquid phase and provided larger

separation distances between atoms. The refinement of ICO-SRO is the final step in the PDF
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analysis, and this structure only represents a low fraction among all fitted phases and liquid clusters.

It should be noted that this refinement only considered the topological ordering in liquid. The
chemical order was assumed to have less effect on G(r) due to the near-identical scattering cross-
section of the principal elements in Inconel 718 when interacting with high-energy x-rays. Another
source of uncertainty arises from the crystallographic texture of solidified columnar grains,
particularly notable in the Normal printing condition. The preferred orientation slightly influences
the relative height of individual peaks. For this purpose, the PDF refinement was not performed
for the late solidification stage. The model agreement scores for all refinements fall within the
range of 8.0% < Rw < 15.1%, indicating excellent reliability and logical model selection in the
present PDF analysis. It should be noted that Rw refers to the standard deviation between the fitted
and experimental profiles. Error bars were determined for the fraction of each fitted structure based

on the 10% deviation from the Rw value.

5.3 Results
5.3.1 Processing map of the “abnormal” CET in the wire-laser DED of Inconel 718

To get a comprehensive insight into the solidification microstructure, especially the occurrence
of “abnormal” CET, of Inconel 718 alloy fabricated by wire-laser DED, single-track printing was
conducted under different printing conditions. The variation of solidification microstructures with
critical printing parameters, including laser power (P), traveling speed (V), and wire feeding rate
(F), are summarized in Fig. 5.1. A 3D processing map shown in Fig. 5.1a was generated, displaying

the correlation between the occurrence of “abnormal” CET and the critical printing parameters.
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The failure deposition marked on the processing map refers to an unstable printing process
generating apparent printing defects such as wire stubbing or dipping. The successfully printed
samples were divided into three categories, namely “Lack of Fusion,” “Transitional,” and
“Normal,” based on their solidification microstructures. Optical images of the three representative
microstructures are shown in Figs. 5.1b-5.1d. The cross-section of the Normal sample (Fig. 5.1d)
is dominated by coarse columnar grains, which is commonly observed in WAAM and wire-laser
DED samples. However, for the scenario of Lack of Fusion (Fig. 5.1c), the insufficient energy
input resulted in the formation of Lack-of-Fusion cracks. Above the crack, a large area of finer
equiaxed grains can be observed on the central bottom region of the cross-section. However, the
Transitional microstructure (Fig. 5.1b) refers to an intermediate state between the Lack of Fusion
and Normal conditions. The Lack-of-Fusion cracks were not observed, but finer equiaxed grains
were still generated at a similar region. The detailed comparison of those solidification
microstructures is illustrated in the later section of this chapter. The specific parameters of the three

representative printing conditions are summarized in Table 5.1.
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Figure 5.1: The 3D processing map of the wire-lase DED of Inconel 718. The variation of grain

morphology with critical printing conditions, including laser power, scanning speed, and wire
feeding rate, is presented. The yellow plane represents the constant VED of 32.5 J/mm?>. The purple
dashed line is the projection of the constant LED plane of 46.7 J/mm on the power-scanning speed
plane of the processing map. The representative solidification microstructures of (b) Transitional,

(c) Lack of Fusion, and (d) Normal samples are displayed by corresponding optical images.

To better understand the effect of printing conditions on grain morphology, linear energy
density (LED) and volumetric energy density (VED) are introduced to quantify the energy input
of different printing conditions. The mathematical definitions of LED and VED are presented by
eq. 1.2 and eq. 1.3, respectively. The constant VED of 32.5 J/mm? presents as a 2D plane filled
with orange in the 3D processing map. The purple dashed line is the projection of the constant

157



LED plane of 46.7 J/mm on the power-scanning speed plane. The 3D processing map (Fig. 5.1a)
illustrates that the Lack of Fusion microstructure results from insufficient energy input, dominating
the low-power region with P < 400 W. However, as P increases, the Normal and Transitional
microstructures appear, and the constant VED plane arbitrarily highlights the boundary between
these zones. A lower VED is more conducive to generating Transitional and Lack of Fusion
microstructures. Additionally, the constant LED establishes another boundary separating different
microstructures in the 3D processing map. The processing zone for the Transitional condition
expands with LED increasing, i.e., increasing P but decreasing S. The above observation suggests
that both VED and LED play critical roles in forming equiaxed grains in the wire-laser DED of

Inconel 718.

5.3.2 Detailed characterization of as-printed samples

The formation of equiaxed grains in Lack of Fusion and Transitional samples is mainly
attributed to the “abnormal” CET because such tiny grains are not commonly observed in as-
printed DED samples. A more detailed characterization was conducted for all three samples. Figure
5.2a i1s a magnified view of Fig. 5.1c, presenting the cross-section of a Lack of Fusion sample. A
long crack, i.e., the Lack-of-Fusion crack, lies horizontally and is close to the deposit-substrate
interface, as pointed out by red arrows in Fig. 5.2a. A band region consisting of equiaxed grains is
observed just above that crack. However, there is a variation in contrasts within this band region.
Specifically, a fan-shaped region at the center exhibits a brighter contrast. This observation

indicates the presence of microstructure heterogeneity within the band region and implies two
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different formation mechanisms of equiaxed grains. In addition to the Lack-of-Fusion crack, this
contrast variation is another feature distinguishing Lack-of-fusion and Transitional samples.
Figure 5.2b is the EBSD inverse pole figure (IPF) map of the band region consisting of equiaxed
grains. The color scheme of the EBSD-IPF map indicates different crystal orientations of grains,
further highlighting the band region consisting of equiaxed grains. Dashed circles labeled B-1 and
B-2 distinguish the bright and dark regions in the optical image Fig. 5.2a. Through a direct
comparison, grains in the B-2 regions exhibit more irregular morphologies and more non-uniform
sizes compared to those in the B-1 region. Pole figures corresponding to the grains in these two
regions are extracted and shown in Fig. 5.2c. In contrast to the strong crystallographic texture in
the B-1 region, the crystal orientations of equiaxed grains in the B-2 regions exhibit a more random
distribution. This difference in crystallographic texture helps distinguish the equiaxed grains

originating from the unmelted wire and those formed during solidification.
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Figure 5.2: The detailed characterization of the Lack of Fusion sample. (a) The magnified image
of Fig. 5.1c. Red arrows point out a long Lack-of-Fusion crack lying horizontally in this sample.
(b) The EBSD IPF map corresponding to the region marked by an orange rectangular in figure

(a). (c) The pole figures extracted from the grains in the B-1 and B-2 regions that are marked in

0.
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EBSD characterization was also conducted for the other two samples, namely the Transitional
and Normal samples. Figure 5.3a is the EBSD IPF map depicting the grain refinement region in
the Transitional sample. The characterization region is marked in the original optical image Fig.
5.1b. In this sample, the area of the grain refinement region approximates 900 um (width) x 300
um (height) and is located ~100 pm above the deposit-substrate interface. The equiaxial grains
within this region are less than 20 um in size and exhibit relatively random orientation. Excluding
this grain refinement region, the printed track is composed entirely of coarser columnar grains.
Figure 5.3b is a counterpart of Fig. 5.3a, highlighting the twinning boundaries and random grain
boundaries. Within the grain refinement region, abundant twinning boundaries, represented by red,
are observed. In addition, the five-fold symmetry was found among several neighboring grains
numbered from 1 to 5 in Fig. 5.3c. The white, instead of red, represents the twinning boundaries
for improved visualization. The {110} and {111} pole figures of these five grains are displayed in
Fig. 5.3d. The crystal orientations corresponding to individual grains are identified by the color of
the number marked on the grains in Fig. 5.3c. As shown in the {110} pole figure, there is a twinning
relationship between neighboring grains, which is also evidenced by the white twining boundaries
between neighboring grains shown in Fig. 5.3¢. The blue arcs indicate the common {111} planes
between neighboring grains. These common {111} planes all rotate along a common <110> axis
(i.e., the five-fold symmetry axis marked by the dashed circle in Fig. 5.3d). The rotation angle of
common {111} planes between each neighboring grain pair is approximately 71°, e.g., the common
{111} planes between the grain pairs 2-3 and 3-4. In the {111} pole figure, the common {111}

planes between neighboring grains and the five-fold symmetry are also revealed by the overlapping
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pole figures of neighboring grains and their distribution with rotational symmetry, respectively.
These features agree with the established theory relevant to the “abnormal” CET in metal AM and

the ISRO-mediated nucleation [55].

Figure 5.3: The EBSD characterization of Transitional and Normal samples. (a) The EBSD IPF

map of the transitional sample, corresponding to the region marked by the rectangular in Fig. 5.1b.

162



(b) The distribution of random grain boundaries and twinning boundaries in (a). The high-angle
grain boundary between grains with random and twinning relationships are marked by black and
red colors, respectively. (c) A magnified region in (a) with the twinning boundaries depicted by the
red color. (d) the pole figure of the five grains number 1-5 marked in (c). (e) The EBSD IPF map
of a Normal sample, a copy of Fig. 3.8c in Chapter 3. The white dashed curve outlines the fusion

boundary.

The EBSD characterization of a Normal sample is shown in Fig. 5.3e. Coarse columnar grains
are the dominant feature in the cross-section of the printed track. The deep melting depth into the
substrate suggests a higher energy input under this printing condition. Furthermore, it is essential
to note that the suppression of columnar grain growth investigated in Chapter 3 is irrelevant to the
“abnormal” CET because of the absence of both small equiaxed grains and abundant twinning

boundaries.

5.3.3 Operando x-ray characterizations

To better understand the printing processes and reveal underlying mechanisms regarding the
“abnormal” CET, operando synchrotron x-ray characterizations were carried out for the wire-DED
processes of Inconel 718 under different printing conditions. A detailed description of the
experiment setup can be found in Chapter 2.3. The explanation of diffraction mapping and data

interpretation are included in Chapter 3. The operando synchrotron x-ray characterizations of the
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Lack of Fusion printing are presented in Fig. 5.4. Note that all the imaging and diffraction data
presented here correspond to the stable printing period. Compared with other conditions, the Lack
of Fusion printing adopted a low laser power, leading to limited energy input (both LED and VED).
In the x-ray imaging (Fig.5.4a), a rough melt pool front was formed owing to insufficient melting.
For the diffraction mode, the monochromatic x-ray beam was focused and probed at different
locations marked in Fig. 5.4a. In this way, the microstructure of the melt pool can be resolved
spatially. Figures 5.4b-5.4h are representative diffraction patterns collected during the stable
printing process with the x-ray probed at different locations. A coordinate system was adopted to
specify the location of each measurement, with the center of the wire and the substrate surface
defined as the origin in the X and Y directions, respectively. Both sharp diffraction rings and diffuse
scattering are observed at the position underneath the wire feeding (Fig. 5.4b), specifically when
X =0 mm. This observation indicates that the wire feedstock did not fully melt upon insertion into
the melt pool. With X increases to 1.5 mm, sharp diffraction rings still exist, but their intensities
decrease slightly due to the further melting. At the positions farther away from the laser, i.e., X =
2.7 mm (Fig. 5.4g) and X = 4.0 mm (Fig. 5.4h), the diffusive scattering becomes weak, indicating
the occurrence of solidification. More and brighter diffraction spots appear, which suggests the
formation of coarse grains. During solidification, the sharp diffraction rings still appear on the
diffraction pattern, and their intensity slightly increases. This observation provides evidence that,
under this printing condition, a portion of the wire did not fully melt throughout the printing

process; additionally, new equiaxed grains also formed during the solidification process.
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Lack of Fusion

X-ray window

Figure 5.4: The operando synchrotron x-ray characterizations of the Lack of Fusion printing. (a)
x-ray imaging of the printing process. Purple rectangles in Figure (a) define the detection regions
of diffraction experiments. (b-h) Representative diffraction patterns collected from different
regions of the melt pool during the stable printing period. The coordinates of x-ray probing

location are noted at the lower right corner of each subfigure. The center of the wire and the
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substrate surface are defined as the origin in the X and Y directions of the coordinates, respectively.

The operando characterization of the Normal printing is shown in Fig. 5.5, and Fig. 5.5a is the
x-ray imaging of the stable printing process. In contrast to the rough melt pool front in the Lack of
Fusion printing, the melt pool front here is flat and smooth. The wetting angle with respect to the
substrate is approximately 47°. The diffraction mapping shows that only the diffusive scattering
was detected at the location of X =0 (Fig. 5.5b). The absence of diffraction rings indicates that the
wire rapidly melted as it fed into the melt pool. The pure liquid region continuously extends until
X =2.4 mm. After that, bright and isolated diffraction spots appear, corresponding to the generation
of coarse grains during solidification. The distribution of the diffraction spots concentrates at
certain azimuth angles, which indicates the strong crystallographic texture in the as-printed sample.
The microstructure evolution observed here is consistent with the majority of wire-based AM

processes.
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elt pool front

Figure 5.5: The operando synchrotron x-ray characterizations of the Normal printing. (a) X-ray
imaging of the stable printing process. Purple rectangles in Figure (a) define the characterization
regions in diffraction experiments. (b-g) Representative diffraction patterns collected from
different regions of the melt pool during the stable printing period. The coordinate system adopted

in Fig. 5.4 is applicable here.
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Figure 5.6 displays the operando characterization corresponding to the Transitional printing
condition. It should be noted that this operando characterization adopted the opposite printing
direction, defined as “Transitional-R” here, while all other parameters are identical. The reason for
introducing the opposite printing direction is that, according to the post-characterization, the
samples printed along the opposite direction formed a larger CET region than the default printing
direction. This difference might be attributed to the special energy distribution of the three lasers,
which slightly vary the printing behavior in different directions. Thus, the printing condition
Transitional-R is believed to be a more representative comparison with other printing conditions,
making the following analysis more convincing. Given the reversion of the printing direction, the
x-ray image of Transitional-R shown in Fig. 5.6a was flipped horizontally to avoid confusion.
Because of the significant wire feeding rate, a larger melt pool was generated and slightly exceeded
the field of view. A flat and smooth melt pool front was formed, as marked by a dashed line on the
image, which is similar to the Normal printing (Fig. 5.5a). A series of diffraction experiments was
conducted, as shown in Figs. 5.6b-5.6g. Similar to the Lack of Fusion printing (Fig. 5.4), the wire
did not fully melt under the Transitional-R printing condition and was subsequently transported
inside the melt pool. At position X = 0.9 mm (Fig. 5.6¢), sharp diffraction rings remained visible,
while their intensities were notably weak. However, the sharp diffraction peaks disappeared at X
= 1.2 mm. After that, diffraction rings presented again, accompanied by the emergence of isolated
diffraction spots, starting at X = 1.8 mm. In contrast to the Lack of Fusion printing, the solid wire
in the Transitional-R printing was only able to survive temporarily in the melt pool but fully melted

before the solidification process. There is a narrow region (< 0.9 mm) only consisting of liquid
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between the unmelted wire tip and the solidification front of the rear melt pool. At the end of the
characterization region, i.e., X = 3.9 mm, sharp solidification rings are visible, which differs from
the Normal printing (Fig. 5.5g). This observation confirms the occurrence of “abnormal” CET

during the solidification under the Transitional-R printing condition.
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Transitional-R

Figure 5.6: The operando synchrotron x-ray characterizations of the Transitional-R printing. (a)
x-ray imaging of the stable printing process. Purple rectangles in figure (a) define the
characterization regions in diffraction experiments.). (b-g) Representative diffraction patterns

collected from different regions of the melt pool during the stable printing period. The coordinates
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of x-ray location are noted at the lower right corner of each diffraction pattern. The coordinate

system adopted in Fig. 5.4 is applicable here.

5.3.4 Post-characterization of samples printed from operando experiments

To establish a correlation between operando characterization and solidification microstructure,
the present study conducted post-characterization on samples printed from the operando
experiments. Figure 5.7 displays the EBSD IPF maps pertinent to the cross-sections of three tracks
printed using different printing conditions. The solidification microstructure of these three samples,
i.e., Lack of Fusion, Normal, and Transitional-R, is consistent with that observed in preliminary
experiments (Figs. 5.2 and 5.3). However, the CET regions in the Lack of Fusion and Transitional-
R samples printed in the operando experiments (Figs. 5.7a and 5.7¢c) exhibit asymmetry along the
centerlines of their cross-sections, concentrating on one side. This phenomenon may result from
the imperfect calibration of the three lasers before the operando synchrotron experiments.

Nevertheless, this issue does not affect the subsequent analysis of the CET mechanism.
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‘ Transitional-R

Figure 5.7: Post-characterization of Inconel 718 samples printed in the operando synchrotron x-
ray diffraction experiments. The EBSD IPF maps displaying the cross-section of (a) Lack of Fusion,
(b) Normal and (c) Transitional-R samples. The purple rectangular defines the characterization

regions in operando x-ray diffraction experiments. Dashed lines/curves in white color mark the
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fusion boundaries between the printed tracks and Inconel 718 substrates.

The characterization regions of operando x-ray diffraction experiments are marked by purple
rectangular on the EBSD maps. For the Lack of Fusion printing, the characterization region
included both the unmelted wire and CET regions, as well as the coarse columnar grains on the
other side. In terms of the Normal sample, only coarse columnar grains were involved. For the
transitional-R printing, the formation of coarse columnar grains and the “abnormal” CET were
characterized by the operando diffraction experiments. These microstructural features are
consistent with the solidification processes observed through operando diffraction mapping (Figs.
5.4-5.6).

The grain refinement regions are compared in the Lack of Fusion (Fig. 5.7a) and Transitional-
R (Fig. 5.7c) samples, as shown in Fig. 5.8. In the Lack of Fusion sample (Fig. 5.8a), two different
equiaxed-grains regions, labeled as A-1 and A-2, can be readily identified. The grains in the A-1
region exhibited a more uniform size and regular shape. On the contrary, the grain shape and size
in the A-2 region were more arbitrary. A microstructure similar to the A-2 region was observed in
the Transitional-R sample, labeled as region B-1 in Fig. 5.8b. This equiaxed-grains region had a
width of ~0.6 mm and was located near the deposit-substrate interface. The pole figures
corresponding to the A-1, A-2, and B-1 regions were extracted from the EBSD maps, as displayed
in Fig. 5.8c. In comparison, only grains in the A-1 region present a strong crystallographic texture,

consistent with the previous characterization shown in Fig. 5.2c. The A-1 region with strong
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crystallographic texture is attributed to the unmelted wire. Nevertheless, the “abnormal” CET is
responsible for the formation of both the A-2 region in the Lack of Fusion sample and the B-1

region in the Transitional-R sample.

{\110’}
0 M N 2

Transitional-R
Figure 5.8: Post-characterization of the equiaxed-grains regions in the (a) Lack of Fusion and (b)
Transitional-R samples. (c) The pole figures corresponding to the A-1, A-2, and B-1 regions

marked in Figures (a) and (b).

5.3.5 Total-scattering analysis

Despite the operando characterization presented in Figs. 5.4-5.6, which confirms the
occurrence of “abnormal” CET during solidification, the underlying mechanism associated with
the “abnormal” CET remains unclear. The current hypothesis suggests that the preexisting
icosahedral orders in the undercooled liquid are responsible for the “abnormal” CET in metal AM.
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Total-scattering analysis of operando synchrotron diffraction offers a valid approach for
investigating the atomic configuration of the melt pool. The narrow liquid region in the
Transitional-R printing (Fig. 5.6d), located between the unmelted wire tip and the solidification
front of the rear mushy zone, serves as a representative example for total scattering analysis. This
is because, on one hand, this printing condition and detection region are directly correlated to the
“abnormal” CET. On the other hand, the analysis of this fully liquid region offers a clearer
presentation of the atomic orderings in the melt pool. In this data set, a batch of diffraction patterns
collected during the stable printing period were summed to enhance the signal-to-noise ratio, as
shown in Fig. 5.9a. This summed pattern only shows the diffusive scattering from the liquid phase,
confirming the pure-liquid nature of this region. It should be noted that the bright dots concentrated
at the lower right corner of the pattern are caused by the bad pixels on the detector. These artifacts
had been appropriately removed prior to the analysis. The white arcs in Fig. 5.9a define the Omax
in the total scattering analysis. The total scattering data within Omax was integrated over the
azimuth angle. The total scattering intensity was converted to the total-scattering structure function
S(Q) after background correction. As depicted in Fig. 5.9b, the S(Q) profile exhibits multiple
oscillations at low Q values and gradually approaches one at high Q values. It is worth noting that
a peak shoulder appears on the second oscillation of S(Q), as shown in the insert of Fig. 5.9b. This
shoulder resulted from the overlap of two Gaussian peaks and was considered a feature associated
with the presence of Icosahedral orderings in liquid metal [68,71]. The reduced PDF profile
Gr_Exp was obtained by Fourier transforming S(Q) to gain a better understanding of the

topological orderings in the liquid phase. This profile is represented by the black dots in Fig. 5.9¢.
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Each peak on Gr_Exp represents a specific atomic pair. The peak position refers to the distance
between the two atoms in the pair. The peak broadening and limited number of peaks illustrate the
amorphous nature of the liquid phase. Unlike the ordering in solid phases with a perfect crystal
lattice, the atoms in the topological ordering clusters of liquid metal are more dynamic and can
significantly deviate from their theoretical positions. In addition, the peak intensities of Gr_Exp
decrease as r increases, and the oscillation ends at around » = 25 A. This observation suggests that
the size of certain atomic cluster(s) can reach 25 A. It is worth noting that the Gr Exp reflects the
average information of a specific melt pool volume characterized by x-ray. Various topological
orderings in the melt pool can contribute to this PDF profile. Furthermore, there are no apparent
termination ripples at the high-r range, which illustrates the high quality of the operando data

collection and the total scattering analysis.
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Figure 5.9: Total scattering and PDF analysis of the operando diffraction experiments. (a) The
summation of diffraction patterns corresponding to the stable printing period in the Transitional-
R printing. The x-ray was probed in the narrow liquid region between the unmelted wire tip and
the solidification front of the rear mushy zone, i.e., at X = 1.2 mm represented by Fig. 5.6d. (b)
Total-scattering structure function S(Q) derived from Figure (a). (c) The PDF profiles converted
from the S(Q) in Figure (b) and refined by small-box fitting. (d) The theoretical models of the

atomic orderings in the melt pool.

The peak shoulder on S(Q), as highlighted in Fig 5.9b, indicates the presence of icosahedral
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orderings. In addition, the FCC-like cluster is one of the major ordering structures in FCC metals.
Several characteristics of S(Q) also agree with the scattering of FCC-like orderings. Thus, the FCC-
like and icosahedral topological ordering were identified as the two primary atomic clusters used
as input for the small-box fitting of Gr_Exp. During the refinement process, icosahedral orderings
with different sizes were tested. The size was adjusted by adding atomic shells to the unit
icosahedron constructed by 13 atoms. The best fitting, namely Gr calc, is presented by the red
line overlaid on Gr_Exp. The blue profile, Gr_diff, represents the difference between Gr_ Exp and
Gr_calc. The good agreement between the Gr_Exp and Gr_calc illustrates adequate reliability of
the refinement. The profiles Gr ICO-MRO and Gr FCC-MRO represent the partial PDF
components contributed by the icosahedral and FCC-like medium-range orderings. Except for the
first peak corresponding to the nearest atomic pair, the Gr ICO-MRO and Gr_FCC-MRO profiles
exhibit significant differences in peak positions and shapes. The size of the FCC-MRO was slightly
larger than that of the ICO-MRO because the PDF profile at » > 15 A was mainly attributed to the
Gr FCC-MRO. In addition, the unit icosahedron was applied to the refinement representing
random atoms in the liquid phase, as displayed by the yellow profile in Fig. 5.9¢c. In the preliminary
examination, the unit icosahedron resulted in a better fit than the unit FCC-like cluster. Compared
to other medium-range orderings, the unit icosahedron offers a more significant atomic
displacement for the random atoms and presents only a small portion of the liquid phase. The
atomic models of the refined phases, namely, ICO-MRO, FCC-MRO, and ICO-SRO, are
illustrated in Fig. 5.9d. Each type of cluster has a (111) plane or a distorted (111) plane on the free

surface, depicted in blue. The five-fold axis of the ICO-MRO is normal to the page better to present
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the five-fold symmetry of this topological ordering. The adjacent (111) planes in both ICO-MRO
and ICO-SRO exhibit a twinning relationship, and red lines on the atomic models mark the
representative twinning boundaries (TBs).

PDF analysis was also applied to additional total-scattering data to gain a comprehensive
understanding. The evolution of topological orderings during the AM processes is summarized in
Fig. 5.10. The percentage bar charts in Figs. 5.10a, 5.10c, and 5.10e depict the volume fraction of
each type of atomic cluster at various locations in the melt pool under the Lack of Fusion, Normal,
and Transitional-R printing conditions, respectively. Error bars were determined based on the 10%
deviation from the Rw value. The Rw value is a parameter used to evaluate the reliability of the
refinement, referring to the standard deviation between the fitting and experimental profiles. In
addition to the fraction of each atomic cluster, several refined parameters are shown in Figs. 5.10b,
5.10d and 5.10f. The atomic displacement of each topological ordering stands for the nearest
distance between two neighbored atoms on the outer shell. Data points were not provided for the
refined phases if they constituted only a negligible fraction. The x-axis of all subfigures in Fig.
5.10 indicates the distance from the characterization region to the wire feeding position, equivalent
to the X coordinate shown in Fig. 5.4-5.6. In addition, “FCC-Crystal” refers to the FCC solid phase

with a long-term periodicity resulting from either the unmelted wire or the solidified grains.
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Figure 5.10: The comprehensive analysis of operando total-scattering results reveals the evolution

of topological orderings during the wire-laser DED processes. The percentage bar charts

represent the volume fraction of each ordering structure corresponding to the (a) Lack of Fusion,

180



(c) Normal, and (e) Transitional-R printing processes. Other refined parameters of each ordering
structure corresponding to the (a) Lack of Fusion, (c) Normal, and (e) Transitional-R printing

processes are shown in figures (b), (d), and (f), respectively.

Under the Lack of Fusion condition (Figs. 5.10a and 5.10b), the regions before the 1500 um
position correspond to further melting of the residual wire in the melt pool. During this process,
the fraction of the solid phase decreased while more icosahedral and FCC-like medium-range
orderings formed. The solidification process commenced at 1500 pum, accompanied by a
continuous increase in the solid phase. In the early stage of solidification, the ICO-MRO was
preferentially consumed. By the position of 2800 pm, only the FCC-MRO remained in the liquid
phase. No significant variation in the refined parameters was observed during this printing process,
as illustrated by Fig. 5.10b.

Figures 5.10c and 5.10d provide insights into the Normal printing process. Under this printing
condition, no unmelted wire was present in the melt pool. These two subfigures thus indicate a
typical rapid solidification process associated with generating coarse columnar grains. In the high-
temperature region of the melt pool, i.e., at positions <2500 pm, FCC-MRO and ICO-MRO were
still the major topological orderings. The fraction of these two orderings varied slightly at different
regions, possibly resulting from the temperature gradient within the melt pool. In this printing
process, solidification started at the position of 2400 pm. In contrast to the lack of fusion process,

the FCC-MRO was selectively consumed at the start of solidification, but the [CO-MRO remained
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in the liquid. The variation in refined parameters is shown in Fig. 5.10d. Because of the temperature
gradient, there is a significant decrease in the atomic displacement of the FCC-MRO from the melt
pool front to the rear melt pool. As shown in the figure, this temperature-dependent effect was
fitted by an exponential function. The size of FCC-MRO nearly remained constant during this
period. The atomic displacement of ICO-MRO was stable, except during the later stage of
solidification.

The investigation of the Transitional-R printing process is presented in Figs. 5.10e and 5.10f.
Overall, this process was very similar to the Lack of Fusion printing (Figs. 5.10a and 5.10b). The
solid wire existed and continuously melted inside the melt pool. Medium-range orderings,
especially the ICO-MRO, accumulated further during this period. In the rear melt pool, the ICO-
MRO quickly depleted with the onset of solidification. The evolution of the refined parameters
also exhibited a stable trend. However, the key difference between the Transitional-R and the Lack
of Fusion processes was whether the solid wire was fully melted inside the melt pool. In the
Transitional-R condition, a narrow region of less than 900 um in the length of the melt pool,

consisting solely of liquid, formed between the unmelted wire tip and solidification front.

5.4 Discussion
5.4.1 Atomic orderings in the liquid Inconel 718 alloy under the AM condition

The icosahedral ordering in liquid metals has been investigated for decades since it was first
proposed by Frank [70]. Compared to stable liquid metal at a temperature significantly higher than

the melting point, more attention has been directed towards undercooled metallic melts. This is
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because the icosahedral ordering is more prominent in undercooled liquid metal [69], and the
presence of icosahedral plays a critical role in the solidification and glass formation of liquid
metals [142]. As reported by previous studies [69,143], near the melting temperature, the fraction
of the icosahedral clusters in the liquid Ni is greater than 50%, with this cluster typically consisting
of only 33 atoms. Generally, the fraction and size of icosahedral clusters increase as the
temperature decreases. According to the measurement in this work, the major clusters observed in
the melt pool of Inconel 718 alloy included both icosahedral and FCC-like orderings. Their
fractions only slightly varied with temperature, as shown in Fig. 5.10c. This observation agrees
with the result reported in the previous investigation. Wang et al. [144] conducted Molecular
dynamics simulation for a NigoCr21Fer9 alloy, which has a similar ratio of the principal elements
in the Inconel 718 alloy. The oscillation of the calculated PDF profile extended to ~12A at a
significant undercooling, when T/TL = 1100K/1685K. However, the sizes of the icosahedral and
FCC-like clusters measured here under AM conditions were ~15 and 25 A, respectively. Therefore,
these clusters were considered as medium-range rather than short-range orderings. The variation
of temperature inside the melt pool had less effect on the cluster size, and this was also applicable
to the Normal printing condition which formed a melt pool with higher temperatures.

The medium-range size of the topological orderings in the melt pool can be explained and
discussed from two aspects. First, the wire feedstock underwent rapid melting in the wire-laser
DED process. As discussed in Chapter 3, the laser energy was only absorbed by the free surfaces
of the melt pool and of the wire. The melt-pool interior was only heated by thermal conduction

and heat convection. Materials such as Inconel 718 alloy, which have an elevated melting
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temperature but low thermal conductivity, are challenging to fully melt or decompose to a more
amorphous state within a short timeframe. Compared to powder feedstocks, the adequate melting
of wire feedstocks is even more challenging due to the low surface-to-volume ratio. Cleveland et
al. investigated the rapid melting process of FCC Au nanocrystalline clusters using molecular
dynamics simulation. Their study revealed that the icosahedral precursors can form during the
rapid melting process. Therefore, the Inconel 718 wire may tend to generate icosahedral medium-
range orders in the wire-laser DED process owing to inadequate superheating.

Another potential reason for the extended sizes of topological orderings is related to the
complex composition of the material system. As a commercial alloy, Inconel 718 contains three
principal elements (Ni, Cr, and Fe), along with several minor elements, including Nb, Mo, and Co.
Ronchetti and Cozzini [145] reported that the icosahedral clusters are favorable when r4/rz < 1.25,
where 74 and rp represent the larger and smaller atoms in the alloy. The principal elements, Ni, Cr,
and Fe, have similar atomic radii ranging from 1.35 to 1.4 A, which is beneficial in forming
icosahedral clusters. Certain minor elements also contribute to the stabilization of the atomic
clusters. For instance, Nb is believed to stabilize icosahedral orderings by forming directional
chemical bonding between Ni and Nb atoms [145,146]. Hence, the complex composition of the
Inconel 718 alloy could be responsible for the extended atomic clusters.

To better understand the atomic ordering in the high-temperature melt pool, the operando
synchrotron scattering was conducted for the Transitional-R printing, with the x-ray probing at a
region near the upper surface of the melt pool. The coordinates of this region were X = 1200 pm

and Y =800 um. The resulting PDF profile was compared with that from a lower region, X = 1200
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pum and Y = 300 um, i.e., Gr_Exp shown in Fig. 5.9¢c. Since the laser was directly applied to the
upper surface, the temperature at the upper region could be ~200K higher than at the lower region,
which was roughly evaluated through the multi-physics simulation. As shown in Fig. 5.11, the red
profile corresponding to the upper melt pool exhibits a slight shift towards the high-r range
compared to the lower region represented by the black curve. This shift indicates the thermal
expansion in the upper region. However, these two PDF profiles still exhibit a strong agreement
in peak shape and intensity, which suggests a near-identical configuration of atomic clusters in
these two regions. This result suggests that the complex composition, rather than the insufficient
melting, was the dominant factor leading to the medium-range ordering. It should be noted that
the current experiment and analysis only considered the topological ordering in the liquid alloy.
This consideration was valid for the PDF fitting in such a scenario where the principal elements
of Inconel 718 exhibited similar scattering amplitudes at high x-ray energy. However, the current
efforts are insufficient to provide more direct and robust evidence beyond the comparison above
and to explain the role of minor elements. Differential PDF is an alternative measurement capable
of providing both topological and chemical information about atomic clusters. In this method, the
energy of incident x-rays is required to adjust according to the absorption edge of each species.
However, applying this method in such operando experiments is still challenging. For instance,
lower x-ray energy can result in significant x-ray attenuation for measuring thick metal samples.

Thus, this chapter only focuses on the topological structures of the atomic orderings.
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Figure 5.11: PDF profiles extracted from an upper region (X = 1200 um, Y = 500 um) and a lower

region (X = 1200 um, Y = 300 um) of the melt pool in the Transitional-R printing.

5.4.2 Roles of atomic orderings in the solidification process of wire-laser DED

The solidification process in the wire-laser DED process of Inconel 718 is accompanied by the
variation of atomic orderings. Atomic clusters can affect solidification in various aspects, including
influencing atomic mobility and melt pool viscosity. The evolution of atomic orderings also
provides insight into the solidification mechanism. In the case of Normal printing (Fig. 5.7b),
where the columnar grains were included in the x-ray characterization volume, the solidification
process was primarily governed by directional grain growth. For the Lack of Fusion and
Transitional-R printing processes (Figs. 5.7a and 5.7¢), both columnar grains and the “abnormal”

CET were covered in the x-ray characterization volume. The CET formed at the center of the melt
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pool, close to the unmelted wire under the Lack of Fusion condition. In the entire x-ray
characterization volume, solidification took place first at the center bottom region with lower
temperatures, i.e., the “abnormal” CET region. In addition, more diffraction spots, indicating
coarse grains, formed at positions farther from the laser, e.g., at X = 4.0 mm. Thus, the earlier stage
of solidification in both the Lack of Fusion and Transitional-R processes was associated with the
occurrence of the “abnormal” CET. The comprehensive analysis of operando total-scattering
results shown in Fig. 5.10 provided valuable insight into the underlying mechanism of the
“abnormal” CET process. As illustrated in Fig. 5.10b, solidification in Normal printing began with
the consumption of FCC-MRO in the melt pool. In contrast, the ICO-MRO participated in
solidification first for Lack of fusion and Transitional-R processes, corresponding to the
occurrence of “abnormal” CET.

Liquid metal is a mixture of various atomic clusters, and the structures of these atomic clusters
are dynamic. Similarly, the atomic structure of the melt pool here can be described as constructed
by numerous atomic polyhedrons, i.e., atomic orderings. These polyhedrons exist in a dynamic
structure. Atomic diffusion takes place inside or between the polyhedrons. In addition, there is a
certain rotation degree for these polyhedrons [147]. Neighboring polyhedrons can be assembled
and aggregated. For example, the ICO-MRO can be obtained by assembling a unit icosahedral
short-range ordering with several FCC-like clusters. It was reported that icosahedral clusters
exhibit a strong aggregation tendency [148]. The medium-range ordering plays a more critical role
in solidification than the short-range ordering, because the former has better stability in the

undercooled liquid and imposes a more significant impact on the properties of metallic liquid, like

187



viscosity, [142]. The icosahedral orders are considered slow dynamic regions in which the
surrounding diffusive motion of atoms is restrained. Therefore, crystal nucleation tends to occur
in such a region through an ICO-MRO template. However, there is typically a significant mismatch
of the atomic displacement between ICO-MRO and other structures, including FCC-like MRO and
FCC crystal [149], which is also reflected by the atomic displacement measured in Fig. 5.10. The
directional attachment between ICO-MRO and other structures is less likely, thereby slowing down
or suppressing crystal growth. In contrast, the good structural coherence between the FCC-like and
FCC crystals is favored for directional attachment, tending to induce a domino-like growth mode
and accelerate grain growth.

The evolution of the atomic structure of the melt pool characterized in this study (Fig. 5.10)
unveiled two different solidification mechanisms at the atomic level. At the early stage of
solidification in the Normal printing, columnar grain growth was dominated and assisted by the
directional attachment of FCC-like MRO. Therefore, the FCC-like MRO was preferably consumed
during the initial solidification. In this printing condition, the remaining SRO-MRO had less effect
on the solidification process and would then decompose to random atoms or smaller FCC-like
SRO, contributing to the columnar growth of grains in the later solidification region. The abnormal
lattice expansion of the ICO-SRO observed in Fig. 5.10d implied the subsequent decomposition
process.

Except for the columnar grain growth explained above, the “abnormal” CET is another
important solidification mechanism pertinent to atomic orderings. Although the “abnormal” CET

in AM and ISRO-mediated solidification have already been hypothesized and widely propagated
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[55,57-59,61], this work presented a direct and experimental insight into the atomic structure of
the melt pool. One important difference is the size of the atomic clusters. The mainstream
perspective from previous works is still based on the classic nucleation theory (CNT), in which
the nucleation starts on a unit icosahedral SRO with only 13 atoms. Epitaxial growth takes place
on the faces of SRO through the close packing of free atoms, leading to twinning boundaries and
refined grains. However, it is suspected because the SRO is much smaller than the critical nuclei.
For liquid Ni, the critical nuclei typically consist of ~55 atoms [150]. Thus, the direct diffusive
motion of atoms to expand the SRO is not thermodynamically favored during solidification. Indeed,
the icosahedral SRO may possess stronger and directional bonds, making it more specific to the
chemical ordering [142]. With the observation of the medium-range orderings in this work, the
concern about the critical nucleation size can now be addressed. Epitaxial growth can then take
place via the diffusive motion of random atoms and lead to the “abnormal” CET. The icosahedral
MRO can be described as the directional attachment between a unit ICO-SRO core and a shell
consisting of FCC-like orderings. The wide distribution of ICO-MRO observed in the present
operando experiments confirmed the moderate connection between ICO-SRO and FCC-like
orderings. Similarly, the directional attachment between ICO-MRO and FCC-MRO could take
place to facilitate the “abnormal” CET despite the lattice misfit. Except for the epitaxial growth
and directional attachment, another potential mechanism of the “abnormal” CET is the
decomposition of ICO-MRO. The metastable ICO-MRO is expected to decompose into several
segregated FCC nuclei, thereby contributing to the “abnormal” CET. This mechanism is more

consistent with the present PDF analysis that suggested the preferable consumption of ICO-MRO
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in the “abnormal” CET (Fig. 5.10). The epitaxial growth and directional attachment are less likely
because, on one hand, both of them further increase the elastic strain energy of the cluster. On the
other hand, as suggested by the operando measurements, the size of these clusters was very stable
either with temperatures increasing or during solidification. Additionally, the fraction of FCC-
MRO was not reduced during the “abnormal” CET. Given the considerable size of both ICO-MRO
and FCC-MRO, the directional attachment was less efficient and less likely to generate several
segregated grains with five-fold symmetry. In conclusion, the decomposition mechanism of the
FCC-MRO is more reasonable for initiating the “abnormal” CET. It should be noted that this
process is different from the later solidification stage of the Normal printing that decomposes FCC-
MRO into random atoms.

Previous studies also suggested that the presence of the metastable icosahedral quasicrystals
or icosahedral orderings is the primary reason triggering the “abnormal” CET in metal AM. It also
should be noted that the medium-range orderings observed here are fundamentally distinct from
the metastable icosahedral quasicrystals proposed in previous works [56-58,60]. They may have
similar sizes, while the atoms in the medium-range orderings herein are more dynamic and
disordered. Cazic et al. speculated that undissolved TiC particles could exist in the melt pool during
the wire-laser DED of Inconel 718, which could result in local element segregation around the TiC
particles and promote the formation of ISRO in the surrounding liquid [61]. Similar to their
previous statement [55], the local grain refinement was attributed to the heterogeneous distribution
of carbides and icosahedral orderings in the melt pool. Indeed, Chapter 3 of this dissertation

demonstrated the possibility of unmelted carbides and other solid particles in the melt pool during
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the wire-laser DED of Inconel 718 with a restrained energy input. However, the “abnormal” CET
did not occur under that printing condition. In the case of Transitional-R printing introduced in this
chapter, almost no unmelted particles were observed in the narrow liquid region between the
unmelted wire tip and the solidification front, but the “abnormal” CET occurred. Furthermore, the
current operando experiments indicated a wide distribution of icosahedral orderings in the melt
pool, even in the Normal printing and the upper melt pool of the Transition-R printing that only
formed columnar grains. This discrepancy suggests that the presence of icosahedral orderings is
neither the sole nor the most critical reason for triggering the “abnormal” CET in the wire-laser
DED of Inconel 718. A more comprehensive understanding of the thermal conditions inside the
melt pool, especially in the case of Transitional-R printing, is needed to explain the detailed

mechanism of the “abnormal” CET.

5.4.3 Critical conditions for triggering the “abnormal” CET

The multi-physics simulation was performed to explore other factors that may be involved in
the “abnormal” CET. Figure 5.12 displays the simulated wire-laser DED process of Inconel 718
under the Transitional-R condition. The color map and black arrows represent the temperature
distribution and the plane vector of melt flow, respectively. Unlike the simulation in the previous
chapters, the simulation performed here added a phantom region in a certain region of the melt
pool, as marked by a white rectangular in Fig. 5.12a. This configuration aims to replicate the
movement of unmelted wire inside the melt pool, as observed in the operando experiment (Fig.

5.6). Under this printing condition, the solid wire did not fully melt as it inserted into the melt pool.
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After moving a short distance horizontally in the melt pool, the wire tip melted, and a narrow, fully
melted region was generated between the wire tip and the rear melt pool, as marked by a purple
circle in Fig. 5.12a. The relatively higher temperature of this narrow region results in a concave
isothermal surface in the melt pool. While this phenomenon agrees with the experimental
observations, it should be noted that this simulation might not perfectly replicate the real
experiments in some aspects. For example, the interested region (as marked by the purple circle)
in the simulation was slightly higher than the location of the “abnormal” CET region in the as-
printed Transitional-R sample (Fig. 5.7¢). This was because the simulation software lacked a more
reliable function to accurately describe the actual motion of unmelted wire inside the melt pool.
The phantom function of the simulation arbitrarily imposed a constant velocity for the solid phase
within the target region. Despite this compromise, the current simulation is still valid for
qualitatively analyzing the printing process. The present investigation focuses on the response of
thermal conditions and melt pool dynamics in the narrow region between the wire tip and the
solidification front. As revealed in Fig. 5.12a, that narrow (or concave) region is affected by two
major streams of melt flow. The melt flow from the upper and rear melt pool regions gathered at
the narrow region, thereby leading to a vortex in the concaved region, as displayed in the center
plane of the melt pool. Figure 5.12b presents the front view of the cross-section relevant to the
concave region, with the relative position of this visualization plane indicated in Fig. 5.12a. In this
view, the concave region was also identified at the bottom of the melt pool, as suggested by the
curved liquidus and solidus lines. As marked by the purple circle in Fig. 5.12b, this region

experienced a melt flow from the upper melt pool. Two vortices in opposite directions were
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distributed on both sides of this region.

Printing direction Printing direction

300 Temperature (K) 2000 300 Temperature (K) 2000
B | [ _

Figure 5.12: Multi-physics simulation of the wire DED process of Inconel 718 under the
Transitional-R condition. The 2D slices of (a) the center plane on the lateral view and (c) the cross-
section on the front view. The position of figure (b) relative to figure (a) is marked by a black line
in (a). In both figures (a) and (b), the color map and black arrows within the melt pool display the

temperature distribution and flow dynamics, respectively.

To better understand the thermal conditions in the concave region, 3D contour maps of the
solidification front were extracted from the multi-physics simulation, as shown in Fig. 5.13. The
isosurface of the 3D contour maps was defined by the solidification fraction of 0.1, which
corresponds to the solidification front. Similar to the 2D view of Fig. 5.12, a concave region
between the wire tip and the rear mushy zone was also observed in the 3D view, as indicated by a

purple circle in Fig. 5.13a. Three red arrows mark the approximate positions of laser beams. As
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indicated in Fig. 5.13a, the Z direction is parallel to the building direction that is normal to the
substrate surface, while the Y direction is opposite to the printing direction. In the Transitional-R
process, the melt pool absorbed energy from a front laser and two rear lasers. The two rear lasers
were distributed on both sides of the melt pool, imposing intense heating symmetrically on the
upper melt pool. Consequently, two vortices formed in the lateral melt pool, as shown in Fig. 5.12b,
are formed. However, the heat convection from the upper melt pool was responsible for the
formation of the concave region. The 3D contour maps were colored according to the distribution
of temperature gradient (G), as shown in Figs. 5.13b-5.13d. The G component in the transverse
direction (X direction) is displayed in Fig. 5.13b. As revealed by the color change, the direction of
Gx reversed at the center of the concave region along the X direction. Additionally, the direction
of Gx reversed again at the boundaries of the concave region. The Gy at the lateral melt pool
(outside the concave region) was dominated by the thermal conduction from the upper lateral melt
pool, which was directly heated by the rear lasers, to the melt pool interior. The special Gx
distribution inside the concave region further demonstrated that the concave was generated due to
the strong heat convection from the upper melt pool rather than directional heat conduction. Figure
5.13c displays the distribution of Gy on the 3D counter. The concave region also experienced a
complex Gy along the printing direction. The colder wire tip and rear melt pool resulted in the
opposite Gyat the front and rear parts of the concave region. Compared to the components in other
directions, the temperature gradient in the Z direction, i.e., Gz, remained the dominant component
in the concave region, as shown in Fig. 5.13d. However, a banded region corresponding to lower

Gz is displayed across the entire concave in the printing direction (-Y direction). Such complex
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thermal conditions in the concave region are rarely observed in common printing processes, for

example, the similar analysis shown in Fig. 3.12.

Printing direction {92 Gx (10° K/m) 0.2
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B T

Figure 5.13: Multi-physics simulation showing the 3D counter of solidification front and the
distribution of temperature distribution. The iso-surface of the solidification front was determined
by the solidification fraction of 0.1. (a) The 3D contour of the solidification front, and the

counterparts colored by Gx, Gy, and Gz. A purple circle marks the concave region in each subfigure.
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Besides the preexisting atomic orderings in the melt pool, the thermal conditions and melt pool
dynamics were considered critical factors that induced the “abnormal” CET. The multi-physics
simulation reveals that the unique thermal conditions and melt pool dynamics in the concave
region can contribute to the “abnormal” CET in the following ways. Like the common CET based
on classic nucleation theory, the “abnormal” CET associated with atomic orderings also prefers a
larger undercooling [142,151]. Although the current solidification model cannot precisely predict
the undercooling at the concave region, the lower temperature gradient and faster solidification
imply a higher undercooling [50]. The faster solidification rate is indicated by the steep
solidification front shown in Fig. 5.12a. Therefore, the “abnormal” CET was promoted in the
concave region, but quantifying this effect is challenging due to the limited knowledge of the
“abnormal” CET. Nevertheless, it can be estimated that this contribution to normal CET was
negligible because the temperature gradient, especially Gz, did not reduce more than one order of
magnitude. Another important factor is the directional thermal gradient in the concave region. As
revealed by Fig. 5.13, the concave region experienced significant variations in G, especially in the
X and Y directions. The spatial distribution of the maximum temperature gradient varied
significantly in this region, which was not conducive to the growth of columnar grains. As a result,
the “abnormal” CET was promoted owing to its competition with the growth of columnar grains
[152]. The unique melt pool dynamics are also worth noting. On the one hand, the concave region
was subjected to melt flow from both the upper and rear regions of the melt pool, resulting in a
significant fluctuation of microstructures in this area. Structural fluctuation of MRO was required

to accommodate crystal nuclei [54]. On the other hand, a melt flow vortex was generated in the
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concave region, as shown in Fig. 5.12a. Icosahedral orderings, especially the ICO-MRO, restrict
atomic mobility and affect melt pool dynamics in the local region [142,148]. Consequently, more
icosahedral orders tend to accumulate or become trapped in the concave region, leading to
localized CET. As supported by the total-scattering analysis in Fig. 5.10, the fraction of ICO-MRO
slightly increases in the concaved region. Henry et al. [153] studied the influence of convection on
the solidification behavior of Al alloys. It was found that the fluid flow can promote twin dendritic
growth. Twin dendritic growth recently was also believed to be a consequence of ISRO-mediated
nucleation [154]. From this aspect, the additional flow vortex in the concave region was also

beneficial in occurring the “abnormal” CET.

5.4.4 Insights into other material systems and the printing of bulk samples

Different material systems exhibit distinct atomic orderings in the liquid phase, influenced by
interparticle interaction and entropy [54]. Atomic orderings formed in the liquid phase tend to
follow the symmetry of their corresponding equilibrium crystals. For this consideration, operando
synchrotron x-ray diffraction was also employed on 316L stainless steel (SS) to investigate the
potential of this “abnormal” CET in the wire-laser DED of other materials systems. The 316L SS
is a good example because its solid phase presents an allotropic transformation from the Austenite
(FCC structure) to the Ferrite (BCC structure) phases as temperature increases. Typically, Ferrite
is the primary phase during the solidification of 316L SS. Moreover, studying this commercially
available feedstock is of practical significance for the metal AM community. Following the same

procedure, the total-scattering analysis was also performed for the wire-laser DED printing of
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316L. The S(Q) and G(r) profiles corresponding to the liquid phase from the rear melt pool were
extracted, as shown in Fig. 5.14. The characteristics of S(Q), particularly the shape of the second
peak, agree with those observed in previous studies regarding liquid iron with BCC-like orderings
[155,156]. The PDF profile, represented by black dots in Fig. 5.14b, was refined using the BCC
phase with consideration of the effect of ordering size. The calculated G(r) of BCC-MRO and the
difference profile are represented by a red and blue curve, respectively. The excellent refinement
demonstrated that BCC-like ordering was dominant in the melt pool of 316L SS. While the
ordering size, indicated by the final oscillation of G(r), was similar to that of Inconel 718, the
prevalence of BCC-like ordering in the melt pool made the occurrence of the “abnormal” CET less
likely in printing 316L SS. This observation can explain the coincidence that the “abnormal” CET
is mainly observed in the AM of FCC metals, like Ni and Al alloys. In contrast to the single type
of atomic clusters in BCC alloys, the combination of FCC-like MRO and ICO MRO with
comparable fractions could also benefit the “abnormal” CET of FCC alloys. However, Konig et al.
recently conducted operando x-ray diffraction experiments for the laser powder bed fusion (LPBF)
of steel, and they found that the high cooling rate can inhibit the formation of primary Ferrite
during solidification [157]. Furthermore, Monier ef al. reported that ISRO-mediated solidification
can also occur in the LPBF of 316L SS, slightly refining the columnar grains and forming more
twinning boundaries [59]. The adopted scanning speed was higher than that used in Kénig’s work.
The above investigations suggest the potential of this “abnormal” CET in the AM of BCC materials.
The rapid cooling rate in metal AM can result in a large undercooling, consequently affecting the

atomic structure and the evolution of the undercooled liquid during rapid solidification.
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Figure 5.14: (a) Total-scattering structure function S(Q) corresponding to the rear melt pool
during the wire-laser DED of 316L SS. (b) The PDF profiles converted from the S(Q) in figure (a)
and refined by small-box fitting. The experimental, as-refined, and differential G(r) profiles are
represented by black circles, red, and blue lines, respectively. The high-frequency termination
ripples on this PDF profile are artifacts due to insufficient background correction and a lower
signal-to-noise ratio of the raw data. The parameters of the synchrotron experiments are similar
to those applied for the Inconel 718, while the size of x-ray is 100 (Horizontal) % 30 (Vertical) um?.

The printing conditions P = 360 W, S = 7 mm/s, and F = 7.35 mm/s were adopted for the wire-
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laser DED of 316L SS.

To ensure measurement consistency and simplify the analysis, operando synchrotron
experiments were exclusively conducted for printing a single track on the substrate. As inferred
from the processing window shown in Fig. 5.1, higher laser power is associated with a broader
processing range for the “abnormal” CET. Typically, moderately high scanning speed S and
feeding rate F" are favored for triggering the “abnormal” CET in wire-laser DED. This statement
is supported by the unmelted wire inside the melt pool and the appearance of the concave region
between the wire tip and the rear melt pool. To further enhance the impact of these new insights,
wire-laser DED of Inconel 718 was carried out to print a bulk sample using the M450 DED printer
equipped with six laser beams. The laser power, scanning rate, and feeding rate were intentionally
increased to 1000 W, 16.7 mm/s, and 83.3 mm/s, respectively. Figures 5.15a and 5.15b are optical
images showing the magnified regions in the as-printed bulk sample. The printing (scanning)
direction is normal to the plane of these two images, and white dashed curves mark the fusion
boundaries. The “abnormal” CET is also observed in this bulk sample, as indicated by the red
rectangle. Similar to single-track printing, the “abnormal” CET in the bulk sample tends to form

at the lower region of each melting track.
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Figure 5. 15: Optical images showing magnified regions of the bulk Inconel 718 sample fabricated
by wire-laser DED. The printing (scanning) direction is normal to the plane of these two figures.
The fusion boundaries are marked by white dashed curves. The “abnormal” CET regions are

highlighted by red rectangular.

5.5 Conclusions
This chapter investigates the “abnormal” CET in metal AM, focusing on the wire-laser DED
of Inconel 718 alloy. A processing window has been generalized, reflecting the impact of printing
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parameters on the “abnormal” CET in the wire-laser DED of Inconel 718. Three representative
solidification microstructures were defined, i.e., Lack of Fusion, Normal, and Transitional. The
operando synchrotron characterization was employed to study the printing behavior under these
three printing conditions. Total-scattering analysis has revealed the atomic structure of the melt
pool and its evolution during solidification. The icosahedral MRO and FCC-like MRO represented
two major types of topological ordering, and they were widely distributed in the melt pool. During
rapid solidification, the “abnormal” CET and common grain growth were associated with two
distinct evolution paths of the topological orderings in the liquid phase. By coupling it with multi-
physics simulation, a fully melted concave region was observed between the wire tip and the rear
melt pool. In addition to the presence of topological orderings, the complex thermal conditions
and unique melt pool dynamics at the concave region triggered the “abnormal” CET at the local
region. Furthermore, this work also provided valuable insights into the “abnormal” CET of other
material systems.

The present research not only provided direct evidence of the presence of topological orderings
in the liquid metal under AM conditions but also conducted a comprehensive investigation into
their effects on rapid solidification. To the author’s best knowledge, this work presents the first
total-scattering analysis of the operando x-ray diffraction experiment for metal AM. The
experiments conducted in this Chapter clarified many long-standing confusions and questions
originating from the hypothesis of the “abnormal” CET in metal AM. This work aims to advance
modern solidification theory, contributing significantly to both the metal AM and material science

communities.
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6. Summary

The wire-laser DED process with coaxial wire-laser configuration is an emerging AM
technology. A deepening understanding of the printing process is essential for better control of the
as-printed microstructure and the production of components with superior properties. This
dissertation contributed to the further development of this AM technology through three research
topics. These three studies are all relevant to the microstructure evolution during printing, focusing
on three different yet important mechanisms relevant to solidification microstructures.
Furthermore, operando synchrotron x-ray diffraction was employed in all three research chapters
for various purposes, which further developed the capability of operando synchrotron x-ray
techniques in investigating metal AM. The first research chapter focuses on the wire-laser DED
under an intentionally constrained energy input that resulted in the presence of unmelted solid
particles in the melt pool. The capability of operando synchrotron x-ray imaging and diffraction
in studying the wire-laser DED process has been comprehensively introduced, especially in
probing transient phenomena, such as the remaining carbides in the melt pool. The second research
chapter developed a novel deposition strategy to induce an unstable melt pool, thereby modifying
the crystallographic texture and mechanical anisotropy of the printed sample. Despite not being
the principal portion of this section, synchrotron x-ray diffraction was adopted to monitor the
stability of the mushy zone. Based on the understanding accumulated from the previous two
chapters, including the wire-laser DED process, solidification behavior, and operando synchrotron

x-ray characterization, the last research chapter focused on the short-range-ordering-mediated
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solidification and an “abnormal” columnar-to-equiaxed transformation (CET) in metal AM. The
operando synchrotron x-ray characterization and total-scattering analysis played critical roles in
this study to reveal the atomic structure of the melt pool and its evolution during the solidification
of wire-laser DED.

The new understanding gained from these studies directly influences wire-laser DED and
extends to other metal AM technologies, enabling optimization of the printing process and
achieving flexible microstructure control. In addition to the operando synchrotron x-ray
characterization, this dissertation employed multi-physics simulation to investigate the coaxial
wire-laser printing behavior. The integration of advanced characterization and numerical modeling
has gained valuable insights into revealing the underlying mechanisms involved in the printing
process. The further understanding and the comprehensive investigation provided by the present

work encourage a broader application of this AM technology.

6.1 Main conclusions

The main conclusions drawn in this dissertation are summarized below.
1. Printing conditions can influence wire melting within the melt pool in the wire-laser DED
process, consequently affecting the solidification microstructure. Under a specific printing
condition with intentionally decreasing energy input, the feedstock wire only partially melted as it
entered the melt pool while still maintaining a stable printing process. Although the wire continued
to be heated up by the surrounding melt pool, some solid particles, such as MC-carbide, remained

at the bottom region close to the mushy zone. These small particles promoted heterogeneous
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nucleation and impeded grain coarsening, resulting in small grains in the region where they are
present.

2. The capability of synchrotron x-ray techniques for operando studies of metal AM processes
has been successfully demonstrated. Full-field x-ray imaging enabled an overview of the printing
process and guided the positioning of the focused x-ray beam in the diffraction experiment. X-ray
diffraction allowed for the characterization of wire melting, melt pool development, and
solidification behavior. By fixing the printhead while scanning the build platform, the time delay
in the dynamic diffraction data was translated into the spatial separation between the x-ray beam
and the printhead. Thus, a longer probing time could be applied to achieve high-quality diffraction
data, even from the liquid phase.

3. A wiggle deposition strategy was developed for the wire-laser DED of 316L SS, which
involved an alternating transversal component of scanning. This novel printing strategy wobbled
the motion of the melt pool, thereby inducing asymmetric laser absorption and leading to highly
dynamic melt flow and complex thermal conditions inside the melt pool. This unique thermal
condition can be manipulated to vary the evolution of crystallographic texture during solidification,
resulting in a distinct mechanical anisotropy of as-printed samples.

4. The atomic structure of the melt pool was revealed for the first time through experiments. The
melt pool of wire-laser DED of Inconel 718 exhibited the presence and wide distribution of two
major types of topological ordering: icosahedral MRO and FCC-like MRO. The distribution and
size of MROs were less affected by the temperature variation inside the melt pool. The complex

composition in Inconel 718 plays a more critical role in generating MROs in the melt pool.
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5. The occurrence of the “abnormal” CET in metal AM has been confirmed, and this process
preferably consumed the icosahedral MROs in the melt pool. In addition to preexisting MROs, the
complex thermal conditions and unique melt-pool dynamics at a specific region of the melt pool
were responsible for triggering the “abnormal” CET at the local region. The melt pool in the wire-
laser DED of 316L SS was dominated by BCC-like MROs, which may affect the occurrence of
“abnormal” CET in this material. In the wire-laser DED process, higher laser power, higher feeding

rate, and faster scanning speed are favorable for inducing the “abnormal” CET.

6.2 Recommendations for future work

As summarized above, many important conclusions and findings have been obtained through
the three research chapters in this dissertation, which offers inspirational insights into the
microstructure control in metal AM. However, several works are worthwhile to continue and
explore.

First, as suggested by Chapter 3, a specific melting behavior of feedstock wire can form
unmelted solid particles in the melt pool, thereby suppressing the growth of columnar grains.
However, in the present investigation, unmelted particles might not be sufficiently abundant to
induce the formation of tiny equiaxed grains or change the crystallographic texture. Thus, this
effect is expected to be more prominent for materials that consist of a large number of secondary
phases with elevated melting temperatures, as is the case with carbides in this study. In addition,
the hot-wire function of the wire can preheat the wire feedstock during printing, further facilitating

the melting of the matrix of wire feedstocks. Thus, further research can continue by considering
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these factors.

Second, this dissertation confirmed the feasibility of altering the solidification texture and
mechanical anisotropy in the wire-laser DED of 316L SS by controlling the stability of the melt
pool. This concept opens up many opportunities for programming the microstructure and property
of as-printed samples. For example, by changing the frequency (or characteristic length scale) of
wiggling, a variety of texture structures could be obtained. Also, by synergistically and
alternatively applying the Bi and Wig depositions at different positions of the build, a single part
with locally varied structures and properties can be achieved. More systematic investigations are
recommended to achieve this goal.

Third, this dissertation provided experimental insight into the rapid solidification of liquid
metal on the atomic scale. Two aspects are expected to be further considered. On the one hand, the
current investigation did not offer much information about the chemical orderings in the liquid
metal. A more practical approach is tailoring the composition of the deposit and then identifying
which element(s) is responsible for the chemical ordering or required for the medium-range
topological orderings. Meanwhile, molecular dynamics could be an important tool for accelerating
the understanding of atomic orderings in liquid metals if the corresponding potential file is
available. More versatile multi-physics simulations are also recommended. On the other hand,
additional attention can be drawn to expanding the “abnormal” columnar-to-equiaxial transition
(CET) region in printing bulk samples. A large CTE region is desirable for structural components.
The printing of bulk samples has greater freedom to adjust the printing strategy. For example,

modifying the hatching distance between the two adjacent tracks could influence the melt pool
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morphology, thereby affecting the “abnormal” CET region.

Last but not least, this dissertation suggests three different applications of operando
synchrotron x-ray diffraction in the study of wire-laser DED. The special experiment setup has an
apparent advantage in monitoring the dynamic microstructural evolution, making it beneficial for
relevant studies such as the competitive growth of columnar grains and the formation of grain
colonies during rapid solidification. Additionally, unlike previous operando diffraction
experiments that scanned the entire sample, the current diffraction dataset summarizes information
from a large number of grains in a relatively static region. This characterization strategy is critical
for performing a quantitative analysis of the solidification front in which only a limited number of
grains are solidified. Therefore, it is worthwhile to further explore the applicability of synchrotron

X-ray techniques for operando studies of metal AM processes.
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