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Abstract

Laser Powder Bed Fusion (LPBF) technology holds great promise as a manufacturing
process for printing nickel-based superalloys, thanks to its numerous advantages over
traditional methods. These include the availability of novel materials, the ability to create
complex and near-to-shape 3D geometries, shortened development and production lead times,
and the ability to tailor microstructure. However, current limitations are being intensively
studied to ensure that the printed parts can be utilized with complete confidence in critical

applications.

A particular case of interest is Hastelloy X (HX), a Ni-based superalloy with excellent
oxidation resistance and high-temperature mechanical properties. HX is also known to be non-
weldable. The strength of this alloy comes mainly from the additions of solid solution elements
and carbides. Mo-rich carbides in their metastable M¢C form and located at grain boundaries
(GB) have been identified as a precursor to cracking when HX is additively fabricated.

Despite these challenges, researchers from the Laboratory of Powder Processing and
Additive Manufacturing of Advanced Materials (P?[AM]?) have successfully printed crack-

free HX samples via LPBF using a commercially available HX powder.

Using Backscattered Electrons (BSE) and Energy-dispersive X-ray spectroscopy (EDS)
techniques, we analyzed crack-free HX samples to gain new insights into the influence of
crystal orientation and grain boundary character on the behavior of segregation and

precipitation.

Our findings indicate that Cr and Mo preferentially segregate towards the <1 0 0)

directions. We confirmed that the kinetic acceleration of carbides occurs when they appear at
angles with a misorientation greater than 5°. Furthermore, we examined the characteristics of

carbides and their interactions with the matrix.

These discoveries shed light on the material-process-microstructure-properties

paradigm and the potential of the LPBF to control crystal texture and GB character.



Résumé

La technologie de fusion laser sélective d'un lit de poudre (LPBF, pour ses sigles en
anglais) est tres prometteuse en tant que processus de fabrication pour l'impression de
superalliages a base de nickel, grace aux nombreux avantages qu'elle offre par rapport aux
méthodes traditionnelles. Ceux-ci comprennent la disponibilité de nouveaux matériaux, la
capacité de créer des géométries 3D complexes et proches de la forme, la réduction des délais
de développement et de production, et la possibilité d'adapter la microstructure. Toutefois, les
limites actuelles font I'objet d'études approfondies afin de garantir que les piéces imprimées
puissent étre utilisées en toute confiance dans des applications critiques.

L'Hastelloy X (HX), un superalliage a base de nickel doté d'une excellente résistance a
I'oxydation et de propriétés mécaniques a haute température, est un cas particulierement
intéressant. Le HX est également connu pour étre non soudable. La résistance de cet alliage
provient principalement de I'ajout d'éléments en solution solide et de carbures. Les carbures
riches en magnésium sous leur forme métastable MeC et situés aux joints de grains (GB, pour
ses sigles en anglais) ont été identifies comme précurseurs de fissures lors de la fabrication
additive du HX.

Malgré ces difficultés, des chercheurs du Laboratoire de traitement des poudres et de
fabrication additive de matériaux avancés (P’ [AM]?) ont réussi a imprimer des échantillons de
HX sans fissures par LPBF en utilisant une poudre de HX disponible dans le commerce.

En utilisant des électrons rétrodiffusés (BSE, pour ses sigles en anglais) et des
techniques de spectroscopie de rayons X a dispersion d'énergie (EDS, pour ses sigles en
anglais), nous avons analysé des échantillons de HX sans fissures afin de mieux comprendre
Iinfluence de l'orientation cristalline et des caractéristiques des joints de grains sur le
comportement de la ségrégation et de la précipitation.

Nos résultats indiquent que le Cr et le Mo ségregent préférentiellement vers la direction
(100> . Nous avons confirmé que l'accélération cinétique des carbures se produit lorsqu'ils
apparaissent a des angles dont la désorientation est supérieure a 5°. De plus, nous avons

examiné les caractéristiques des carbures et leurs interactions avec la matrice.

Ces découvertes mettent en lumiére le paradigme matériau-processus-microstructure-

propriétés et le potentiel du LPBF pour contréler la texture cristalline et le caractére GB.
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Chapter 1 Introduction

1.1 Background

With the advent of additive manufacturing (AM) as a reliable process for manufacturing
metal alloy components, we must reassess our understanding of microstructure and
microtexture. This is because of differences in conditions during melting and solidification
cycles, which translates into variations at all scales of the hierarchical structure. Compared to
their conventional manufacturing processes counterparts, crystallographic texture, cellular
structure, and grain configuration exhibit significant variations. These variations grant
additively manufactured parts unique characteristics and properties, as well as flaws that must

be understood to gain complete control during metal deposition.

This approach is exemplified in the fabrication of superalloys. The growing demand for
these materials creates new opportunities to expand AM to more critical aerospace, chemical,
and nuclear power applications, among others [33]. Metal AM offers fundamental advantages
for these kinds of applications, including access to novel materials that can only be processed
using AM, reduced costs for tooling, minimized material waste, shorter development and
production lead times, and highly efficient and lightweight design solutions. [26]. But one of
the most outstanding possibilities the AM provides is to tailor the microstructure architecture,

which is achieved with less effort than traditional manufacturing processes.

Ni-based superalloy parts have been successfully printed via several routes within the
spectrum of additive manufacturing processes, including directed energy deposition (DED) and
powder bed fusion (PBF), both allowing the fabrication of metal components with near full

density. However, during AM manufacturing, some superalloys are highly prone to cracking.

Hastelloy X (HX) is a nickel-chromium-iron-molybdenum alloy. It has gained
significant attention from materials scientists and engineers due to its exceptional resistance to
creep and oxidation at high temperatures. In addition, HX possesses superior fabricability,

which not all Ni-based superalloys share [34].

One of the critical characteristics of HX is that its strength is primarily achieved by
adding solid solution elements and forming carbides [35]. Carbides are well-known to play a
significant role in the properties of alloys, affecting characteristics such as hardening [36], yield
strength [37], anisotropy, oxidation resistance [38], and creep, among others.



However, when HX is manufactured through laser powder bed fusion (HX-LPBF), the
presence of carbides located at GBs has been found to have a detrimental effect, resulting in
the formation of cracks in samples in the as-built (AB) condition. This fracture propensity has
also been reported in casting and welding processes, as well as in various alloys such as SS 316
[39], Aluminum, Titanium [40], and other Ni-based superalloys [41-43].

Despite extensive theoretical literature on GB segregation and precipitation, the
emergence of new manufacturing technologies poses fresh challenges in comprehending the
formation and evolution of GBs, as well as the interplay between GB segregation and carbide
formation. Understanding these phenomena is crucial as they greatly influence the mechanical

properties of solidified systems.

Various strategies have been implemented to mitigate cracking in HX-LPBF. These
include altering the chemical composition of the raw material [44], preheating the baseplate
[39, 45], and with secondary processes such as heat treatments (HT) or hot isostatic pressing
(HIP) [46, 47], among others. However, it is important to note that these solutions incur
additional costs, may only be applicable to certain materials, and do not ensure long-term part
integrity due to carbide evolution. Hence, a thorough comprehension of these phenomena is

imperative.

AM offers an additional approach to prevent cracking by allowing for the customization
of the microstructure and microtexture during the manufacturing process. Ongoing research
worldwide is devoted to improving the quality of the deposited metal by manipulating the input
parameters of the LPBF process [40, 48-53]. To take full advantage of this resource, a detailed

understanding of the physical metallurgy of the alloy being used is essential.

In this order of ideas, the members of the Laboratory of Powder Processing and
Additive Manufacturing of Advanced Materials PJAM]? of McGill University were able to
print crack-free Hastelloy X through laser powder bed fusion (HX-LPBF), considered non-
weldable and using standard commercial HX powder. The characteristics and properties of
these results have been reported elsewhere [42, 54]. It is possible to complement the work
carried out by the PJAM]?team, analyzing the carbides at the GB and elaborating on why they

are not acting as the cracking source.

Electron Backscattered (BSE) techniques and Energy-dispersive X-ray Spectrometry
(EDS) are commonly used to characterize carbides and have shown promise in furthering our
understanding of these microstructural features. These techniques are typically performed



using scanning electron microscopy (SEM). The SEM is a powerful tool that helps researchers
characterize qualitatively and quantitatively phenomena that occur at reduced scales far beyond
the capabilities of the naked eye. At the macroscale level, the spatial location and organization
of the microstructure are deeply linked with the response of the material to the environment

and external stimuli.

The versatility of the SEM derives from the variety of signals that it is possible to obtain
and question from the electron beam-specimen interaction, by adding or changing detectors
and setting parameters as required, all in a single workstation [55-57]. The latter, thanks to
improvements in the SE microscope capabilities [58, 59] and the incorporation of modern

software to index the signals accurately obtained [47].

1.2 Research Objectives

An aspect that has yet to be fully explored in terms of image characterization in Ni-
based alloys manufactured by LPBF, is the spatial location, microstructural assessment, texture
recognition, and elemental composition of the carbides located along and within the GBs. The
use of SEM poses several challenges, starting with the fact that in LPBF pieces, there is a
refinement in the size of the entire hierarchical structure including, precipitates [35], so higher

resolution, therefore brighter filaments are required.

Besides, due to the nature of GBs related to the energy of the defects and the limits of
the structures, the diffracted electrons contain signals from different orientations of the crystal
lattice [60], which could lead to misinterpretations or hide particles of interest in the
micrograph, especially those with a sub-micron size. To overcome these drawbacks, the
electron channeling contrast image (ECCI) and backscattered electron diffraction (EBSD) were
used to complement each other in terms of imaging descriptors, as well as EDS, to gain a
qualitative insight into the chemical composition distribution, particularly along the GBs.

The motivation behind this research is to gain a better understanding of the carbides
located at GBs, with an emphasis on Cr-rich and Mo-rich carbides, the latter identified as a
precursor of cracking in HX-LPBF. The selected characterization techniques aim to achieve

the following objectives:

1. Characterize the morphology, distribution, and density, of the carbides and GBs.
2. Qualitatively analyze the elemental distribution along GBs.
3. Correlate the information from the previous points with any preferential aspect

for the carbides to nucleate and grow.



Chapter 2 Literature Review.

This work covers fundamental aspects that will allow the reader to acquire general
knowledge about what is known so far in the characteristics of carbides located at GB in Ni-
based superalloys. To make this text more digestible, it is divided into four sub-sections:
(Section 2.1) Additive Manufacturing (AM); (Section 2.2) Nickel-based superalloys; (Section
2.3) Hastelloy X; (Section 2.4) Scanning Electron Microscope (SEM) based techniques

principles and theory; and a final (Section 2.5) Summary.

2.1 Additive Manufacturing (AM)

Recently, AM processes have gained significant attention and adoption. The advantages
of AM over traditional manufacturing processes have been widely discussed in numerous
scientific articles. These advantages include the availability of novel materials that can only be
used with AM, a tool-free digital approach to manufacturing, the ability to create complex and
near-to-shape 3D geometries, shortened development and production lead times, highly
efficient and lightweight design solutions, the ability to produce low volumes, and mass

personalization, to name a few of the most relevant benefits [26, 61].

The definition of AM given by ISO/ASTM 5900:2021 [62] is the “process of joining
materials to make parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies” There are several
processing routes in the AM spectrum. Still, they all have in common the local binding or

melting of raw material (powder layer, wire, rod, or metal strip) in consecutive layers [61, 63].

Two AM processes have seen rapid adoption for the fabrication of Ni-based
superalloys, these are the powder bed fusion (PBF) and directed energy deposition (DED)
processes [35]. Despite the significant progress that has been made, there are still some critical
gaps that must be addressed before AM can be considered a completely reliable process for

producing components with consistently high quality.

PBF can produce parts with better part complexity, precision, and surface polish than
DED, so it is an excellent candidate to move its use for more critical applications such as

aerospace, medical, and nuclear power energy industries.



Within PBF processes, two sub-division are based on the heat source! laser (LPBF) and
electron (EPBF). The cooling rates, besides the heat source, are the main difference between
these two processes. The LPBF experiences cooling rates about two orders greater than EPBF,
and it has been observed that the LPBF method has more control over the microstructure [65].

2.1.1 Laser Powder Bed Fusion Process (LPBF)

The Laser Powder Bed Fusion (LPBF) is widely used for rapid prototyping due to its
ability to fabricate reliable and dense parts, even with superior mechanical characteristics to
their wrought counterparts. This technology is used for research activity in several materials,
including steels, nickel-based alloys, titanium-based alloys, and metal-matrix composites [35,
66].

The routine is as follows: a layer of metallic feedstock (already mixed with alloying,
additives, seeds, etc.) is spread on the build plate, and a roller or a wiper blade distributes a
uniform layer of powder on the surface. Then, the heat source selectively melts or sinters the
dropped powder. Once a cycle of a layer is completed, the build table is lowered, and the
powder table rises so the powder can be deposited on the preceding layer. This procedure is

repeated layer after layer until the 3D piece is built [18, 35, 66, 67].
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Figure 2.1. Schematic overview of the select laser melt process both at
the machine and powder scales [18].

2.1.2 Texture evolution during solidification
The AM solidification processes are like casting solidification in aspects such as the
driving forces and tracking metrics. However, due to the speed at which events happen during

L This classification is not widely adopted, and the categories could even be in function of heat source, with sub-categories based
on the feedstock [64] T. DebRoy et al., "Additive manufacturing of metallic components — Process, structure and properties,” Progress in
Materials Science, vol. 92, pp. 112-224, 2018/03/01/ 2018, doi: https://doi.org/10.1016/j.pmatsci.2017.10.001.



AM processes, linked to continuous and repetitive thermal cycles inherent to the process itself,
sharp differences are evident in metal solidification behavior, thus microstructure and

properties of products.

Starting with the fundamentals of solidification in casting and welding is useful.
Solidification begins when the temperature of the interface solid-liquid is lowered just below
the equilibrium freezing temperature [68], and this beginning may be broken down into two

distinct stages, nucleation, and growth.

Nucleation is the process of forming and consolidating tiny particles, known as nuclei.
Suppose these particles reach a critical state, on the function of temperature and radius
(assuming a spherical form, but this approach can be applied to several shapes), then the particle
or embryo will continue its growth absorbing atoms until it reaches a crystalline structure and
only is delimited by other particles. If the nuclei do not reach a critical state, they will
disintegrate and re-melt.

When the temperature at the solid-liquid interface is slightly below the real freezing
temperature, more atoms will join to form the solid particles than atoms leaving the liquid side,
which is the moment when growth occurs [68]. This step begins once a critical size (r*) has

been reached, and the particle becomes a stable nucleus.

Hereafter, the focus is on the solid-liquid (S/L) interface and its morphological
evolution during solidification, particularly on the dendritic microstructure. The morphology
of the S/L interface is given by several events that may or may not produce instabilities and
propitiate the growth of a specific morphology and crystallographic direction. With the aid of
casting and welding solidification knowledge, it is possible to enumerate many phenomena at
the S/L interface involved in its evolution.

Nucleus growth is limited by (1) the kinetics of atom attachment to the interface, (2)
capillarity, and (3) diffusion of heat and mass. These factors have different predominance
depending on the chemical composition and solidification conditions. Solidification growth
morphology can be divided into faceted, typical of non-metal and intermetallic materials, and
non-faceted, mainly present in metals. During the solidification of a non-faceted material, such
as metal, atoms can be added easily to any surface point. The crystal shape is dictated mainly
by the form of the heat and solute diffusion fields. Non-faceted growth reflects the

independence of the atomic attachment kinetics with respect to the crystal plane involved [69].



Nevertheless, a remaining slight anisotropy in properties such as the interface energy
and atomic attachment kinetics leads to the appearance of dendrite arms along with specific
crystallographic directions. When formed from a solution or vapor, a material that produces
non-faceted crystals can produce faceted crystals.

(a)

liquid

Non-faceted solid/liquid.i.mcr.facc
(rough surface) (a=AS/R<2)

(b)

Dendrite morphology

Faceted solid/liquid interface
(smooth surface) (e=AS/R>2)
® Solid atoms  © Liquid atoms  ---- S/L interface

Polygonal morphology

Figure 2.2 The interfacial form between liquid
and solid: (a) Non-faceted growth; (b) Faceted
growth [9].

Solute redistribution plays a crucial role in the solidification process as it influences
various aspects such as grain length scale, morphologies, phase distribution, and
microsegregation [70]. For instance, the process of diffusion can significantly impact the solute
balance within the alloy, depending on whether it occurs during the solid or liquid phase. [71].
Furthermore, during undercooling events, the redistribution of solutes noticeably affects the
shape of the dendrite tips, resulting in varying degrees of microsegregation along the entire
dendrite structure. [72]. The solute distribution is dependent on thermodynamic and kinetic
parameters, highlighting the complex interplay between these factors. During the solidification
of metallic alloys, solute redistribution appears when there are differences in solubility in liquid
and solid phases. This redistribution is influenced by factors such as the composition content

percentage and temperature at a constant pressure. [73].

In a solidified body, these gradients in chemical and phase compositions are evident on
the first solid germs (the dendrite core) and the last drops of liquid (interdendritic regions) [19,
73, 74]. Depending on the material and final application, the effects of this redistribution, such
as enrichment of certain alloys in the intercellular regions, precipitates, and refinement of
morphology and size of microstructures, can have a beneficial or a detrimental influence on the

final properties.

In practice, metal alloys rarely solidify with a flat liquid-solid interface. The interface

is usually bumpy or treelike. These interfaces, along with the flat interface, present a non-

7



uniform in composition in solidified metal alloys, which also leads to microsegregation [30,
75-79].

The events that are part of this phenomenon are better understood when plotted in a
phase diagram. Suppose an ideal transformation phase diagram, where the solid and liquid
equilibrium is maintained at the solid-liquid (S/L) interface throughout solidification. The
composition of Cs and C. follows the slope at any temperature T. In that case, we can define
the equilibrium segregation coefficient, k as follows:

Equation 2-1
Cs and C_ are the solid and liquid compositions at the S/L interface, respectively. Segregation

coefficient is assumed constant, that provides a good approximation for many practical
applications.

Basically, the phase diagram tells us how much solute can be placed in each phase (S,
S+L, L). Figure 2.3 shows two different situations (a) if k < 1, Cs and Cy both increase as
temperature T of the S/L interface drops during solidification, (b) for k > 1, Cs and C. both

decrease as temperature T of the S/L interface drops during solidification.
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Figure 2.3. The phase diagram shows the behavior of the equilibrium partition ratio k in an ideal binary
phase diagram [19].

Constitutional supercooling: Microstructures formed during solidification are divided
into four basic types, namely planar, cellular, columnar dendritic, or equiaxed dendritic. The
formation of these structures is closely related to the changes in constitutional supercooling
(CS). That, in simple terms, is the process of lowering the temperature of the melt below its
freezing point just after it becomes a solid. As it increases (temperature decreases), the modes

passing from planar to cellular, columnar dendritic, and equiaxed-dendritic.



The conditions necessary to define the morphology of the interface can be estimated
from the following inequality. This expression is defined to promote planar coupled growth.
G AT
J— 2 R
R™ D,

Equation 2-2
where G is the liquid temperature gradient, R is the interface speed or solidification growth rate,
AT is the equilibrium freezing range of the alloy in K [temperature difference between liquidus
and solidus for the original alloy composition (T.-Ts)], and Dy is the liquid diffusion coefficient
[19, 78] Figure 2.4.
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Figure 2.4 Constitutional supercooling: (a) phase diagram;
(b) composition profile in liquid; (c) liquidus temperature
profile in liquid [19].

When constitutional supercooling is present, the interface between the liquid and solid
takes on cellular or dendritic morphology. For conditions of growth where the ratio G/R is only
slightly smaller than the ratio AT/Dy, the interface is cellular. For conditions of growth where
the ratio G/R is much smaller than the ratio AT/Dy, the interface becomes treelike or dendritic

[19, 78].

2.1.3 Texture evolution in additive manufacturing

S. Suwas and R. J. Vikram [12] studied the texture evolution in metallic materials during
AM processes and tried to extract generalities from PBF and DED processes. However, each
discovery must be dealt exclusively with the process parameters and family of alloys for which

the research was carried out.

As mentioned above, temperature gradient (G) and solidification growth rate (R) are the
main indicators for modeling and tracking, microstructure, and texture. The ratio of (G/R)

determines the solidification mode (morphology of the solidification microstructure [30]), and
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the product (GxR) is the scale of solidification (cooling rate T [30], thus the size of the
microstructure). The physical representation of G and R metrics in the AM process is the melt
pool, and the input parameters of the system, such as scanning speed, beam power, particle size
distribution, powder layer thickness, and the overlapped distance between laser raster (hatch

distance) [66] influence the melt pool dynamics solidification (R) and cooling rate (G).

Usually, the parameters described above are encompassed in a single metric called
energy density (ED) [J/mm?] [30, 80, 81]. It is typically used to determine the energy threshold
beyond which the material achieves almost full consolidation, but just in a semi-quantitative

manner.

Heat source Travel direction of the heat source

=
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Figure 2.5. (a) Effect of temperature gradient G and growth rate R on the morphology and size of
solidification microstructure; (b) Summary of possible nucleation and growth mechanisms and their
effects on the grain structure [27].

By varying ED is possible to shape the growth direction and grain morphology (Figure
2.5), therefore, in theory, it is feasible to produce almost any desired microstructure i.e., planar,
cellular, columnar dendritic, or equiaxed dendritic. The melt pool boundary mainly influences
the structure of the base metal during solidification. Competitive growth dominates the
microstructure as one moves farther away from the melt pool, and this is mainly regulated by
cooling rates [82]. Competitive growth is the other condition in the structure morphology and
crystallographic direction formation. In FCC structures, cellular/dendritic structures tend to
grow preferentially along the (0 0 1) direction due to the lowest atomic planar density of the {0
0 1} plane [69, 83]. This means that during growth, atoms are more likely to deposit on this
plane, resulting in faster solidification along the (0 0 1) || BD direction compared to other
crystallographic directions. Grains exhibiting this texture can effectively hinder the growth of

grains aligned with less favorable heat flux directions. [84, 85].
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For LPBF processes, the columnar grain aligned to the building direction is the most
reported solidified microstructure, this is derived from the dissipation of heat flux from the top

of the material towards the building platform [86].

The final lattice orientation is mainly determined by the size and shape of the melt pool
and the scanning strategy. The intensity and scanning speed of the beam defines melt pool
geometry, depending on the intensity of the laser source the melt pool can have an oval, tear-
dropped, or semicircular shape. The scanning strategy correlates to the easy growth and
maximum heat flow directions, Figure 2.6 shows the results over texture by using two different

scanning strategies.

As mentioned, for a FCC structure in the PBF process, the grain growth aligns with (1
0 0) in the build direction (BD), again, determined by the local curvature of the melt pool
boundary. If the pool has a high length-to-depth ratio, grains will take vertical orientation,
solidification will occur at the melt pool boundary, and competitive growth will dominate away
from the high-temperature concentration. What is important to highlight is the heat flow
direction, owing to the dendrites aligning themselves closely with the maximum heat flow
direction at the solid-liquid interface Figure 2.5(b).

cross snake (CS) cross snake ten (CS10)

(a) (b)
Figure 2.6 EBSD grain orientation maps (a) columnar
grains— strong texture, (b) equiaxed grains—random texture
upon changing the scan strategy [12]

Among the final properties that can be affected by the texture on pieces additively
manufactured are grain size, anisotropic microstructures, the shape of the grains (columnar,

equiaxed), densification, and non-equilibrium microstructures (metastable phases, solute
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trapping, non-equilibrium compositions), residual stresses, metallurgical defects, Young's
Modulus [48, 50, 52, 61, 87].

2.2 Nickel-based superalloys
2.2.1 Superalloys

Superalloys are materials that possess a combination of strength, toughness, creep, and
oxidation/corrosion resistance at high temperatures, beyond about 800 °C. Even though various
compositions of alloys can be denominated "Superalloys™ (iron-nickel, nickel, and cobalt base),
the most common and important are those based on Nickel [88, 89].

a)

Figure 2.7 a) Fully AM thrust chamber assemblies hot-fire tested at NASA MSFC [26]; b)
Heat exchanger made of Hastelloy 2.4605 [32]

The evolution of these alloys was linked to the development of the gas turbine engine
(Figure 2.7 a)), particularly for components such as combustor cans, exhaust nozzles, and
turbine sections, in short, where high-pressure, high-temperature, and harsh environments are
combined [90]. Currently, Ni-based alloys can be found in reactors and heat exchangers Figure

2.7 b) for the chemical, petrochemical, and nuclear power industries.

Nickel possesses several characteristics that make it an excellent choice for materials
requiring resistance to high temperatures and harsh environments. These characteristics include
a high melting point, the ability to form alloys, high temperature strength, and resistance to
corrosion and oxidation. Starting from its Face Centered Cubic (FCC) structure, which
maintains its lattice arrangement the entire range of temperatures up to the melting point [13].

The capability of nickel of dissolving large concentrations of alloying elements is higher
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compared to other metals, it also develops a superior corrosion resistance with the addition of
Cr and/or Al. These attributes allow it to interact with a wide range of elements to develop
alloys for applications where protection from different forms of degradation such as aqueous

corrosion, oxidation, and sulfidation is required.

There is no canonical classification for nickel alloys, however, they are generally
categorized based on their composition. The two primary classifications are Solid-Solution
Strengthened (SSS) alloys and Precipitation Strengthened (PS) alloys, which are considered the
most significant divisions. [91].

2.2.2 Physical metallurgy of nickel-base superalloys

For SSS Ni-alloys, elements such as Co, Fe, Cr, Ru, Mo, Rh, and W, (elements with
similar atomic radii to Nickel no larger than 15%) are added in a low concentration, they prefer
to partition to the primordial austenitic y phase and thereby stabilize it [92]. By substitution
mechanisms, the Ni atoms are replaced at random sites in the lattice arrangement by the
alloying elements, these have high melting points which provide the y matrix with a reduction

in atom diffusion and good lattice cohesion at elevated temperatures [93].

With higher concentrations of elements such as Al, Ti Nb, Ta, and V, precipitation of
coherent intermetallic secondary y" and y” phases happen and provide the alloy with different
properties. This increment in the concentration of the solute makes the alloys arrange
themselves in an ordered manner, occupying the corners of the elementary unit cell. This
arrangement makes dislocation movement and diffusion harder, allowing different mechanisms

for hardening to act.

The »’ - Nis(Ti, Al) is an ordered Li, structure phase that has a crystallographic
mismatching lower than 1% with the y matrix, and one of its most remarkable effects is the
increase of yield strength with increasing temperature up to ~ 800 °C. The y” - NisNb phase
can form in alloys with sufficient Nb additions, but this phase is less stable than the y’ and can
cause orthorhombic 6 phase after prolonged exposure to elevated temperatures, this phase is

associated with embrittlement and loss of ductility [94].

The effects of alloying on Ni-based materials are vast and its study is of great interest
to academia and industry. Table 2.1 and Figure 2.8 contains a quick guide to the known effects

of each element and how they are present in the solid solution, so far.

Many Ni-based alloys with appreciable carbon levels can form various types of

carbides. Carbon is often present at concentrations up to 0.2 wt. %, it combines with reactive
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elements such as Ti, Ta, and Hf to form MC carbides, where M stands for a metal atom such
as Cr, Mo, Ti, Ta, or Hf [92]. But also B, C, and Zr tend to segregate to GBs of the y phase,

because of their marked difference in their atomic size with nickel, which in turn can promote

the appearance of carbides and borides at GBs. [44].

Table 2.1 Summary of the role of alloying elements in Ni-based superalloys [94].

Effect? Element

Solid Solution Strengthener Co, Cr, Fe, Mo, W, Ta
v' - Niz(Al, Ti) Former Al Ti

Solid Solution Strengthening of y’ Cr, Mo, Ti, Si, Nb

v" - NisNb Former Nb

Carbide Formers:
MC and M(C,N)

W, Ta, Ti, Mo, Nb

M7Cs Cr
M23Cs Cr, Mo, W
MsC Mo, W
TCP Phase (o, P, u, Laves) Ti, V, Zr, Nb, Ta, Al, Si
Surface Oxide (Cr20s/Al203) Former Cr, Al
Precipitation
Precipitate ) modification Gralii-
formers Jc;‘:ﬂ:’::f Siiface bou:dr;ry
protection phases
Li | Be Ni
Na KMg cr
\ Co —
Gad sc TR v Lt re /@\
Mo
Rb | Sr BoYZ35ZrA Nb Eﬁ | \

Ce;

T
Cs l;%, 4

Ba Hf i

Tc Y\ Ru {Rh \Pd Cd\

v,
etc’

Grain-boundary
strengthening

Bl
ERBORR s - noA

Solid-solution
strengthening

Figure 2.8 Known effects of the elements in Ni-based superalloys, the height represents the
relative amount that can be present in a system. Beneficial and harmful trace elements are
marked with cross hatching and horizontal line hatching respectively [13]. Colored frames
indicate blue y strengtheners, green y’and y” formers and red carbides and borides formers.

2 Not all these effects necessarily occur in a given alloy.
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2.2.3 GB segregation and precipitation in Ni-based alloys processed by traditional methods

Some properties of polycrystalline materials like grain growth, hardening, corrosion,
and fracture are deeply influenced by intergranular segregation [95]. Precipitates and
dislocations interact to greatly influence the mechanical characteristics of Ni-based superalloys.
Defects in two and three dimensions of polycrystalline materials are closely linked to grain
boundaries. Atoms at the boundary interface with a different orientation create pileups, which
form concentrated two-dimensional disordered faults. These faults can increase the free energy
of the substrate, promoting precipitation of second phases [96]. Moreover, it has been

demonstrated that solute segregation reduces this free energy [97].

On the other hand, GBs represent a transition region where the regular and periodic
arrangement of the lattice of two adjoining grains of the same phase is lost. The atomic structure
at this region is crystal-like and can present different arrangements that are commonly defined
as Low-Angle grain boundaries (LAGB), High-Angle grain boundaries (HAGB), and particular
arrangements of HAGB with a Coincidence Site Lattice (CSL) structure [98]; further details
are in Section 2.4.8. GBs have more free energy than the crystal nucleus due to differences in

the atomic arrangement between the bulk of the crystal and the GB.

Like all metal alloy systems, the arrangement of the atoms looks for a minimization of
the Gibbs free energy. Segregation is a thermodynamically preferred process that reduces
energy, specifically interfacial segregation. This phenomenon involves the interaction of grain
boundaries with crystal defects of foreign atoms. As energy decreases, foreign atoms
accumulate at the limit of solubility in the base material, leading to the precipitation of

secondary phases. [99].

There are two classifications in GB segregation (a) equilibrium and (b) non-equilibrium
[100]. Equilibrium is a phenomenon of a very local redistribution of solutes that results in an
enrichment of GBs. Inhomogeneities in the material lead to sites where solute atoms have a
lower Gibbs energy, giving as a result of equilibrium segregation. These places can be found
at interfaces such as the free surface, GBs, and phase interfaces as well as defect locations,
dislocations, and stacking faults. On the other hand, non-equilibrium GB segregation takes
place through the replacement of solutes in a system with excess vacancies, this occurs as a
consequence of metallurgical operations and it expands over several micrometers beyond GBs
[99].

In the case of precipitation, it follows a similar path as the solidification process with a

spontaneous growth of solute clusters, nucleation, growth, and coarsening stages Section 2.1.2.
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The driving forces for nucleation are the degree of supercooling (enough time and activation
energy) and supersaturation. But, in contrast to the traditional theory, the diffusivity of light
elements (i.e. C and O) gives the possibility that the composition of the precipitate varies during
nucleation consolidation [36]. This situation provides different properties when there is a
cluster of solutes than when they become precipitates. The interesting thing is that these
precipitates and/or clusters can appear at any time from manufacturing to during the service

life of the metal alloy.

The second phase formed immediately after nucleation may not necessarily be the most
stable phase. These fine precipitates emerge during solidification at GBs, driven by processes
such as diffusion, phase chemistry, interface constraints, permeability, and lattice defects [30,
101] The Gibbsian free energy (Gg) is determined by the volumetric free energy, surface free
energy, and chemical potential [6, 102]. But also, when the solidification occurs at GB, it is
influenced by the energy contribution of each grain and the energy at the interface. If the solute
concentration of atoms reaches a lower minimum of this Gg, precipitation instead of grain
boundary formation and/or segregation will occur. In accordance with Kirchheim [102] this

event is expressed in accordance to the following inequality:
(10,000 + 6,000)T, < ¥,

Equation 2-3
Where I'a is the excess energy amount of A at the boundary in mol/m?and y, is the GB

energy in J/m?,

However, it is important to note that multiple transformations can occur from one
metastable phase to another in a step-by-step manner [99]. When an area of the GB reaches
equilibrium, a direct consequence is the cessation of grain growth [102]. The growth,
coarsening, and stabilization of precipitates is a continuous and multi-component process, that
leads to the evolution, transformation, and replacement of precipitates within the solid solution,

due to thermomechanical processes [21].

2.2.4 GB carbides in traditional manufacturing of Ni-based superalloys

In Ni-based alloys, the type of carbides depends on the alloy composition and the
processing conditions employed, some of the most important are MC, MeC, and M23Cs [94].
The M23Ce and MeC carbides have traditionally been linked to carbide strengthening [103]. Ni-
based superalloys which contain carbides have superior creep resistance compared with those
that are strengthened by PS y’ and »" intermetallic phases, and it is documented that the

existence of organized chains of uniformly distributed discrete carbide particles along the GBs
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prevents GBs sliding and migration, in particular M23Ces [104]. There is an interest in finding
the appropriate distribution, structure, and morphology that optimize the properties of a Ni-

based solid solution.

It was established in section 2.2.2, that some elements promote the precipitation of
carbides and borides, but also, other elements influence their structure and morphology. A. K.
Jena et al. [104], have a comprehensive review of these effects. Increasing the concentration of
elements that promote carbide formation leads to the precipitation of carbides in the following
general order:

MC - MyC - My3C,

The MC form is the most stable, and usually, it is formed during solidification, and may
also precipitate in the solid state when the M fraction is Ti, V, Cr, Nb, Ta, Mo, or W. Among
the shapes that the MC carbides can adopt are generally angular, cubic- or diamond-shaped

blocky particles present at GBs and in the matrix.

Moderate and high concentrations of Cr > 18 wt. % lead to the formation of M23Cs at
any stage of solidification, low-temperature HT, as well as after prolonged exposure to heat and
pressure during service. The elements that may become part of the M23Cs 0n the M metallic
radical are (Ni, Co, Fe, Cr)21(Mo, W)2Cs. M23Cs located at GBs, with forms such as films,
plates, or discontinuous irregular particles are associated with harmful effects like poor ductility
and an increased cracking tendency, also cellular morphology or eutectic colonies reduce
ductility, strength, and notch rupture strength. These carbides can form in two different ways,

by decomposition of MeC and MC carbides, and by direct precipitation from the y matrix [105].

Table 2.2. Lattice parameters of different phases in Ni-based superalloys.

Component of the Crystal Lattice
system Structure Parameter Source
A (1x10° m)
H. M. Tawancy [106]
¥ phase FCC 3.580.02 S. Pourbabak et al. [47]
L H. M. Tawancy [106]
M:C, Mo-rich Fcc 11054002  G. Marchese et al.
carbide
[107]
. H. M. Tawancy [106]
M:2C, Mo-rich Fcc 10874001  G.Marchese et al.
carbide
[107]
MzsCs, Cr-rich FcC 1112+022  X.Dong etal. [21]
carbide
MmCn, Mo-rich G. Marchese et al.
carbide FCC 10.58 £ 0.07 [107]
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Both MsC and M23Cs carbides exhibit a similar structure, with a lattice parameter of
approximately 1.1 nm in their FCC structure variants (Table 2.2). It is worth noting that
according to Vergard’s law [108], the lattice parameter of y-phase is dependent on the solute
concentration. This principle also applies to secondary phases with similar stoichiometry, as
indicated in Table 2.2. Consequently, the spacing between atoms in the crystalline arrangement

of the solid solution can either increase or decrease depending on the chemical composition.

But, MeC carbide is more unstable than Cr-rich M23Cs carbide during aging at
intermediate temperatures, particularly documented in HX materials [109]. Content greater
than 6 — 8 wt. % of refractory metals such as Mo and W leads to precipitation of MsC type
carbides [110], with a stoichiometry of (Ni, Co, Cr)s(Mo, W)C. The forms reported for this
type of carbide are blocky particles and the undesirable Widmanstatten morphology that
degrades mechanical properties. The likelihood of the formation of this carbide increases with
the addition of Si.

Even though carbides have been described as stable or meta-stable particles, in reality,
these can be found in different stages of consolidation or transformation. X. Dong [21]
correlates misorientation angle with carbide-type formation, based on the relationship of the
different types of carbides with the y/ ' prime phases in the superalloy SRR99. The main
findings of the study reveal the presence of (Ta, Ti)C carbides, which exhibit a blocky or
needle-like form and are sparsely distributed at GBs. Additionally, (Cr, W)sC carbides with a
blocky morphology are observed, although they are smaller compared to the MC type carbides
and appear in higher concentrations. Furthermore, finer (Cr, W)23Cs particles are also identified
in the microstructure. Another important highlight is that MC carbides are decorated by M¢C
and M23Cs Which suggests that metallic compounds (Cr) tend to segregate out of the carbide in
certain areas Figure 2.9. Regarding the M23Cs, evidence implies that it precipitates easier at 4°

than at 13°.
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Figure 2.9 a) SRR99 Ni-base alloy with MC carbides decorated
by discrete MgC and Mx3Cs particles, b) and EDS line scan
profile red line [21].
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In the sense of the relationship between the preference of carbides to nucleate and the
GB character, it has been found that in HX after a long-thermal exposure of 850° C [58], there
is a strong correlation with the behavior of the precipitation MeC carbides, and highly ordered
CSL X3 GB, as well as Mo segregation in the first instance at random grain boundaries (RGB)

in the vicinity of £3 GB, which in turn can cause the appearance of mu («) phase on GBs.

2.3 Hastelloy X
Hastelloy X (HX) is a SSS Ni-Cr-Fe-Mo alloy that is resistant to creep and oxidation at

high temperatures with the additional advantage of superior fabricability and weldability, which
not all Ni-based superalloys possess. HX is a Haines proprietary composition that was
formulated in 1952 and first used for a Boeing 707 JT-3 engine [34]. This alloy is currently
used in a variety of applications, including gas turbine engine parts such as combustors,

transition parts, and exhaust end components. [17].

HX does not contain any form of y’ or y” phases. The strength developed by this Ni-
based alloy is due to the addition of solid solution elements and carbide formation, the latter is
highly dependent on the composition of the alloy, which in turn will affect the kinetic behavior
and morphology of precipitating phases [108].

The nominal composition for HX in accordance with the Haynes International datasheet
[111] and ASTM international [112] is given in Table 2.3. The presence of this amount of C
coupled with other elements like Mo, Cr, and W (Figure 2.8 blue frame) can promote the
appearance of carbides. Some of these particles nucleate and grow, at the end of the
solidification and in short periods of thermal regimes, J-C Zhao et al. [17] developed a time-
temperature-transformation (TTT) diagram, which gathers the known information regarding
the phase transformation of HX and elaborated C-curves for the behavior of the MeC and M23Cs
carbides, and p and sigma (o) phases (Figure 2.10).

Table 2.3. The composition limits, as specified by Haynes and the chemical requirements outlined in ASTM B
572-06 (2016), are expressed in weight percentage (wt.%).

Ni Cr Fe Mo Co W S Mn C O P S B Nb Al i
Haynes gy 22 18 9 15 o6 YO L0 4y . - oo 05 05 0I5
Int max max max max max
NS L, D5 10 80 05 02, g, 005 o oo
NO06002 ' max  max ' '

230 200 100 25 1.0 0.15
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Figure 2.10 Hastelloy X TTT diagram [17].

This work also offers evidence that MnCn, carbides precipitate primarily on GBs, as well
as that x and o phases. The u (AsB7) and o (A2B) phases are recognized as topologically close-
packed (TCP) phases, generally formed during thermal processing and/or during long-term
service, these phases are not desirable since they can promote premature failure. TCP phases
can have a wide variety of stoichiometries, generally speaking, they have a base chemical
formulae AxBy, where A and B are transition metals, such that A falls to one side of the group

VIIB column defined by Mn, Tc, and Re and B falls to the other.

2.3.1 Hastelloy X manufactured by LPBF and GBs carbides behavior

Segregation kinetics in AM work differently than their wrought counterparts, as
mentioned earlier in this text, the main differences come from the speed at which melting and
solidification happen, as well as the intrinsic thermal cycles imposed on the system, caused by
the continuous melting and reheating inherent to the process itself, and the flow heat through
the previously deposited layers [113]. This aspect, linked to the chemical composition of the
HX results in the presence of complex carbides not seen in other PBF-processed Ni-based

superalloys, even with evidence that does not agree between similar conditions.

Almost all the study of the evolution of carbides in HX has been inextricably linked to
the performance of HT, particularly aging. The above is due to the HT suggested by the
manufacturer to homogenize the microstructure or the anticipated service conditions where HX
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is commonly exposed to high temperatures. However, this study primarily reports on the

microstructure observed in the AB condition, unless explicitly stated otherwise.

For instance in the work of Harrison et al. [114], with the aim to reduce the micro-
cracking density, the group optimized the LPBF scan strategy, and modified the base chemical
composition of HX, reducing tramp elements (O, N, Cu, Pd, and P) and increasing small
amounts of substitutional solid solution strengthening atoms (Cr, Mo, Co, and W). The main
result was about a 65% reduction in micro-cracking density in the compositionally modified
sample in AB condition, due to the increasing Thermal Shock Resistance (TSR). But they also
reported that there was no segregation or secondary phase precipitation at GB in both the
unmodified reference sample and the compositional modified sample, just by optimizing the
scanning strategy. The explanation they provided is that the solute trapping had occurred by
imposed rapid solidification conditions, and thus secondary precipitate formation was

suppressed.

D. Tomus [44], on the other hand, proposed the reduction of minor alloying of Si <0.11
wt. % and C <0.01 wt. % in the HX composition, in order to reduce the hot tearing propensity.
This detrimental propensity is attributed to the presence of Mo-rich MsC carbides linked to the
enrichment of GB with Si. The main finding in the control sample without compositional
modification (C~0.006 wt. %) is the observation of MC carbides decorated with traces of ¢
phase, which is associated with the formation of micro-cracking. Q. Han et al. [115], with the
same approach as Tomus, printed lattice structures with limited wt. % in Si, Mn, and C in HX
composition, with a combined amount of these three elements of 0.2 wt. %, and confirmed the
presence of Mo-rich carbides, on micro-crack areas at GB, confirming that element segregation
occurs at the GBs during the rapid solidification process. No traces of Cr-rich carbides were

found, maybe because parameter processes did not give time for M23Cs carbides to precipitate.

Marchese et al. [107] in their study of LPBF-HX-AB found the presence of MeC, M12C,
and MnCn, carbides type with a size up to 500 nm and globular and elongated shapes, they
detailed the rejection of elements with high susceptibility to segregation (i.e., Mo, W, C, Si)
from the bulk to interdendritic regions and GBs, this rejection as a result of continuous heating
and cooling cycles from the deposition of new layers the that promotes the formation and
coarsening of carbides. The formation of Mo-rich MeC carbides occurs during the last stages
of solidification, while both Mo-rich MsC and Mo-rich M12C are typically found in heat-treated
HX alloys Figure 2.11.
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Primary solidification After more thermal cycles

Figure 2.11. Marchese’s schematic dendritic structure behavior of carbides in AB-condition, and
subsequent thermal cycles.

O. Mata-Sanchez et al. [42], produced crack-free HX-LPBF-AB samples, by
manipulating the LPBF process parameters, with this strategy they achieved sound samples that
withstood the recommended aging treatment without cracks. An important characteristic of the
Mo-rich carbides found along GB was their nanometric size of ~55 nm average, which is one

order smaller than those reported in other studies.

Haines et al. [35] pointed out that elemental partitioning is affected by parameters other
than cooling rates such as solidification velocity, thermal gradient, and undercooling, which
could have provided more information in initial studies, and by reviewing the findings on HX
so far they conclude that during LPBF manufacturing of HX predominantly spherical Mo-
enriched MsC, M12C, and M,Cn, appears, and cooling rate is not a determining factor for the

type of carbide.

As can be seen, by the available literature, there is still no conclusive evidence, of the
exact impact of the process parameters on the final characteristics of the secondary phases. A
large amount of research focuses on the change of one or two processing parameters at most,
and keeping the rest fixed, making it challenging to understand how changing processing

conditions may impact the partition coefficient during the PBF process.

One last aspect that is worth noting, some mechanisms are involved in this process,
firstly the partitioning of elements occurs due to differences in equilibrium composition
between the solid and the liquid phases. The supercooling rates in LPBF do not permit complete
solute trapping, as in the casting process, however, they lead to a non-equilibrium solidification
of elements where certain solutes can be found partitioned into the matrix.
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Figure 2.12. The variation in morphology, size of
cellular segregation structure, and microsegregation
as a function of growth rate and temperature
gradient. Variation from Figure 2.5(a) [30].

It was mentioned that it is possible to achieve almost any microstructure with the correct
scanning strategy (planar, cellular, equiaxed, and dendritic). Moreover, it has been shown that
certain preferred crystallographic orientations exist depending on the values of G/R and GxR
parameters, as well as the chemical composition of the alloy. Finally, another aspect arising

from these factors is the tendency to segregate elements and form secondary phases.

K. Karayagiz et al. [30] raise the fact that the segregation coefficient (k,) increases with
certain solidified microstructures. Figure 2.12, shows a fraction of the diagram of the relation
of the columnar-to-equiaxed transformation (CET) and the variation of G and R, where the
behavior of the microsegregation is depicted graphically as a function of the microstructure.

The kinetics of phase transformation must take into consideration the role that o/f [new
phase (f) in a parent phase ()] interface plays [116]. The atomic structure relationship of the
second phase precipitate changes if this appears within a grain, or if this nucleates at the GB.
Generally, the continuity in the arrangement and the parameters matching the crystal lattice are
denoted in terms of coherency. Precipitates on GBs usually fall in the category of incoherent
or semi-coherent, fully, or partially along all the n-sides interactions of the number of grains in

the intergranular surface.

2.3.2 Defect formation in HX-LPBF-AB
Porosity and cracking are common defects that can be found in HX-LPBF, but they are
not exclusive to the LPBF process or the HX alloy. These issues are commonly encountered in
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AM fabrication as a whole. [48, 117-119]. Due to this reason, both academia and industry are
investing significant efforts in enhancing the LPBF process to ensure greater reliability. The
following is a brief description of the findings regarding the main mechanisms believed to
contribute to cracking, as identified in the aforementioned investigations.

The work of Harrison et al. [114] addresses two processable indicators that lead to
micro-crack formation, namely thermal stability and Thermal Shock Resistance (TSR).
Thermal stability refers to the degree to which a material will deform or deflect for a given heat
input and geometry while TSR refers to the capacity of the material to resist crack development

as a result of a change in temperature for a given heat input and geometry.

D. Tomus et al. [44] elaborated on two primary factors that are drivers of crack
formation and propagation: (i) internal strain accumulation due to thermal cycling and (ii) hot
tearing, a multifactorial phenomenon that can include alloying elements, freezing range,
amount of eutectic phases, and solidification rates.

Q. Hang [115], confirmed the apparition of micro-cracking in HX printed samples, with
limited content of Si, Mn, and C, and also highlighted its preponderance on HAGB Figure 2.13
c). Also, by changing the composition of the HX, was observed an increment of LAGB content

fraction, and also a reduction in yield strength.

Figure 2.13. Different ways to question descriptors by SEM based techniques in cracking appearance HX, (a)-(b)
BSD-SEM micrographs, (c) GB character map (d) EBSD grains colored [29].

What could be considered the principal theory of Marchese et al. [107] regarding
cracking causes and propagation in HX-AB, is the presence of carbides in conjunction with the
high thermal residual stresses inherent to the LPBF process.

O. Sanchez-Mata et al. [42], recognize that the cracking susceptibility of HX is
influenced by a mechanism similar to that observed in welding processes. This mechanism
involves the formation of a liquid film over an intergranular region containing low melting

point eutectics.
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As has been stated in the paragraphs above, the main solutions currently used are
tailoring the base chemical composition of HX [29, 44, 114] and adding ultra-fine equiaxed
inclusions [120]; secondary post-fabrication routes, like hot isostatic pressing (HIP) and heat
treatments (HT) [29, 46, 47, 54, 121-123]; and by manipulation of input parameters during the
AM process [53, 81, 114, 124].

Each of these solutions has its own advantages and disadvantages. It has been
documented that altering the chemical composition and introducing additional elements to the
base elemental composition can potentially degrade mechanical properties. This presents a
challenge for materials scientists and engineers who need to determine the optimal amounts of
these additives to avoid negatively impact the established composition that has proven
effective. With HIP porosity can be closed, however, surface cracks and open porosity remain,
in addition to this low cooling rates could produce potentially negative effects on tensile
properties, due to carbide formation [122], not to mention the additional cost.

Manipulating LPBF parameters has a promising future to control microstructure and
mechanical properties. Since the inception of the process, there have been successful attempts
to fabricate single crystal components in various materials by carefully adjusting the process
parameters. This highlights the potential for achieving desired microstructural characteristics
and mechanical behavior through parameter control in LPBF. [125]. In this sense, the acquired
knowledge can be transferred to control the GB Character Distribution (GBCD) and to some
extent, the formation of carbides. This means that it is possible to connect AM capabilities with
grain boundary engineering (GBE), allowing for better control over the microstructural features

in the printed components.

2.4 Scanning Electron Microscope (SEM) based techniques principles and

theory
Three primary radiation sources are used for different diffraction techniques in texture
analysis: Neutrons, X-Rays, and electrons. These signals interact with matter in different ways
[126]. The principle behind the SEM is based on the interaction between an electron beam and
a sample. By utilizing various detectors and configurations, the user can examine different
signals and obtain diverse microscopic descriptions. This versatility enables detailed

exploration of samples at the microscopic scale.

The signals coming from the Backscattered Electrons (BSE) have been demonstrated to

provide valuable information on the surface in different ways. Two methods of processing this
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electron-specimen interaction are Electron Channeling Contrast Image (ECCI) and Electron
Backscattered Diffraction (EBSD).

Roughly the principle of SEM is to accelerate a beam current from an electron source
and reduce its cross-sectional diameter or “spot size” through a series of Magnetic Lenses. The
reduction of the spot size must be sufficient so that at the moment of hitting the coupon, the
electron beam interacts only with the features of interest (resolution) and at a certain depth to
emit different signals of each layer, such as electrons with different levels of velocity and
energy, photons, X-ray, Auger electron, radiation, phonon, plasmons, to name the most used.

One of the most useful signals for microstructure characterization, produced by SEM is
the so-called Backscatter electrons (BSE). These are electrons subject to Elastic Scattering
events that interact mainly at the specimen surface. Some characteristics of these signals are
their negligible loss of kinetic energy and change in the trajectory with respect to the normal of
the beam in the range 0-2x radians (0°-180°) with an average of about 2° to 5°, rigorously, the
cumulative effect of numerous small changes in the trajectory gives the final angle (>90°) to

scape of the specimen.

BSE provides information sensitive to the surface, data such as composition (atomic
number or compositional contrast), local specimen surface inclination (topographic or shape
contrast), crystallography (electron channeling), internal magnetic fields (magnetic contrast),

texture (single crystallite orientation), among others, can be resolved from these signals [127].

The remaining electron interactions that exit the sample and result in a significant loss
of energy are referred to as inelastic events. These interactions can generate X-ray emissions
that can be utilized for chemical analysis using a technique called Energy-dispersive X-ray
spectroscopy (EDS) [127].

ECCI offers excellent spatial resolution, comparable to EBSD. In fact, depending on
the electron source, the spatial resolution can be similar to that of Transmission Electron
Microscopy (TEM) [128]. ECCI operates based on electron contrast mechanisms, and with

careful setup, it becomes possible to discern small features such as dislocations.

The EBSD technique has been popularized because it characterizes and localizes
individual grain orientations, local micro and macro texture, point-to-point orientation
correlations, phase identification, and spatial distribution [129]. Also, the advantages of its
performance, like concurrent rapid scanning, automatic signal indexing, and visual mapping

interface, place it as the backbone of most microtexture research [126].
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EDS (also known as EDX and EDAX), broadly, measures the energy of the
displacement of electrons from an outer to an inner shell in an atom. The vacancy of electrons
is promoted when the SEM electron beam impinges on any orbiting electron in the atom, the
energy difference of the transition is unique in each element and shell, so the intensity of the

signal gives a fingerprint of the element in question [130].

2.4.1 Electron Channeling Contrast Imaging (ECCI)

Electron Channeling Contrast Imaging (ECCI) is recognized as a forerunner of the
EBSD technique. Nowadays, ECCI has been developed as an independent characterization
method that complements EBSD imaging since it is used to take advantage of the BSEs. These
signals are known as “Kikuchi-like” bands or Electron channeling patterns (ECPs). The term
channeling comes from the description of the motion of charged particles inside a crystalline
lattice [131-133].

In crystalline materials, the contrast is modulated by acceleration voltage, the atomic
density of the material, surface inclination, angle of recording, and more important by the
orientation of the crystal lattice with respect to the primary beam direction. When SEM is used,
what the backscatter detector measures, is the density of electrons that are incoherently
backscattered out of the primary Bloch wave field by the atomic nuclei in the crystal. As a
result, specific crystal orientations backscatter more electrons than others, resulting in

orientation contrast [20].

The primary beam electrons are Bragg scattered within the crystal lattice and form a
lattice-coherent electron wave field that can be treated mathematically as Bloch waves, which
describes the high-energy electron density distribution that is present in a crystal Figure 2.14.
Bloch waves have different spatial distributions, additionally, this approach bears into
consideration two types of beams; (1) waves have higher kinetic energy, and (2) waves have
higher potential energy, these waves have different characteristics depending on their location
inside the lattice.
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Figure 2.14. Schematic representation of the Bloch wave
theory for the formation of defect contrast for (a) a SF bound
by two Shockley partial dislocations and (b) for an edge
dislocation [20].

It is assumed that the effect of a crystal lattice may be represented in terms of channels
or paths where the particle can ideally penetrate to a higher depth before scattering. The
misalignment between columns of the lattice will be visualized as a contrast in the image.
Depending on the depth of the defect below the surface, backscattering is stronger or weaker,
leading to intensity oscillations in the image in terms of brightness degradation. The

mathematical development can be found elsewhere [20].

Electron channeling can be carried out in both high-tilt and low-tilt configurations,
preferably using EBSD (ECCI under controlled diffraction conditions or cECCI) to find the
most suitable crystal orientation to perform the ECCI scanning. Use any suitable backscatter
electron detection apparatus, such as forecaster diode detectors mounted on commercial EBSD
systems or polepiece-mounted backscatter detectors. This method is primarily used to identify
dislocations within the system, and a comparable method is TEM. Application over bulk
samples and a larger scanning area are the advantages of ECCI over TEM, and the main
constraint may be the high-quality surface preparation required.

ECCI has mainly been used to characterize small defects such as nano-twins and
dislocations, but also several works have used it to confirm the presence of nano-precipitates

[134-136], and GB delineation is always a feature to denote via this technique.

2.4.2 Electron Backscattered Diffraction (EBSD)
The EBSD technique is performed with the SEM simply by tilting the specimen at an

angle of 70° to the incident beam and using some additional attachments to detect the elastic
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scattering events or Backscattered signals that produce the Kikuchi Bands, the latter are the

ones used to identify position and orientation of the grains in the specimen.

The main effect of tilting the specimen is to maximize the number of electrons to
undergo diffraction and escape from the specimen (having lost virtually none of their energy)
before being absorbed [23, 126].

As mentioned, the radiation diffracted by a crystal lattice is the foundation of the vast
majority of texture analysis techniques. The essential aspects to be acquired are the symmetric
relationships of the trajectories of the electrons ejected from the sample. With this information,
it is possible to resolve the lattice arrangement and the crystal orientation of a defined volume

for some frame reference.

From the bulk of electrons coming from the beam, only those BSESs’ fractions that meet
Bragg’s law (Equation 2-4) are the most useful for generating distinguishable Kossel cones

derived from Kikuchi patterns Figure 2.15(b).
nil = Zdhkl sin @

Equation 2-4. Bragg’s Law

Where n is the reflection order, A is the wavelength, dna is the interplanar spacing, and
@ is the angle at which diffraction occurs, Figure 2.15(a) depicts the physical interaction among
these parameters.

1
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Diffracted electrons
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Figure 2.15 (a) Diffraction of radiation and relations with Bragg’s law[6] . (b) Schematic Kikuchi patterns
obtained by EBSD and its relationship with projected Kossel cones [31].

Kikuchi patterns are the data generated after a phosphor screen detects electrons (Figure
2.16 (b)). They have a regular arrangement of bright parallel bands (Figure 2.15 (b)), and their
intersections form clearly identifiable zone axes. This regular geometry can be interpreted as a

gnomonic projection of the crystal lattice.
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It is worth noting that clear and high-intensity Kikuchi bands are observed for
undeformed and perfect crystals, just with a slight curvature. On the other hand, in a deformed
microstructure, crystals become distorted; thus, Kikuchi bands lose their sharpness and
contrast. This fact will allow us to understand the study of strain with the EBSD technique later.

(a) (b) (c) (d)

Figure 2.16: EBSD indexing procedure (a) Raw copper Kikuchi pattern, (b) Indexed pattern, (c) Hough transform,
with peaks identified and (d) convolution of pattern in the original image [14].

Raw Kikuchi patterns can be indexed, generally by lookup in databases containing
hundreds of Kikuchi maps, but this manual indexing work is tedious. It should also be noted
that patterns are not perfect and lead to errors; for that reason, an automated evaluation is

preferred.

2.4.3 Hough transformation

It is preferable to convert the acquired signals into data that can be processed and
visualized more efficiently. Although there are several algorithms to detect the positions of the
bands rather than the zone axes, the most preferred is the Hough mathematic procedure which
permits precise localization of a large number of bands in digital Electron backscattered
patterns (EBSPs).

Each crystallographic plane from the sample scanned is represented by a band of the
Kikuchi pattern. The Hough transform algorithm converts the linear bands from the Kikuchi
pattern to points or peaks of the Hough space. With this process, the location of the points is

determined more accurately than the location of the lines Figure 2.16 (c) [23, 57].

The mathematical description of the transform from the coordinate (x, y) of the
diffraction pattern to the coordinate (p, #) of the corresponding bright point in Hough space is

given by
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p(60) = x;cos6 + y;sinf
Equation 2-5.
0e[0,]; pe[—R,R]

Where the direction of the normal vector @ is restricted to the interval [0, z] so every
line will correspond to a unique point in the #-p plane, i corresponds to each pixel of a
digitalized band from EBSP, R is the restricted distance from X-Y origin to the corners of an
EBSP, and p is the length of a vector perpendicular (normal) to a line passing through a pixel i
(distance from the X-V origin and pixel) Figure 2.17. Additionally to the transformation from
(%, y) axes to (p, ) Hough space, there is a third dimension that represents the intensity of each

pixel 1(Xi, Yi) [57, 126, 129, 137].

p; = X;cos0; + y;sin;

(a)

|
20 1S
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Figure 2.17. Cor::alations between (a) straight line described in a cartesian coordinated
system that may be a Kikuchi band and (b) its transformation to a point in a Hough space.

The next step is to identify the Radon space peaks to convolute the original pattern into
one that can be detected with high accuracy Figure 2.16(d). The Original bands have been
converted into a single line, running exactly through the midpoint of the original pair bands,
with different intensities, and the background noise has been removed. This process allows a

reliable and robust mapping of the scanned surface.

2.4.4 Data storage, display, and descriptors

A large amount of data can be characterized and described with the patterns acquired
from the scanned sample. After processing the raw Kikuchi pattern to make it more manageable
in a computing environment, one or more descriptors can be chosen to best represent and
measure the desired features. Among the great variety of descriptors available, this work will
focus on those that represent a crystallographic orientation, misorientation between adjoining

grains, and local misorientation within predefined kernels.

There are two ways to locate the sampling points on a specimen surface (1) the

movement of the entire stage sample holder with respect to the stationary incident electron
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beam and (2) deflecting the electron beam across the stationary sample surface. Measurements

rates can be up to 1s™ and 5s, respectively [126].

A rule of thumb to get an outlook of microtexture, microstructure, and grain
misorientation measurements is to use a step size of one-tenth of the average grain size [138].
More details of subtle orientation shifts within a grain require a smaller step size, therefore

more time-consuming post-processing labor and computer storage.

Each digital sample point is stored in the computer memory with a regular pixel-based
grid of the Kikuchi patterns indexation with its orientation, spatial coordinates, intensity, and
often a pattern quality index. While the sampling area is scanned, the orientation map is built

up pixel by pixel as each of them stores the information mentioned above.

The pixel map can be constructed using two grid patterns, either square or hexagonal,
as shown in Figure 2.18 This enables the software to deconvolute the misorientation measures
for the set of pixels within the grain and determine the mean orientation. The hexagonal grid
offers an advantage as it provides more nearest neighbors, making it easier to delineate
interfaces. [126, 127, 139].

Figure 2.18. Square and hexagonal grid and their respective order of
neighbors [8] .

2.4.5 Pole Figures

Pole figure (PF) is one of the conventional methods to depict texture, especially in the
metallurgy field, it is relatively simple to interpret the information displayed, and several
textures have a relation with a particular property of interest well known among the scientific
community [129]. The PF is a two-dimensional stereographic projection in which the position
and density of a particular crystallographic plane are plotted in relation to a specific frame of

reference, generally to the specimen geometry [140].
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The description of the crystallographic system and directions involves the Miller-
Bravais indices notation (hkl) [uvw], [5, 11] and this will be displayed to denote the reference

frame and the position of the crystallographic orientation in the circle.

The representation of the reference plane depicts the symmetry of the crystal itself,
which means that the reference sphere is divided into spherical triangles by the crystal
symmetry planes, which is the base of the inverse pole figures (IPF). Giving the coordinates of

the spherical reference surface to correctly interpret the PF.

Figure 2.19. Process to elaborate a Pole Figure, (a) imaginary single crystal cell; (b) normal
projection of crystallographic planes onto circumscribed sphere; (c) pole point location on the
sphere surface (d) Pole figure projection [11].

Usually, it is set to the specimen geometry in terms of rolling or building direction (RD
or BD), transverse direction (TD), and normal direction (ND). The density distribution of the
crystallographic planes in the specimen can be related to the reference plane and its family

planes. This statistical information allows us to know the degree of the texture in the material.

The PF map serves as a valuable complement to other maps or descriptors provided by
EBSD. The term fiber texture is an additional note regarding PFs, and it refers to pole figure
representations in the form of continuous band orientations, described by specifying the
crystallographic direction (uvw) from materials that show rotational symmetry; such direction

is parallel or nearly parallel to the axis deformation [140].

2.4.6 Inverse Pole Figures (IPF)

IPF represents the texture in relation to the crystal axes instead of the specimen
geometry. The projection plane for an inverse pole figure only shows the distribution of the
planes in a stereographic triangle Figure 2.20. These spherical triangles have different units
representation for each crystal system. For instance, there are 48, 24, and 8 crystallographically
equivalent stereographic unit triangles in the cubic, hexagonal, and orthorhombic systems,
respectively. Even though this is a simple representation of the crystallographic plane density,

its impact is more significant when combined with orientation maps.
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Figure 2.20. Normal-direction inverse pole figures for the three textures,
Miller indices in the figure refer to directions in the local crystallographic
frame. (a)A cube texture, and (b) the stereographic triangle. (c) A copper
texture, and (d) the stereographic triangle. (e) A brass texture, and (f)the

stereographic triangle [2, 5].

2.4.7 Image Orientation Mapping (IOM)
Orientation mapping is one of the most popular resources of the EBSD technique. Not

only does a map have great visual appeal, but it also gives access to fully quantified orientation

statistics. With this information, the user can correlate information spatially located point to

point, such as individual grain orientation, misorientations, interfaces, perturbation/strains

within the grain, and size/shape, as principal aspects.

(b)

001 ”n 001 "

Figure 2.21. 3D reconstructed IPF maps of (a) PBF-EB and (b) PBF-
LB specimens, and their orientation corresponding to each cartesian

plane [24].

Briefly, the software endows each feature with a particularly distinctive, for example,

color, grayscale, and even a tiny representation of the crystallographic system. With the aid of

a color key or bar scale, it is possible to decode the spatial location of such characteristics into

the map.
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In the inverse pole figure (IPF) maps, it is possible to distinguish the shape of the grain,
boundaries, and growth. By correlating the coordinate system with a reference frame external
to the sample geometry, and subsequently linking this to the manufacturing orientation, the
interpretation of grain behavior can be facilitated. In Figure 2.21 it is possible to visualize the
three dimensions of the texture orientation of electron beam powder bed fusion (PBF-EB) and

laser-based powder bed fusion (PBF-LB) samples.

It is worth noting that almost all descriptors, i.e., Euler angles and Rodrigues vector,
can be represented by PF, IPF, and orientating maps.

2.4.8 Misorientations and interfaces

Even though interface boundaries could seem evident in an orientation map, due to the
change of color between lattice orientations, it is possible to depict GBs showing different
parameters. The relative orientation between two crystals is given by the necessary rotation of
a crystal that brings it into the same orientation as the fixed-referenced crystal. The
conventional description of the rotation of the angle/axis pair associated is the smallest

misorientation, also known as disorientation.

The first classification of GB character is based on its simple degree of misorientation,
high angle grain boundaries (HAGB) > 10°~15°, and low angle grain boundaries (LAGB) <
10°~15. Up to 10 to 15° of misorientation, the GB energy is known to grow linearly; the model
that supports this threshold is related to the size of the Burgers vector |b| and the dislocation

spacing D by the expression:

sin‘9 = bl

2 2D
Equation 2-6.
Elastic continuum theory describes the dislocation energy, since dislocations lose their
character as 0 increases, dislocation theory cannot be employed to further define GB structure
beyond 13° to 15° [141], thereafter, the energy cusps appear at specific CSL misorientations

essentially regardless of HAGB misorientation [126, 142-144].

Another characteristic that can be represented and quantified with the EBSD imaging
data is the Coincidence Site Lattice (CSL). This attribute describes the point arrangement when
two crystal lattices bring into a coincidence in one point, that in consequence, has the same
coincidence point in a certain regularity (Figure 2.22). The notation to classify CSL is the
reciprocal density of coincidence sites ) . By convention, values greater than 29 are considered

random, and values less than this are considered low sigma CSLs.
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Figure 2.22. Structures within a lattice that coincide between
two grains to evaluate the Coincidence Cite Lattice (CSL) [15].

These coincident arrangements have a significant effect on the interfacial energy.
However, it is important to note that interfacial energy is a variable parameter that changes as
the misorientation between two crystallographic orientations approaches a coincidence site
lattice (CSL) condition (Figure 2.23) [15, 143, 145]. Moreover, segregation can also affect
interfacial energy by flattening the peaks and valleys in its behavior [144].

without
segregation

with
segregation

Boundary energy

Misorientation
Figure 2.23 The schematic diagram illustrates the energy-
misorientation relationship at GBs and the impact in the
presence of segregation.
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It is noteworthy that CSL and > notation are useful if accompanied by other descriptors
since there is no direct correlation between this kind of arrangement to any specific

macroscopic property (Figure 2.24).

In-situ grain boundary engineering during additive manufacturing

AllGBs M
Habit planes

001 101

Figure 2.24. (a) IPF map and distribution of the GB planes irrespective of misorientation,
expressed in the crystal lattice frames. (b) magnification of GB distribution map depicting
specific boundaries, and GB character distribution [22].

Another effective method for visualizing the interconnection of GB in a network is
through the representation proposed by S. Patala et al. [146, 147] for homophase
misorientations. In this representation, a series of stereographic triangles are used to illustrate
the misorientation angle and axis between two neighboring grains. The triangles are arranged
in a sequence of increasing color shades, with darker shades representing larger misorientation

angles.

The location of the misorientation axis is represented by a point on the stereographic
triangle, and the orientation of the boundary plane at which the rotation axis is located is
represented by a color key. The linkage between the stereographic representation and its
location within the map is provided by the color tone and shading along the grain boundary

which intuitively represents the gradient angle/axis pair [6/(uvw)].

2.4.9 Intragranular misorientation
Typically, intragranular misorientation parameters are widely used for the failure
analysis of metallic materials. The orientation gradient angle/axis pair [0/(uvw)] is the most

common descriptor for misorientations in EBSD analysis. A complete assessment of deformed
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microstructure must be described in terms of misorientation since its variations are a good
indicator of dislocation density and material distortion in metallic materials, in other words, the
strain [22, 23, 119, 148].

The effects of the strain on the crystal lattice could be divided into two types, elastic
strain (lattice imperfection) and plastic strain (lattice bending). Elastic strain is a non-permanent
deformation, and its main effect on Kikuchi patterns is degradation in the form of blurring of
the edges of the diffraction bands. This imperfection is a pretty small signal, resulting in only
a pixel or two shifts in the zone axis positions, so high-resolution images are needed for the

correct assessment.

(a)[ Giain[B Gifain|c

ool @y Jou] AG

Grainj/A

Grainle | | Grpin|D
Figure 2.25. Definitions of KAM and GROD based on the square data structure, and examples
of (b) KAM map and (c) GROD map [23].

In order to ensure consistent deformation within a polycrystalline material, voids and
overlaps between individual grains are corrected by accommodating a portion of dislocations
as geometrically necessary dislocations (GND). These dislocations are stored to compensate
for the orientation-dependent anisotropy that would otherwise lead to their formation. [149].

Several methods characterize the strain distribution in the material, as previously stated.
Residual strain manifests as local variations in lattice orientation, so some regions with high
concentrations of low-angle boundaries indicate areas of concentrated GND density that may
be described by local misorientation analysis. Different methods are generated from these
studies for identifying certain aspects.

There are two basic types of local misorientation analysis: grain-based and kernel-based
Figure 2.25(a). The characteristics of the sample, including grain size, as well as the SEM
settings such as step size and angle misorientation threshold/core size, will determine how the

software algorithm clusters pixels.
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Grain reference orientation deviation (GROD) is typically defined as the misorientation

between an individual point and the intragranular reference point Figure 2.25 a) and (c) [60].

Kernel average misorientation (KAM) is defined as the average misorientation between
a kernel point and its surrounding points, excluding those out of the GB Figure 2.25 (a) and
(b). itis usually regarded as a qualitative description of GND density distribution in both single-

crystalline and polycrystalline metallic materials [148].

Also, these two descriptors can be divided into other descriptors depending on the
reference point and the magnitude of the comparative measure with its neighbors. The
information of descriptor and meaning of maps like grain orientation spread (GOS), grain
average misorientation (GAM), kernel orientation spread (KOS), kernel average neighbor
misorientation (KANM), and kernel average center misorientation (KACM), can be found

elsewhere [60].

2.4.10 Band contrast or Image Quality map

BC or IQ is a metric that describes the quality of a diffraction pattern. An 1Q map is
constructed by mapping the 1Q value measured for each diffraction pattern obtained to a gray
or color scale during an OIM scan. Another is the sum of the peak sharpness of all detected
peaks in the Hough transform. This parameter provides information related to local crystalline
perfection, sample preparation, surface contamination, phase, and orientation information [1,
126, 140].

Image quality maps, also known as band contrast images, highlight details like grains,
grain borders, and surface imperfections that are not evident in secondary electron images
[126]. 1QnT averages Hough transforms intensity peaks; Intensity mean of the pattern (IQw),
intensity deviation (1Q.), and entropy (IQg), per S.I. Wright [1] are metrics that describe
different aspects in a BC/IQ map. 1QwT, provides the best description of GBs and strain, whereas

the pattern intensity means, 1Qwm, provides better phase and topographic contrast Figure 2.26.

Figure 2.26. (a) 1QwuT, (b) IQwm, (¢) 1Qs, and (d) IQE, maps of the Al-Cu reaction zone sample. [1,
2]
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When working with EBSD, this descriptor is typically employed as a background; however, it

possesses inherent value on its own.

2.4.11 Energy-Dispersive X-ray spectroscopy (EDS)
Through a simple Bohr model of the atom, it is possible to develop the theory of X-Ray
emission, the model mentioned is not accurate in all of its aspects, but it fits well to describe

the processes and behavior of the X-rays.

Essentially, two processes act in the emission of X-rays, i) the bremsstrahlung or
continuous X-ray process and ii) the inner-shell ionization process, the latter provides the
characteristic X-rays [127]. The Bohr atomic model suggests the presence of multiple electron
shells surrounding the nucleus. Each of these shells accommodates a specific number of
electrons, which is determined by their respective energy states. These electrons orbit around
the nucleus composed of protons and neutrons. These shells are named with letters of the
alphabet starting from the inner K-shell (the closest to the core) and so on outwards L, M, and

N: there could be sub-shells from M forward.

The electrons positioned on each shell, have specific binding energies which maintain
them orbiting, removing them from their place requires the energy of at least this binding
energy. By removing the electron with another accelerated electron, the vacancy needs to be
replaced by an outer-shell electron. The difference in the energy caused by the transition is
released by one of two mechanisms, i) the Auger process and ii) photon electromagnetic
radiation, the latter mechanism has a sharply defined energy, and it is possible to identify which
shell the electron came from. The K, X-ray arises from a transition from the L to the K shell,
the Ky X-ray arises from a transition from M to K, the L, from M to L, and so on [127, 130].

To detect the signals is required lithium-drifted silicon (or Si (Li)) or a high-purity
germanium (HPGe) detector. The detector will register the total charge produced by each X-
ray photon and convert it into a single voltage or digital pulse so that it can be read by software

for post-processing or rendering purposes.

From the EDX/EDS signal, the user can obtain a map that colors each element,
combining it with the morphology features, and it is possible to visualize the homogeneity and
elemental distribution in the solid solution (metallurgy). In addition, a spectrum of functions
can be represented that depicts the count of each shell of the type of atom. Where the Y axis is

the number of counts, and the X axis is the distinctive energy of each shell of the element.
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Figure 2.27 BSE SEM-based image and EDS elemental map of a GB of RR1000 Ni-superalloy, where two M23Cs

and o phases are identified [16].

The bigger the peak means the more of that element there was. The units can be in

weight percentage or atomic percentage.

The major drawbacks are that this is a qualitative characterization technique, and it is
not possible to get an exact stoichiometry. Furthermore, light elements like H or Li are not

detectable.

2.5 Summary

This chapter provides general knowledge on AM technology, Ni-based superalloys, and
characterization techniques to focus on the manufacture of HX-LPBF-AB parts, their evolution
in solidification, driving forces, and aspects that affect their characteristics, as well as the main

challenges to overcome, or how they are currently tackled.

Carbides located at GB have been extensively described in this work, as has been tried
to set, there is a consensus among researchers on the fact that MeC carbides play an important
role in the formation and propagation of cracks, defects that have been stopping the progress

of AM in a generalized use of Ni-superalloys in more critical applications.

With the aid of SEM-based characterization techniques described in subsection 2.4, the
work done in the following chapters is based on the understanding of the interaction between
the electron beam and its subsequent diffraction from the sample and knowing how each feature
is represented in the final image. Therefore, this could give one an idea of whether the scanning
was correctly done and if it is coherent with the phenomena or the contrary if there were
deficiencies in sample preparation, SEM essential electron beam parameters selection, or post-

processing.
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Elaborating on the association of ideas stemming from the topics described in this text
is of utmost importance to understand the effects of carbides located at GB, their occurrence,

and the specific characteristics that promote cracking.
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Chapter 3 Experimental Methodology

This chapter will discuss sample preparation, equipment for data acquisition, and post-
processing methods used to characterize the density, morphology, and distribution of carbides
located in GB.

3.1 Materials

The material used in this work was taken from crack-free HX-LPBF-AB samples
manufactured by P?[AM]? team, further details in [150]. The chemical composition of the
powder used is shown in Table 3.1. The samples were processed in a Renishaw AM400 LPBF
system equipped with an Nd: YAG laser operating at a maximum power output of 400 W with

a beam diameter at a focus of ~ 70 um, and an equivalent volumetric ED of 165 J/mm?3[150].

Table 3.1. HX powder chemical composition as certified by the manufacturer [150].Table 2.3

Ni Cr Fe Mo Co W Si C @) P S

This Bal. 21.2 17.6 8.8 2 0.7 0.2 0.06 0.02 0.002 0.002
work

3.1.1 Metallographic Specimen preparation

The original shape and size of the sample printed was a 50mm x 50mm x10mm block
from which a specimen of approximately 1mm x 4mm x 9.5mm, was extracted using a Buhler
IsoMet™ slow-speed precision cutter (Figure 3.1 a)). These dimensions correspond to the
coordinate system X, Y, and Z, where the Z-axis is the building direction (BD). The YZ plane
was selected for analysis as the cracks tend to form along the intercellular and intergranular

regions, which are parallel to the BD.

Figure 3.1 a) Low speed precision cutter, b) Polisher

The sample for SEM analysis was prepared by performing a standard metallographic
procedure. The extracted sample was mounted on a cylindrical SEM mount, stuck with super
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glue, mechanically ground up to a smoothness obtained by a 1200 grit silicon carbide paper,

and polished using successively 9 um, 3 um, and 1 um diamond suspension.

3.2 Electron microscopy characterization

Cold-Field Emission gun (CFEG) Scanning Electron Microscopes (CFEG-SEM) SU-
8230 (Figure 3.2) and cold-field emission scanning (transmission) electron microscope (CFE-
S(T)EM) SU-9000, were used to scan the sample described in Section 3.1. Their characteristics
and performance such as high brightness and good quality in observations at low voltage,
owing to their CFEG, make them ideal for the identification of small features at nanometric
scales. Some technical features are free flashing operation for up to 12 hours, no change in
beam focus or alignment, and an excellent signal to noise (S/N) ratio. The properties of the gun
are cold cathode, energy spread 0.2 ~ 0.3 eV, brightness 2 x 10° A/lcm? sr, and an average of 5
nm [151].

Figure 3.2. Cold Field Emission Gun
Scanning Electron Microscope (FEG-
SEM).

Spatial resolution is a crucial factor in the characterization of carbides. Although a
previously reported average carbide size of approximately 55 nm was documented in Section
2.3.1, a preliminary scan revealed the presence of smaller particles, with an average size of

around 10 nm.
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When working with BSE and X-rays mode in SEM, the resolution will be limited by
the diameter of the diffusion cloud of electrons within the sample. The smallest feature that can
be resolved will be in the function of the specimen geometry; crystallographic orientation with
respect to the electron beam; topographic accidents, homogeneity and distribution of the

highest “Z” number; and accelerating voltage [152].

(a)
Objective
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o SE detector
SE2+SE3 k
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BSE escape ¢ depth
volume . R
Interaction
volume

Figure 3.3 a) Diffusion and penetration of the pear-shaped cloud, as well as limits at which the BSE fraction
interacts and escapes from the sample [3]. b) Change in shape of interaction in EBSD when tilted 70° [25]

There are various criteria to define resolution in ECCI and EBSD context, the
resolvable feature size is determined in the sample plane and is referred to as spatial resolution
[153], but so far there is no standard model to simulate or calculate it. On ideal conditions using
ECCI has been reported lateral resolution of 10 — 20 nm, and an angular resolution from 5 to
10 mrad [20], with High-resolution electron backscatter diffraction (HR-EBSD), about 20 — 50
nm of spatial resolution [23] and 0.006° on the angular resolution [154]. Generally speaking,
spatial resolution is the function of SEM capabilities while the angular resolution depends on
the method used by the software to deconvolute the signals [152].

The ECCI resolution depends on the contrast relative to the signal background caused
by the extended diffusion, and it is several orders greater than in the EBSD. The main reason
that is thought for this phenomenon could be due to the differences between longitudinal
resolution (Y-axis) and lateral resolution (X-axis), the former is approximately 2.5 worse than
the latter. The difference arises because of the distortion of the spot size to an oval like-shape
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which in turn is an effect of the tilt Figure 3.3 b). In this work, the spatial resolution was

measured using the SmartJ plug-in for ImageJ open-source software.

3.2.1 Electron Channeling Contrast Image (ECCI)

The photodiode BSE (PD-BSE) is a silicon detector based on ultra-shallow p*n boron-
layer photodiodes and with a segmented design. These features improve the performance of
SEM systems increasing BSE signal gain at low voltages [155]. Different configurations allow
filtering of a wide range of BSE energies, which can provide different information from the
interaction between the electron beam and the specimen, such as topographic contrast,
compositional contrast, and channeling contrast [28, 127, 155, 156]. For the ECCI scanning
process, there are three possible configurations as described in the work of S. Kaboli et al. [28]

as shown in Figure 3.4.

Scanning electron beam -8,<8<8, -9,<08<89,
by %% 8> o ¢)

‘ROCkmg electron beam Parallel electron beam

"
I

Crystal planes before tilting

8

i B N -‘.
o7
6<-8, Crystal planes CECA ‘ ‘

—g,<<8, Crystal planes

®

Tilt axis

Figure 3.4. Schematics of three typical arrangements for the electron beam and crystal planes to create a
channeling pattern. in a SEM using PD-BSE detector. a) A scanning electron beam at low magnifications across
the specimen surface. b) A rocking electron beam at one point on the specimen surface. c) Tilted crystal planes

ECCI was performed with no tilt, which means the electron beam axis was
perpendicular to the surface of interest, using the PD-BSE detector inserted below the polepiece
(sample surface parallel to the detector). The channeling conditions in the current study were
not under control, and the orientation of the ECCI and the alignment of the electron beam with

respect to a particular lattice were not considered.

It is estimated that the BSE yield related to Electron Channeling Patterns (ECP)
accounts for about 5% of the contrast in an image at 20 keV [156, 157]. Due to the dependence
of the BSE emission on each of the contrast mentioned previously, the contrast shown in an
image will always be accompanied by some degree of topographic contrast and compositional
contrast. A BSE image (without ECC setup) could provide a better insight into compositional
contrast to identify particles rich in certain elements, the higher the atomic (Z) number, the

brighter it is.
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The working parameters for SEM observations in the ECCI mode were PD-BSE
detector for BSE images and an in-lens SE detector for SE images. Accelerating (Acc).
Voltage=10 kV, and the working distance (WD) = 7mm.

3.2.2 Electron Backscattered Diffraction (EBSD)

Modern EBSD detectors typically comprise a phosphor screen, a planar scintillator, a
high-sensitivity low-light level camera, detector sensors, and a lens positioned directly behind
them. Additionally, forescatter detectors are often included in the setup. [7, 129, 158] (Figure
3.5). Some configurations of EBSD detectors can include CCD (charge-coupled device) chip

inside the camera.

Bellows vacuum Detector sensor
seal (hidden) and lens / fibre-optic
coupling (hidden)

Phosphor Screen

-~

R

ﬁ\ Forescatter

Detectors

Main Detector Body
(includes electronics

and insertion mechanics) Tilting pivot

point Interface flange

Figure 3.5. A typical EBSD detector arrowing the major components [7].

All these features are for the purpose to capture the diffracted patterns of the sample at
the highest resolution, at the maximum speed, and with the highest possible fidelity, using the

least amount of cache memory resources from software and hardware storage.

For EBSD mappings a Bruker eFlash EBSD camera with a CCD camera of 1600 x 1200
pixels binned at 320 x 240 for the EBSD map was used. Step size=36nm, map size=400 x 300
pixels. Acc. Voltage=20 kV, and the working distance (WD) =21mm. Imaging in color using
an ARGUS detector. Indexed with Ni fcc, space group 225, a,b,c = 3.524 A.

3.2.3 Energy Dispersive Spectroscopy (EDS)

The work to convert the energy of each photon of electromagnetic radiation
characteristic of each element and transition shell into a voltage signal of proportional size is
done by the EDS detector. It consists of a collimator that controls the X-ray passing to the

detector, an electron trap that deflects any passing electron, the window is a barrier that keeps
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the vacuum within the detector chamber, an SDD detector that converts X-rays into electrons,

and FET that converts electrons into voltage output [10] (Figure 3.6).

The detector averages the number of electrons per incident X-Ray photon [10, 127].
The process in modern detectors starts when a silicon drift detector (SDD) converts each X-
ray detected into an electron cloud with a charge that is proportional to the characteristic energy
of that X-ray [10]. The same detector drives the formation of electron-hole pairs, and when a
bias is applied, they convert into a charge pulse, then are converted to a voltage signal by the
Field Effect Transistor (FET) preamplifier. Finally, the signal is further amplified and shaped
to be interpreted by the software [127]. One advantage of the latest-generation EDS detectors
is their ability to reduce noise, which is essential for distinguishing peak fluctuations and

avoiding misinterpretations.

ANl 2 Electron trap

‘L\

4 SDD sensor 1 Collimator

D

5FET

Figure 3.6 Schematic diagram of the principal parts of the EDS detector [10].

EDS map was carried out in Hitachi (CFE-S(T)EM) SU-9000. High angle in-lens BSE
detector (HABSE, top detector) for BSE images, in-lens SE detector for SE images. Acc.
Voltage=2 kV, the working distance (WD)=20mm. EDS detector was a windowless Oxford

Instruments Extreme silicon drift detector (SDD) with a 100 mm? collection area.

3.2.4 Post-processing methodology

The analysis of the ECCI micrographs was made with ImageJ, open-source software
for carbide identification and density measurements. The following procedure was followed
[159]: i) First set scale [4nalyze — Set Scale]; ii) Bandpass filter [Process — FFT — Bandpass
Filter] to smooth the image and saturate particles with higher intensity for better visual contrast,

and enable the software to recognize particle boundaries [160]; iii) Threshold [/mage —
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Adjust— Threshold] to set segment the image into features of interest and background [161];
iv) Analyze particle [dnalyze — Analyze Particles]; is a plug-in that identifies boundaries and
calculates perimeter, and area (Outlines and Bare outlines); v) finally from image (iv) Bare
outlines [Edit — Selection — Create Selection, right click — Add to ROI manager] and in the

image (i) use the ROI in ROI manager for contouring the particles (Figure 3.7).
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Figure 3.7 Image J process map for particles identification, from BSE-ECCI preliminary scanning.

Oxford HKL CHANNEL 5 software was used for processing Inverse Pole Figure Map
(IPF), GB character map, Image Quality or Band Contrast (BC), Kernel Average
Misorientation (KAM), and for taking misorientation profile lines in several points. The initial
indexing rate was 92.8%, standard cleaning routine of “Noise reduction” was carried out, with
a medium level of “Zero solution” and “Wild spikes” suppression, leaving only 0.29%

unindexed pixels (Figure 3.8 b)).

Furthermore, the MTEX toolbox, an open-source code for MATLAB [162, 163], was
utilized to validate certain measurements and descriptors, particularly for grain orientation
analysis. Additionally, the code for processing S. Patala's GB misorientation map and its
corresponding coloring scheme were employed in the analysis.
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EDS post-processing was performed using Oxford’s Aztec software for chemical
composition spatial distribution, and element maps.
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Figure 3.8 Ban contrast (BC) or Image Quality (1Q) sample measure, a) raw image green points mark unindexed
pixels and b) after cleaning, with some misorientation profile lines and their respective histograms.
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Chapter 4 Results and Discussion

This chapter presents the results of the characterization outlined in the previous Chapter
3, which involved the comparison of micrographs obtained from ECCI, EBSD, EDS, and BSE-
COMP - all SEM-based techniques.

In Section 4.1, the microstructure was analyzed by characterizing microstructure, GB
character, elemental composition, and distribution, as well as secondary phase morphology,

density, and distribution.

In this study, three regions of interest (ROI) were chosen for analysis using ECCI,
EBSD, EDS, and BSE-COMP. The ROIs were named Region A (white frame), Region B
(black frame), and Region C (yellow frame), and are shown in Figure 4.1, Figure 4.2, Figure
4.3, and Figure 4.5 Additionally, sub-regions A-A, B-B were magnified from ROI A and ROI
B respectively, along with ROI C for a thorough analysis of carbides. Particles as small as ~10

nm were successfully detected and resolved.

In Section 4.2, the obtained results are compared and discussed in light of existing
literature data, while also positing the potential relationship between preferential precipitation

of carbides and cracking.

4.1 Microstructural characterization

One of the main challenges in this study was to correlate the different signals acquired
from various characterization techniques. Specifically, integrating the different signals
obtained from the same region was necessary to gain insight into the nature of carbides and

their relationship/effect on the surrounding matrix.

To achieve this, meticulous work was conducted to identify the regions of interest
(ROI) by marking reference points on the sample surface and correlating point-to-point features
of interest. However, it is important to note that the physical position and orientation of the
sample on each respective SEM used for scanning may result in slightly elongated or distorted
features and motifs. Therefore, measurements were taken on each micrograph to obtain the
most accurate data possible regarding the features under review. Figure 4.1 is the largest area

taken from the sample in ECCI covering an area of 8.9 um W x 12.7 um L.

4.1.1 Grain morphology and crystallographic orientation.
To characterize the crystallographic orientation of the grains in the sample, the ECCI
and EBSD techniques were used. Although ECCI does not provide a quantitative description
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of the crystallographic texture, it is highly sensitive to small variations in the lattice orientation
with respect to the normal incidence of the electron beam. As a result, ECCI offers a more

accurate representation of the crystallographic orientation distribution within the sample.

Figure 4.1 displays the largest ECCI micrograph. Inside each grain, the grey level
corresponds to the BSE intensity of the corresponding channeling pattern. This pattern has the
same angular relationship between the electron beam and the crystal lattice orientation as the
grain, resulting in crystallographic contrast. [164]

___________________________

________

gré 4, tron channelingcontrast image (ECCI), the white arrows point to chains of carbides along
GBs, three regions of interest are framed.

The first notable aspect is the columnar grains with irregular shapes and with scarce
fine equiaxed grains embedded within the matrix (the latter is best manifested in Figure 4.1,
ROI C). The growth of the columnar grains is parallel to the building direction (BD), i.e.,
toward the Z direction. Similar grain morphology and growing direction have been reported in
other works where LPBF Ni-based alloys were analyzed [24, 47, 53, 85, 107]. The observed
variations in morphology can be attributed to the differences in the thermal gradient along the
melt pool shape, which results in alterations in the solidification conditions during the AM
process [80]. As a result, there is a continuous variation of G/R in the transition zone from

columnar to equiaxed structure and vice versa (refer to Figure 2.5 a) and Figure 2.12) [86].
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To corroborate the interpretation made from the ECCI micrograph, the EBSD coloring
map from the same region was processed. Figure 4.2 shows crystal orientation maps with
respect to the coordinated system reference frame of the sample, the a) IPF Y-orientation as-
scanned, b) IPF Z-orientation as-scanned, and d) tilted IPF map Z-orientation. The Y direction
is mostly aligned to (1 0 0) crystallographic direction and Z(BD) direction to (1 1 0) (Figure
4.2, a) and b) respectively), and this also denotes almost no crystallographic variation in
epitaxial growth. Regarding this point, the scanned area is not significant enough to provide
statistical information about the crystal texture, however, these data are found in the work of
O. Sanchez-Mata et al. [150].

Half width:10°
Cluster size:10°

Exp. densities (mud):
Min=0.00, Max=32 47

Figure 4.2. Inverse Pole Figure maps, a) IPF-Y orientation map as-scanned, b) IPF-Z orientation map as-
scanned, c) sharpened IPF map with oriented crystal representation, d) IPF orientation map tilted. IPF color key
triangle, and the corresponding pole figures as scanned of figures a) and b).

The highly textured systems come from the fact that each grain contains clusters of sub-

grain cells with nearly the same crystallographic orientation growing through several layers of
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the deposited material and in the opposite direction to the heat flux (thermal gradient direction),
confirming the cumulative effect of the repetitive melting, solidifying, and reheating of the

process caused by the melt pool [165].

With the color contrast orientation relative to the frame of the sample coordinate
system, the morphologies of the elongated grains are not totally recognizable, since the crystal
orientation distribution shows little change in the shades of color. It was necessary to delineate
the GBs to correlate, to some extent, point-to-point the ECCI (Figure 4.1) and IPF maps (Figure
4.2), making the shapes and motifs of interest more distinguishable.

Although the grain morphologies in the EBSD maps resemble those in the ECCI
micrograph, the crystallographic orientation is not consistent between these two signals. To
further analyze small deviations in orientations, MTEX toolbox open-source code for
MATLAB [162, 163] and the Oxford HKL Channel 5 software were used. In Figure 4.2 c) the
MTEX routine is shown, which sharpens the contrast between small deviations in orientation
with random colors. For larger grains with the average orientation, an extra visual help of the

crystal orientation depiction is also offered.

In Figure 4.2 d) the HKL Channel 5 software matched the crystallographic planes
identified by ECCI with respect to the incident beam. This map will be used later to perform a
line for misorientation profile scan. As depicted in both maps, the enhanced hue contrast
between neighboring grains confirms the variation in crystal orientation among them. These

results are consistent with the observations obtained from the ECCI.

4.1.2 GB characteristics and local misorientation

The character of the GBs is dictated by the competitive growth interaction between the
grains [166]. When grains of the same phase impinge with each other, the interface generated
by the mismatch between the crystal orientation creates a transition region that gives
characteristics that differ from the bulk crystal affecting the final properties of the solidified
system [141]. The post-processing of EBSD signals enables the characterization of GB

misorientation, spatial distribution, network, and density.

In Figure 4.3 a), the GB misorientation and interconnected network are visible and
easily identifiable from the EBSD-processed image. Graph b) further quantifies the GB
misorientation density within the scanned area. The criteria for establishing the GB character
were based on the concepts outlined in Section 2.4.8, with an additional criterion being

included due to small misorientations and dislocation arrays often being associated with sub-
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grains or low-angle cellular and columnar boundaries (ranging from ~2° to ~5°). As such, the
criteria were defined as follows: LAGB; =2° <60 <5° LAGB2=5°<0<15°, HAGB =60 >
15°[83, 120, 156, 167-170].
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Figure 4.3. a) GB character map, b) Volume fraction graph of GB character density.

Figure 4.2 a) and b) and Figure 4.3 a) show labeled grains numbered 1 through 8. The
color contrast in the images allows us to deduce that the misorientation interface between grains
with a marked change in color hue contains a twist (o||n, rotation with respect to a common
axis 0) component. Figure 4.3 a) the blue contour highlights the HAGB character, which
evidenced the misorientation between grains 1 & 2,1 & 7,3 & 4,and 5 & 6.

An image quality (IQ) or band contrast (BC) plot is used as background in Figure 4.3,
which captures perturbations caused by strain and provides small contrast variations [1]. In
some instances, these regions are delineated by yellow contours implying tilt rotations (o_Ln)
between grains, indicating the presence of sub-grain walls (pointed with black arrows), that

usually are arrays of dislocations [47, 60, 83, 171].

Figure 4.4 shows GB representation proposed by S. Patala et al. (Section 2.4.8). This
method is not yet widely adopted, but in conjunction with the GB character map, which
provides exact ranges of GB angle misorientations, offers a comprehensive picture of the GB
character. To further enhance this visualization, the MTEX toolbox provides an additional map
with thicker and colored GBs.

Two important points insights can be gleaned from Figure 4.4. First, it is evident that
high-angle grain boundaries (HAGBs) within the range of 35° are predominantly aligned with
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three specific crystal orientations, namely [0 0 1], [1 0 1], and [1 1 2]. Second, it is worth noting
that a special GB with a CSL X5 (36.86° /[1 0 0]) is located between grains 3 and 4.

______________

5 pm

Figure 4.4 S. Patala GB misorientation map, and its respective coloring scheme for GB misorientations.

The concentrated GND found by the BC background in Figure 4.3 are believed to form
due to the high thermal stress triggered by the rapid laser heating and cooling, as indicated by
Minglin et al. [83]. These structures differ from those found in conventional processes since
they show solute atoms and small precipitates at their walls [83]. The GBs with a misorientation

of no more than 2° constitute the largest fraction of relative frequency in the system.

Utilizing KAM maps to characterize the local misorientation makes the strain induced
by dislocations more apparent. Existing literature typically highlights LAGBSs as regions with
high dislocation concentration [60, 171]. Upon comparing Figure 4.3 a) and Figure 4.5 a), it is
evident that there is a correlation between the LAGB path and misorientation accumulation.
Notably, some examples within the image are indicated by black arrows and numbered from 1

to 4 in both images.

Local Misorientation
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Local misorientation. average angle [deg]
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Figure 4.5. a) Local misorientation map, with a 5x5 grid pixel kernel b) corresponding histogram
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In certain scenarios, the strain is asymmetrically distributed across the GB interface,
indicating that dislocation accommodation is influenced by the crystal orientation, with stress
being more pronounced in the direction of carbide growth. This phenomenon is illustrated in

Figure 4.5 a), where the purple arrows highlight such a situation.

Previous studies have examined the correlation between the special character of
HAGBs and their impact on phenomena such as segregation [95], precipitation of secondary
phases [58, 142, 172], and precipitate morphology [173]. In the area scanned in this work, only
the GB between grains 3 and 4 (Figure 4.3 a)) was identified as CSL X5 (36.86° / [1 0 0]),

indicating the absence of strain along the GB path.

One final aspect regarding GBs is their morphology. GBs with a serrated shape,
depending on their energy, can affect carbide morphology and enhance the appearance of
M23Ce carbides [174, 175]. This thus denotes a crystallographic orientation relationship (OR)
between the y matrix and the second phase [176, 177], which in turn helps to grow the carbide

towards the grain of the matrix where it is incoherent.

4.1.3 Microsegregation of minor solutes

Nickel-based superalloys typically contain up to 15 alloying elements, each exhibiting
distinct behavior during solidification. Moreover, the interaction between these elements leads
to various outcomes that significantly impact the final properties of the solidified components.
[13,94, 178].

Figure 4.6 ECCI magnification of the ROI A and its correspondence EDS mapping showing C, Cr & Mo elements
distribution in the area scanned, evidencing microsegregation, and a depletion of Fe and Ni. Three GBs are
outlined with their respective misorientation colors according to Figure 4.3 a).

Segregation at the macroscale and microscale are phenomena that occur during
solidification and are driven by different events and forces, due to the scale length at which the
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events occur in AM, microsegregation is more common due to rapid cooling rates.
Interestingly, the solute concentration profile only changes when solidified structure changes,
if there is a reduction in the arm spacing in a dendrite structure, the profile does not change
[179].

Figure 4.7 ECCI magnification of the ROI B. The correspondence EDS map shows the elemental segregation of
C, Cr, & Mo, and depletion of Fe and Ni.

Figure 4.6 displays the non-uniform spatial distribution of C, Cr, Fe, Ni, and Mo. It is
evident that there is a distinct elemental partitioning of C, Cr, and Mo towards the liquid zones
during solidification. This is indicated by the higher concentration of these elements at GBs
and interdendritic regions. These findings align with previous research in the field. [35, 46, 47,
86, 107, 180].

Correspondingly, there is a depletion of Ni and Fe at the GB. In the representative ROI
A (Figure 4.6), where three different types of GB orientations are present, no clear pattern of

the microsegregation of Cr and Mo in the function of the GB misorientation can be observed.

Figure 4.8 ROI C micrograph and its elemental EDS mapping. Additionally, some particles are framed, and
squares 1, 2 and 4, show correspondence with the enrichment of the element of each particle.
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Upon further analysis of ROI B and C (as illustrated in Figure 4.7 and Figure 4.8), it
becomes apparent that both Cr and Mo exhibit a similar tendency to segregate, as observed in
ROI A. The high sensitivity achieved by the EDS detection enables the identification of small
variations, with the most noticeable occurring in ROI C, specifically in the area labeled as 1
(Figure 4.9 BSE-COMP micrograph of a) ROl A, b) ROI B and ¢) ROI C. Figure 4.9). The

precipitation of a secondary phase rich in Mo leads to a depletion of Cr.

4.1.4 Characterization of carbides

Chemical composition inhomogeneities, especially at supersaturated concentrations,
lead to the precipitation of secondary phases [72, 181]. Particularly for HX, in any
manufacturing process, it has been found that the main secondary phases formed, just after
solidification, are Mo-rich and Cr-rich carbides. These carbides frequently have the
stoichiometry of MsC and M23Cs respectively. In the case of AM, the rapid cooling rate in
solidification produces non-equilibrium phases with a wider variety of compositions [124].
Several forms of complex carbides have been reported, and even contradicting outcomes
depending on the parameters used [35], atypical configurations of M12C and MnCmn have been
reported [107].

Table 4.1. Sizes of carbides in Hastelloy X were reported in different investigations.

Process Type Location A\(/grﬁ;ze Source

SLM+HIP/H - MC-type GB <100 D. Tomus et al. [122]

T carbide
MC-type Dendrite core <100

LPBF-AB carbide interdendritic 100 - 500 G. Marchese et al. [107]

region

LPBF-AB Mo-rich Cell boundary ~50 0. Sanchez-Mata et al. [42]
carbides
Mo-rich Cell boundary

SLM-AB carbides (sub-GB) 75 D. Kong et al. [182]
Al-Ti-O-rich Dislocation

SLM-AB Al-Cr-O-rich  walls (<2°) 20-50 S. Pourbabak et al. [47]
Mo-rich Cell boundary .

SLM-AB carbides (sub-GB) 80 X. Nietal. [124]

LPBE-AB  MC-type GB <500 A. S. Karapuzha et al. [24]
carbide

Figure 4.1, depicts fine, discrete bright carbides along the GBs, pointed with white
arrows. This image supports the observation that these secondary phases have sub-micron

dimensions [46]. LPBF technology has been shown to produce finer microstructures in
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comparison to conventional processes when processing HX. Table 4.1 summarizes the key
findings reported in other studies. Additional information on carbides in Ni-based superalloys

is also found in Appendix A.

The size of carbides is primarily influenced by the cooling rates, which can range from
10° to 108 K/s [30, 35]. As a result, finer structural morphologies, such as cellular and columnar
structures, are formed, which tend to reduce segregation [183][184]. As the cooling rate
increases, a segregation-free planar structure is obtained (refer to Figure 2.12), increasing
solute trapping [30].

Overall, the observations from Figure 4.1 and the literature review suggest that LPBF
technology is capable of producing finer microstructures in HX Ni-based superalloys, which
are characterized by a lower degree of segregation. The size of carbides in these alloys is
closely related to the cooling rates during the LPBF process, which can be controlled to achieve

desirable microstructures.

The ECCI micrograph does not allow for establishing the composition of the carbides,
since the purpose of this technique is to filter the BSESs that contain energy related to channeling
behavior. For an assessment that indicates the brightness as a function of increasing Z number,

a backscattered electron compositional (BSE-COMP) characterization is helpful.

500 nm > 500 nm

Figure 4.9 BSE-COMP micrograph of a) ROI A, b) ROI B and c) ROI C.

BSE-COMP exhibits a compositional contrast that enables the qualitative analysis of
carbide composition. This feature has been utilized in previous studies to establish that brighter
particles contain a significant concentration of higher atomic number elements, while darker
particles are rich in lighter atomic number elements. When used in conjunction with other
characterization techniques, BSE-COMP can provide valuable insights into the composition of
carbides in materials. [16, 185]. Figure 4.9 shows a high number of bright particles, which can

be assumed to be Mo-rich MeC carbides. Similar findings have been reported in [124, 182].

Due to the limited magnification resolution in Figure 4.9 a) and b) , the elemental

composition of the carbides cannot be determined accurately. Therefore, a detailed analysis of
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these regions is necessary. Figure 4.9 c) offers a clearer understanding of the composition of
the carbides based on their brightness in Region of Interest (ROI) C. Mo-rich carbides are
brighter than Cr-rich carbides, which confirms the concentration of the elements shown in
Figure 4.8. An interesting particularity is the chain of carbides that intercalates Cr-rich and Mo-
rich carbides in Figure 4.9 ¢) (green arrows). In this case, the conditions used in the EDS
characterization were not able to deconvolute correctly the overlapping signals of both

elements.

Table 4.2 Quantification of precipitates Cr-rich and Mo-rich from BSE-COMP images in Figure

4.9,
Part. .
: ; Linear
GB No.  Distance Z Diam Avg. Deﬂs'w Density
Character Part (nm) €q. Size ( *0' (nm*nm-
(nm) (nm) Partl)nm- 1)
HAGB 28 3,079 556 19.86 0.0091 0.181
<
o) LAGB:; 27 3,226 743 28.56 0.0084 0.230
n'd
9 2,845 145 16.14 0.0032 0.051
ROIB HAGB 49 5,937 1,503 30.67 0.0083 0.253
ROIC LAGB; 18 1,514 339 18.86 0.0119 0.224

With the information obtained from Figure 4.9, the densities of carbides at GB were
calculated, regardless of their composition, using the approach that has been set out by R. G.
Byrne et al. [159] to detect precipitates in an image. A summary of the findings is presented in
Table 4.2. The most striking observation is the lower density of precipitates at angles below
5°.

1

1
Dislocations

|
! 1
A

Figure 4.10 a) x100k magnification ROI A-A and its respective b) IPF Z map, with profile misorientation lines.
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Figure 4.10 a) shows a magnified view of ROl A-A, where the carbides exhibit a more
defined morphology. Specifically, carbides 1 and 4 have a blocky shape with a faceted side,
suggesting the possibility of a special crystallographic OR between the y matrix and the carbide
[176]. Further analysis with TEM will be helpful to identify this relationship.

When comparing micrograph Figure 4.10 a) with Figure 4.9 a), it is plausible to notice
that some Mo-rich carbides are hidden in the ECCI image, this is because their crystal

orientation does not match with the Bragg condition with respect to the electron beam.

A misorientation profile was carried out for sites from 1 to 6 (Figure 4.10 b)) and the
results are shown in Table 4.3. Correlating the results obtained from EDS elemental map
(Figure 4.6) and the BSE-COMP (Figure 4.9 a)), the largest carbides labeled 1 and 4 present
characteristics of Mo-rich carbides, the additional features that the misorientation profile
provides is that HAGBs facilitate the formation of these carbides [142, 176].

In the case of sites 2 and 3, no precipitation is observed. Site 5, on the other hand, shows
a concentration of dislocations, which is revealed by a subtle contrast in the channeling image
[134]. The EDS map confirms the presence of Mo solutes, while the BSE-COMP image (Figure
4.9 a)) depicts carbides that were not completely revealed by ECCI.

Table 4.3 Boundary misorientation profiles from points marked in ROl A-
A (Figure 4.10), ROI B-B (Figure 4.11), and ROI C (Figure 4.12)

Misorientation

Point ©) Mis. Axis
1 38.96 (320)
2 250 (031)
3 273 (2 -23)
ROI A-A
4 39,69 (33-1)
5 6.59 (-13-2)
6 8.64 (-13-1)
1 16.45 (-312)
ROI B-B 2 16.12 (-312)
3 12,55 (-312)
1 15.17 (13-2)
2 14.02 (13-2)
ROIC 3 15.43 (2 4 1)
4 13.94 (2 4-1)
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It is also noteworthy that there is a serrated shape along the GB between carbides 1 and
4. Although the appearance of this shape is typically associated with a controlled cooling (0.68
and 3.53 °Cs 1) after solvus solution HT (~1100 °C) [175, 186-188], it has also been observed

that serration occurs at HAGBs [187, 189], which is consistent with this observation.

Carbides 1 and 4 exhibit a prominent growth direction towards one side of the GB,
which supports two aspects previously established. First, the facet sides have an OR with the
grain where they are located, which results in the growth towards the grain without the OR.
This growth behavior is confirmed by Figure 4.5 a) in ROl A-A, which shows the local
misorientation concentrated at the grain where the carbide grows, thus corroborating the strain

induced by the carbide growth.

ROI B-B is depicted in Figure 4.11 a), revealing a GB mainly with a high-angle
misorientation between two grains. The GB is decorated with entangled particles of different
gray scales, as indicated by the black arrows. Additionally, particles of different shades of gray
are noticeable (green arrows), with the brighter ones assumed to be MsC Mo-rich carbides and
the darker ones presumably M23Cg Cr-rich carbides. The BSE-COMP image (Figure 4.9 b)),
supports the inference that the bright particles are Mo-rich carbides since they are dispersed
and discrete. On the other hand, it has been reported that Cr-rich carbides appear contiguously
to Mo-rich carbides in Ni-based superalloys [17, 46, 105], regardless of the manufacturing

process.

Dislocations

Figure 4.11 a) Magnification of Sub-ROI B, <100k magnification over GB with coarse carbides visible.
Magpnification from the EBSD characterization b) local misorientation map.

In Figure 4.11 a), dislocations can be observed on the core of the darker grain, which
is in harmony with the strain detected by the KAM map (Figure 4.5 a)). Further evidence that
the various grayscale patterns are unrelated to strain perturbations is provided by the yellow
arrows in the KAM map, which show that there are no dislocations along the path of GB.
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In a similar manner to ROI A-A, line scans were conducted in Figure 4.11 b), to obtain
the misorientation profile of some random points, and the measures obtained were included in
Table 4.3 The HAGB measurements in ROl B-B show similarities with LAGB: of ROI A-A,
suggesting that the precipitation is to some extent dependent on the GB character and the
preferential appearance starts about 8°-12°. One additional point to highlight is the presence of
irregular shapes, indicated with black arrows, that are probably clusters of Mo-rich solutes,

rather than precipitates.

The presence of C, Cr, and Mo in the area of interest was confirmed by the
corresponding EDS maps (Figure 4.7). Similar to ROI A-A, a co-segregation of these solutes
can be observed, providing further evidence that small Mo-rich and Cr-rich carbides are
roughly alternated along the GB. This observation is supported by the ECCI micrograph shown
in (Figure 4.11 a)), which also reveals the presence of fine carbides in different shades of gray
along the GB.

ROI C was previously analyzed from the point of view of the ECCI and EDS, which in
turn have the best resolution achieved in this study on both techniques. Figure 4.12 and Table
4.3 provide additional information from the misorientation profile. The misorientation profile
shows that the region contains a mixture of LAGB> and HAGBSs, indicating that precipitation

occurs in both types of boundaries.

Figure 4.12 a) IPF Z map, with profile misorientation
lines ROI C. Same area as Figure 4.8.

In Figure 4.8, the dotted frames 1, 3, and 4 identify clusters rich in Mo, with the
additional evidence from Figure 4.9 c), the assumption of Mo-rich carbides is corroborated.
Nevertheless, the EDS map cannot deconvolute some element signals, and in frame 4, the Mo-

rich carbide seems to be surrounded by Cr, for that reason the colored elemental is stronger
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than the Mo signal. On the other hand, dotted frame 2 shows particles rich in Cr, in the BSE-

COMP image it is possible to visualize a small dot surrounded by a darker halo.

By returning to frame 1, and comparing EDS maps for Cr and Mo, it is possible to
corroborate a higher concentration of Mo, with a depletion in Cr. M.M. Tavakkoli et.al [100]
have suggested that up to 6.7 wt. % of Mo in as-cast Ni-superalloys, a reduction in the
segregation behavior of Crand Si is occurring and can even change the direction of segregation.
Another possible implication of the large size of carbides in GBs that are barely above 15° is
their proximity to triple junctions. This has been reported as a factor that leads to preferential
nucleation due to the high energy of the triple junction compared to that of a single GB [58,
187].

Local misorientation (Figure 4.5 a)) seems to develop in the direction of cluster

segregation or carbides growth. Another feature is the planar GB shape compared to other GBs.
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4.2 Discussion

The purpose of this study is to comprehensively investigate the characteristics of
carbides from multiple perspectives. The formation of secondary phases at interdendritic and
intergranular regions is a multi-factorial phenomenon. Therefore, this research aims to
understand the underlying mechanisms that drive the formation of these carbides during the

early stages of solidification and their subsequent interactions with the alloy system.

4.2.1 Microsegregation in the LPBF and its dependency on crystal orientation

Microsegregation is a common form of small-scale segregation that occurs during the
solidification of metallic alloys. It arises from the partitioning of solute atoms in different
proportions between the solid and liquid phases, resulting in compositional inhomogeneities at
the interdendritic regions that solidify last [179].

Microsegregation can have a beneficial or detrimental effect on alloys. B. Lezzar et al.
[95], indicate, that in FCC polycrystal materials, the solute atoms with larger atomic diameters
than the matrix atoms stabilize the GB interfaces by reducing the free energy. On the other side
M. A. Gibson and A. Schuh [190], developed a model to explain that deleterious elements,
when segregated, reduce the GB cohesion, causing a chain detachment.

Certain elements, such as Mo, W, C, and Si, have a high tendency to segregate [107,
191]. However, microsegregation behavior is influenced by a multitude of factors including
manufacturing process parameters [181, 183]; raw material chemical composition [44, 192];
heat treatment history [193, 194]; the morphology and direction of liquid channels [195];
interface energy [196, 197]; and interplay with other alloys within the system [75, 100, 178],

among others.

In addition to the aforementioned factors, solute accommodation in metallic alloys
during conventional manufacturing processes is also influenced by crystal orientation and the
distance from the core center of the grain cell. The latter implies that as the material solidifies
around the center of a columnar grain cross-section, the surrounding bulk experiences changes
in elemental composition as it moves away from this center. These observations have been
reported in several studies. [77, 198-200]. Indeed, constitutional cooling due to solute
segregation plays a significant role in shaping the cruciform morphology of the transverse

section of dendrites.

One of the unique characteristics of LPBF is the tendency to align cellular structures

with nearly the same crystallographic orientation. Furthermore, some events and driving forces
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are amplified due to the operating conditions of the AM processes [76]. As a result, it is natural
to expect that microsegregation as the function of crystal orientation is present in LPBF, and it

has a significant preponderance on the final properties of the solidified component.

Figure 4.2 b) shows that the IPF maps are primarily dominated by a crystallographic
direction (1 1 0) aligned along the Z-axis (BD), with a {1 1 0} plane also roughly oriented
along the Z-axis. Additionally, Figure 4.2 a), indicates that the (1 0 0) direction is aligned with
the Y-axis, which is orthogonal to the Z-axis. This crystal configuration indicates that the
segregation direction for grains labeled 2, 3, and 5 are roughly aligned with [0 0 1] and [0 O -
1].

Segregation

Interdendritic
zone

[110]

[0o01]
[1-10]
Crystal
Axes

Figure 4.13 Schematic representation of preferential segregation of Cr and Mo as a function of
crystal orientation. Columnar growth with a high degree of texture is a common phenomenon in
LPBF due to the rapid cooling rates, which leads to microsegregation occurring at interdendritic
and intergranular regions[4]

In section 4.1.3 it was noted that segregation did not appear to follow a clear pattern in
relation to GB character as has been reported in other studies [58, 95, 176]. However, a clear
segregation trend is observed in the micrographs presented in Figure 4.6, and Figure 4.7, where
some boundaries are nearly parallel to the BD direction. Figure 4.13 shows the schema of
segregation behavior of Cr and Mo. Grain blue represents the crystal orientation (1 1 0) aligned
to the BD direction.

This microsegregation makes more sense when viewed from a crystallographic
perspective. F. Wang et al. [77] have documented a preference of Cr and Mo to distribute
uniformly in the periphery of dendrites along the [1 0 0] orientation, but an inhomogeneous
distribution along the [1 1 0] orientation in cast Ni-based superalloys.

67



Although the dendritic structure is replaced by a columnar structure in LPBF due to the
high cooling rates, the elemental distribution is anticipated to remain unchanged. In contrast to
the work of F. Wang, the evidence presented in this study clearly shows segregation at GBs
and cellular boundaries. This indicates that there may be other factors at play that influence the

partition coefficients of Cr and Mo, leading to different distribution patterns [196].

4.2.2 Effects of GBs on carbide precipitation in LPBF

The impact of GBs on segregation and precipitation has been the subject of numerous
investigations, largely due to the correlation between GB misorientation and interfacial energy.
In this context, it is necessary to view GBs as zones that facilitate the thermodynamic kinetics
of carbides. This approach has been proposed by Trillo et al. [191], who emphasized that the
GB interfacial energy plays a critical role in the preferential development of carbides, rather

than the mere disorientation of the GBs.

By characterizing GB misorientation, it is possible to obtain an indicator of the
interfacial energy between grains. Based on the information provided in Table 4.2, it is possible
to make assumptions about the interfacial energy at which carbides precipitate preferentially,
taking into account their average size, particle, and linear density. The results indicate the
misorientation related to the interfacial energy threshold at which carbides preferentially

precipitate is above 5°,

However, the conventional approach of dividing the range of misorientations into
discrete and finite categories, such as LAGB, HAGB, and CSL, which are used to encompass
and average disorientation, may not provide a complete description of GB misorientation
character. Therefore, individual line scans were conducted, and a GB misorientation map with
a continuous variation representation was processed to gain a better understanding of the

misorientation behavior.

After conducting individual line scans (Table 4.3), two important findings emerged.
Firstly, it was observed that a misorientation of around 40° provides a favorable site for carbide
development, as shown in Table 4.3, which is consistent with the observations made by B.
Tang et al. [172]. Secondly, the precipitation of intergranular carbides is inhibited or delayed

at LAGB angles below 5°, which is also supported by existing literature [142, 201].

Nevertheless, the GB continuous misorientation representation of the S.Patala map
(Figure 4.4) hints that the degree of interfacial elemental saturation is more closely related to

the proportion of high-energy atomic sites in a GB rather than its average energy, which in turn

68



influences the precipitation, as noted by A. Gupta et al. [196]. This observation derives from

the continuous change in color tone and shading, coupled with the distribution of carbides.

One more highlight is the GB morphology; B. Tang et al. [172], observed dependence
in the formation of GB serration shape, accompanied by intergranular M23Ce carbides in Ni-
Cr-W superalloys. Previously, it was believed that nucleation and subsequent carbide growth
were the primary factors responsible for this morphology. However, more recent studies have
revealed that the formation of this morphology is actually influenced by thermal conditions
[187]. According to experiments carried out by H.U. Hong et al. [174] on Nimonic 263, after

some HTs, the shape was found to precede the precipitation.

The serrated GB morphology is frequently observed in Ni-based superalloys and is due
to the anisotropic elastic properties of nickel (coherency strains between both y and y' phases,
the latter when present), this morphology has been found to contain large quantities of Mo and
Cr [202]. The importance of the serrated shape is its association with a lower rate of crack
propagation through the modification of carbide characteristics and resistant to intergranular

damage mechanisms.

4.2.3 Effects of the GB carbide characteristics on the matrix

Precipitation, like microsegregation, is a phenomenon that depends on multiple events.
It starts with the fact that precipitation is a direct consequence of microsegregation. However,
the mechanism of preferential nucleation of a specific type of MC carbide is not yet clear. Since
MeC carbides have been identified as a factor in cracking nucleation, this study analyzes the

elements that facilitate their appearance.

Based on the HX-TTT diagram (Figure 2.10), it can be inferred that MeC carbides have
a greater tendency to form at medium-high temperatures, within the designed range, and during
the final stages of solidification, compared to M23Cs carbides. This suggests that the kinetics
of precipitation for MeC are faster than those of M23Cs under such conditions. It is worth noting
that in some studies involving additive manufacturing of HX, no Cr-rich carbides were detected
[115, 203].

The above is relevant since the coarsening, stabilization, and dissolution of carbides in
HX are controlled by heat treatments. In the case of LPBF is particularly crucial, as the
continuous thermal cycles that the component undergoes until its completion can promote the
appearance and growth of carbides in the solid-state of the deposited layers. This observation
has been raised by Marchese et al. [107].
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L. R. Liu et al. [197], have identified two types of MeC carbides in Ni-based
superalloys, namely (MsC)1 and (MgC)2. The former decomposes from MC carbides during
high temperatures (t > 871 °C), while the latter segregates directly from the matrix. The former
is detrimental to the solidified system due to irregular ORs with the matrix, which reduce the
bonding force between the matrix and (MeC)z. It is important to note that no cracks were found
in the sample studied, which suggests that either no decomposed MeC carbides nucleated, or

the matrix/carbide OR is not present in this alloy/process.

It has also been discovered that MeC can decompose into M23Ce in Ni-based alloys, as
observed by G. Bai et al. [105]. This decomposition occurs at temperatures ranging from 650
to 1000 °C, particularly when there is a high concentration of Cr present surrounding the M6C
carbide during the decomposition of Mo-rich carbides. In the current study decomposition from
MeC to M23Ce may not have taken place or occurred at a low scale due to insufficient time.
Nevertheless, another important observation from the work of G. Bai is the crucial role that Cr
plays in the stability of MeC carbides. Given the evidence from ECCI, EDS, and BSE-COMP,
where is shown the MeC carbides surrounded by Cr, and a few M23Cs in Some cases, is more

likely to this mechanism is acting here.

Another aspect, also related to temperature, is the carbide morphology. The
morphology of carbides is also linked to thermal regimes. For instance, the development of
low-melting C-rich and Mo-rich liquid films is associated with a significant increase in the
solidification interval AT [203]. The formation of carbide films can be particularly harmful to
the stress-rupture resistance of the material [175]. The parameters used in this printing
demonstrate to be adequate to avoid the formation of film-like carbides, as BSE-COMP and

ECCI images show discrete and dispersed carbides.

Based on previous observations, it can be inferred that the GB character provides the
energy and supersaturated environment for the secondary phase to precipitate. The
crystallographic orientation of channels, on the other hand, expels solutes in a preferred
direction from the core into liquid channels and provides an anchoring point for stable

precipitates to form.

The analysis of previous investigations (Appendix A) has revealed that several
precipitate/matrix ORs have a crystal direction relationship with the matrix grain of (1 0 0), for
both MeC and M23Ce. This implies that there is directional accommodation between the
secondary phase and the matrix.
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Furthermore, the interaction between carbides and segregation plays a crucial role in
enhancing the cohesion of grain boundaries. The effective pinning of GB by stable and fine
Mo-rich particles distributed throughout the GBs results in higher GB strength [204].
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Chapter 5 Conclusions and summary

A comprehensive study of the crack-free HX-LPBF-AB sample was carried out using
ECCI, EBSD, BSE-COMP, and EDS characterization, the findings allow the author to
elaborate on the nature of the segregation and precipitation in GB, and what is their role in

terms of failure in form of cracking within the HX solid system. The following key points can

be extracted from the findings presented in this thesis:

ECCI and EBSD have shown effectiveness in characterizing nanoparticles at
GB, overcoming technical issues.

There is a correlation between the preferred microsegregation of solutes (Cr,
and Mo) and the (1 0 0) crystallographic direction.

Carbide precipitation is faster in GB with a misorientation between adjoining
grains of more than 5°, and it is confirmed that precipitation of carbides is
inhibited on GB misorientation below 5°.

The kinetics of MgC are faster than M23Cs carbides during the solidification
stage.

The presence of discrete and finite Mo-rich carbides dispersed along grain
boundaries suggests either suppression or low-scale activation of the carbide
decomposition mechanism.

Microsegregation, GB morphology and carbide interaction play a crucial role in
GB stabilization and cohesion, thereby inhibiting cracking, irrespective of the

presence of MeC carbides.
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Appendix A

Type of

Alloy Manufacturing phenomena and 'Type of Analytical Method Main findings Source
Process secondary phases interface
precipitate found Method Assessment
XRD The lattice parameter, Investigation into the impact of different long-term ageing at different
Rolled + MgC (Mo-rich) composition temperatures. Evolution of carbides and ¢-phase and p-phase. Detriment
Hastelloy X Annealed @1175 ) TEM Dislocations, carbide-matrix  to mechanical properties. H. M. Tawancy [106]
°C M23C¢ (Cr-rich) relationship Primary carbides, {1 0 O}precipitate // {1 0 O}matrix; (1 O O)precipitate /(1 O
oM Microstructure O0)matrix®
Ni-20Cr- : . .
2.STi- Rolled + ST + HR- Orientation relationship EAZSC(;S c_arbldesbgdre rrl]ucleatedhseparatel)_/ honh both sides dOf the grarl]n R. Yong-Hua et al.
0.8Al- Aged M23Cs TEM Structure oundaries. Carbides have a coherency with the matrix, and grow to the [201]
0.050-0.6B opposite grain. {1 0 0}mzscs //{1 0 0}; (1 0 0)mzscs //(1 0 0)y
Powder Serrated TEM GB morphology (HAADF) GB geometry upon segregation effects, and GB geometry in the function
Astrology Segregation at GB s . of HT. Mo enrichment was observed with localized depletion of Niand L. Letellier et al. [202]
metallurgy AP GB vicinities composition. . .
Co, iny /y interfaces.
GB character, carbide Intergranular chromium carbides are retarded on the LAGB while coarse
Allo CSL SEM morphology, density, and and discrete M23Ce carbides were mainly found in random HAGB.
690‘|¥T Extrusion M23Cs (Cr-rich) LAGB distribution Density and distribution on GB could have a particular OR and GB Y. S. Limetal. [142]
HAGB (SAED) OR between carbide structure. In this work was found a cube-cube OR {100}mucs || {100};
TEM .
and matrix (100 mzxcs Il (100 ).
SEM (';g;;%ﬁ{#cwre’ dlrcea(l::l!)(i)(rj]:sl Identifies two types of carbides (MeC)2 precipitated and (MeC):1
Ni_Cr_Co- Casting MC (Ti, Ta-rich) mor holog., decomposed from a MC, (t > 871 °C), the latter is detrimental to the L. R. Liu et al. [205]
I directional ' . Interdendritic pnology. system, as it has an irregular OR with the matrix, and bonding the o '
wW R M6C (Cr, Mo, W-rich) EDS Elemental analysis . .
solidification Carbides/matrix OR force is weak.{1 0 0 }vsc). // {1 0 O}matrix, {1 0 0) (visc). // (1 O O)matrix;
TEM dislocations " {00 1} mascs // {0 0 L}matrix, { 0 0 1) mzace // {0 0 1)matrix
Waspaloy  Powder extrusion  N/S Serrated SEM GB identification :Qz:gfa rrl]cci of GB morphology, modified by different HT, on creep A. Wisniewski [189]
Morphology and GB GB serrations affect different aspects of the M23Ce carbides, such as
Nimonic Hot rolled-WQ MoaCe at GB Serrated GB SEM identification morphology. After the serration occurred, carbides precipitated and H.U. Hong et al. [174]
263 236 HR- Crvstalloataphic analvsis grew along the serrated GB. After the serration occurred, carbides '~ 'on9 €t &k
TEM y grap y precipitated and grew along the serrated GB
GB character SEM (EBSD) GB  misorientation Evolution of carbides through different HT, correlates misorientation
Casting (Seedin 4° E(ilr—]|gAI\?A.DF) Microstructure Z- angle with carbide-type formation, based on the relationship of the
SRR99 g 9 mc (Ti, Ta-rich)at GB ~ 8° TEM different types of carbides with the y/ y" matrix, also attributes MeC and X. Dong et al. [21]
technique) o contrast, OR i . . . i
. 13 . M23Cs carbides formation to concentrations of different rations of Cr/W
MeC (W-rich) at GB S-TEM  Microstructure of the sample caused by MC carbides
M23Ce¢ (Cr-rich) at GB XRD Lattice parameters y '

3 Assumed MeC and M;Cg have same oreintation relationship, but they clarify that these are features of M,3Cg carbides
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Ni-Cr-W
superalloy

Ni-Cr-W
superalloy

Hastelloy X

Hastelloy X

Hastelloy X

Haynes 282

Wrought
Forge and hot
rolled

Cast, rolled, and
thermomechanical
treated

LPBF

SLM

Sheet

M23Cs (Cr-rich) at GB

MeC (W-rich) at bulk

and GB

M23Cs (Cr-rich) at bulk

and GB

Control of precipitation

u phase (Fe79Mos 1) Hex
MeC (Mo-rich)

Cracking
MeC (Mo-rich) at GB
M1.C (Mo-rich) at GB

MnCm (Mo-rich) at GB

MC (Mo, Ti) at GB
MeC (Mo-rich) at GB
M23Cs (Cr-rich) at GB

Serrated
CSL
LAGB
HAGB

LAGB
HAGB
CSL

RGB
CSL X3 and
>9

N/A

Sub-GB < 2°

Serrated GB

SEM

SEM

SEM

TEM
SEM

SEM
TEM

XRD

FE-SEM

SEM
SEM

XRD

SEM

TEM
SEM

SEM
SEM

GB and carbides
identification (EBSD) GB
misorientation angle/plane

(EBSD) types and
distribution of GBs,
crystallographic orientation
morphology characteristics of
GB carbides (EDS) elements
segregation at GBs

(SAED)

(EBSD) GB misorientation
angle.

Microstructure

(SEDP) carbide morphology
The lattice parameter,
composition

BSE Melt pools, cells, and
carbides

Melt pools and carbides

EDS Line scan profiles
Carbides stoichiometry and
lattice parameters
(Anodically extracted).
(EBSD) GB misorientation
angle, texture.

(HAADF) Microstructure Z-
contrast, OR

EDS element colored map

GB Morphology
EDS element colored map

Observed dependence in the formation of GB serration shape,
accompanied by intergranular M23Ces carbides. A higher fraction of
M23Cs carbides appearance is confined in the range of angle
misorientation from 20° to 40°

During GB segregation progress, M23Cs, carbides nucleate with one of
the adjacent grains with a coherent OR (1 1 1)mascs Il (1 1 L)matrix; [0 1
1]mz2scs Il [0 1 1]matrix to minimize the activation energy for nucleation.
There is a clear tendency of M23Cs carbides to grow towards the
incoherent grain, where there is no OR between crystal lattices carbide

MeC carbides strengthen the matrix, and the harmful particle is p phase,
both show a dependence on GB misorientation, being RGB more prone
to develop p phase, but in the vicinity of CSL X3. Mo prefers to
segregate to RGB through CSL X3 boundaries. Small MgC carbides
were detected at CSL X3 boundaries

Intergranular Mo-rich carbides provided weaker zones and combined
with high thermal residual stresses resulted in hot cracks along the GBs
and cell boundaries.

The study is centered on hierarchical structure rather than on carbides
located at GB, it only states some highlights related to sub-grain
boundaries. 50-100 nm large precipitates enriched in Cr, Al, Ti, Mo, Si,
and O, are located within the cell boundaries in the case of the AB
sample.

The kinetics of M23Ce was significantly faster than that of MeC, under
different HTs. Carbide morphology changes due to different HTs. Small
MeC carbides can be explained by the smaller time steps, which allow
more precise identification of the onset of precipitation.

B. Tang etal. [172]

R. Dong [176]

X. Wang et al. [58]

Marchese et al. [107]

S. Pourbabak et al. [47]

C. Joseph et al. [175]
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