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Abstract

This study investigates the effects of hydrogen embrittlement (HE) on Inconel 718 parts
produced using Electron Beam Melting (EBM) with a spot melting scanning strategy, focusing on
analyzing the material's microstructure and mechanical properties. This research aims to
understand the impact of hydrogen charging on both as-built and Hot Isostatically Pressed (HIPed)
samples of Inconel 718, a material widely used in high-stress applications in aerospace and energy
industries.

The methodology included detailed characterization using techniques such as Electron
Backscatter Diffraction (EBSD), Transmission Electron Microscopy (TEM), and Scanning
Electron Microscopy (SEM) followed by hydrogen charging of EBM-fabricated Inconel 718
samples. Mechanical testing, including microhardness and tensile tests, was conducted to evaluate
the changes in properties due to hydrogen charging.

Microstructural analysis through EBSD revealed a randomized crystallographic texture,
with TEM and SEM providing insights into dislocation structures and precipitate distributions.
Key results indicated hydrogen charging significantly increased hydrogen content, especially in
HIPed samples. Microhardness tests showed a pronounced hardness gradient near the charging
face, demonstrating the embrittling effect of hydrogen. Tensile testing revealed that while the as-
built samples maintained their mechanical properties after hydrogen charging, HIPed samples
experienced a substantial reduction in ultimate tensile strength, yield strength, and elongation.

The study concludes that EBM-fabricated Inconel 718 components are susceptible to
hydrogen embrittlement, particularly after HIPing. The findings underscore the need for optimized
EBM and post-processing techniques to mitigate the risks of hydrogen embrittlement, ensuring

enhanced performance in hydrogen-rich environments. These insights contribute to the broader

vi



application of EBM Inconel 718 in critical industries, emphasizing the importance of managing

hydrogen effects in advanced manufacturing processes.
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1. Chapter 1: Introduction

Inconel 718, a nickel-chromium-based superalloy, is extensively utilized in industries that
demand high strength and resistance to extreme environments, such as aerospace and energy. Its
remarkable mechanical properties, including high tensile strength, creep resistance, and oxidation
resistance, make it an ideal material for critical applications. However, these properties can be
significantly affected by manufacturing processes and environmental factors, such as hydrogen
embrittlement (HE).

Hydrogen embrittlement is a phenomenon where hydrogen atoms diffuse into the metal,
leading to a reduction in ductility and toughness, ultimately causing premature failure. This is a
critical concern for components exposed to hydrogen-rich environments, such as those found in
aerospace and energy sectors. Understanding the effects of HE on Inconel 718 is essential for
ensuring the reliability and longevity of components made from this material.

The advent of advanced manufacturing technigues, such as Electron Beam Melting (EBM),
has revolutionized the production of complex geometries and high-performance components.
EBM is an additive manufacturing (AM) process that uses an electron beam to selectively melt
metal powder layer by layer, producing near-net-shape parts with high density and excellent
mechanical properties. However, the susceptibility of EBM-fabricated Inconel 718 to hydrogen
embrittlement, especially after post-processing treatments like Hot Isostatic Pressing (HIPing), is
not well understood.

Previous studies have explored the microstructural characteristics and mechanical
properties of Inconel 718 produced by traditional manufacturing methods and various AM
techniques. Research has shown that the microstructure of EBM-fabricated parts is typically

characterized by elongated columnar grains aligned with the build direction. HIPing is often



employed to relieve residual stresses and improve ductility, but it may also affect the material's
susceptibility to HE.
Limited research has been conducted on the combined effects of EBM fabrication, HIPing,

and hydrogen charging on Inconel 718. The existing literature highlights the need for a
comprehensive understanding of how these factors interact and influence the material's
performance, particularly in hydrogen-rich environments.

This study aims to investigate the effects of hydrogen embrittlement on Inconel 718 parts
produced by EBM, with a focus on both as-built and HIPed conditions. The specific objectives of
this research are:

e To characterize the microstructural features of EBM-fabricated Inconel 718 using techniques such
as Electron Backscatter Diffraction (EBSD), Transmission Electron Microscopy (TEM), and
Scanning Electron Microscopy (SEM).

e To evaluate the mechanical properties of as-built and HIPed Inconel 718 samples before and after
hydrogen charging.

e To analyze the hydrogen diffusion behavior in EBM-fabricated Inconel 718 and its impact on the

material's microstructure and mechanical properties.

The significance of this study lies in its potential to enhance the understanding of hydrogen
embrittlement in EBM-fabricated Inconel 718, thereby informing the development of optimized
manufacturing and post-processing techniques. By addressing the challenges associated with HE,
this research contributes to the broader application of Inconel 718 in critical industries, ensuring

the production of reliable and high-performance components.



2. Chapter 2: Literature Review
2.1 HYDROGEN EMBRITTLEMENT

Hydrogen Embrittlement (HE) is a phenomenon that occurs when hydrogen atoms get
infused into a metal’s lattice or microstructure and, as a consequence, degrades the mechanical
properties of the metal by making it brittle and, therefore, more prone to cracking/fracturing.
Metals that are most commonly affected by this are high-strength metals, particularly high-strength
steels; high-strength metals usually have a higher density of dislocations within their
microstructure, which create spaces for hydrogen atoms to get trapped in and start embrittling the
material [1]. Moreover, high-strength metals are usually less ductile and more brittle to begin with
[2]. Nevertheless, metals such as iron, nickel, titanium, cobalt and their alloys are also affected by
HE [3].

There are a few main industries or settings where this has become an issue, as metals are
in constant contact with hydrogen. In the aerospace industry, some components might be in
constant exposure to manufacturing processes or environments where hydrogen is present [4].
Automotive components such as fasteners and gears might be subjected to electroplating or
pickling, processes which makes them susceptible to HE [5]. Gas and oil pipes are also at risk
because of their inherent functions, carrying substances that might be corrosive and contain
hydrogen [6]. Again, in the case of many electronic devices, hydrogen is induced through
electroplating. From these examples, it can be observed that HE does not only happen because of
the environment or function the components are intended for but also because of the manufacturing
or enhancement processes they are subjected to. Some examples of HE-inducing processes include
heat treatments, welding and brazing, casting, cold working, cleaning and degreasing, surface

coating, and the ones already mentioned, such as electroplating and pickling [7], [8]. This happens



due to moisture in procedures such as water in plating baths when electroplating or internal stresses
caused such as during welding [9], [10].

Another area where hydrogen plays a significant role is the energy sector. When looking
for better fuel options to mitigate greenhouse gas emissions, hydrogen is a more sustainable energy
as it can be produced through multiple low-carbon processes. Now, the challenge is building the
necessary infrastructure to deal with the production, transportation, and storage of that hydrogen
while mitigating all of the safety risks associated with it. This will involve selecting better materials
to handle the hydrogen without causing major losses in the performance and lifespan of these
components due to HE. These components, when used in contact with hydrogen, are often

subjected to different stress levels and pressures, which further affect their susceptibility to HE.

2.1.1 HE Mechanism

HE is a complicated subject to fully understand as hydrogen atoms often move and jump
from one place of the lattice structure to another. Nevertheless, a few things have been observed.
There are three criteria for HE damage to occur as seen in Figure 2.1: (1) there must be a
susceptible metal (different metals have different levels of vulnerability towards hydrogen), (2)
the material should be experiencing loading/stresses (or residual stresses from the manufacturing

method), and (3) the environment must contain hydrogen [11].



Material
Susceptibility

Yy

Stress Environment

Figure 2.1: Conditions for HE [11]

As mentioned above, the main issue with these materials is that they come in contact with
hydrogen. Whenever the hydrogen atoms have contact with the metal surface, the adsorption
process begins. Hydrogen atoms are characterized by their high reactivity; they readily interact
with other atoms or molecules due to their electron configuration, which predisposes them to form
bonds with other atoms or molecules, in this case, the metal surface [12]. After this, the hydrogen
atoms dissolve into the metal’s microstructure as they are very small compared to metal atoms and
start distributing themselves finding pathways through the metal’s lattice in a process called
diffusion. These atoms will often migrate to high triaxial stress regions as this state of stress within
the material distorts or opens up space (or interstitial sites) in the metal lattice creating areas of
low hydrogen concentration and low energy state and thus effective trapping sites for the hydrogen.
These sites include grain boundaries, dislocations, and vacancies in the microstructure as seen in

Figure 2.2 [13].



Figure 2.1: Hydrogen permeation on a) the matrix, b) the surface, c) the subsurface, d) grain
boundaries, e) edge dislocations, and f) vacancies [14].

These atoms concentrate and form clusters in these specific areas of the microstructure and
create pressure that helps with crack initiation [15]. The way these atoms are distributed across the
metal largely depends on the material’s microstructure; grain morphology, its defects, and whether

the material is under stress or not.

2.1.2 HE and Microstructure

Crystal structure, grain morphology, and the shape, size, and configuration of the grains in
the material’s microstructure play an important role. The crystal structure determines the number
of interstitial sites a material has between its metal atoms, which can serve as places for the
hydrogen atoms to reside. Usually, materials that possess a body-centered cubic (BCC) tend to
have more interstitial sites than face-centered cubic (FCC) structures [16]. This could cause a
higher concentration and risk of HE. Grain size and orientation also play an important role. In
smaller grain sizes, the number of grain boundaries in a given area increases, which can play either
a positive or negative role in hydrogen distribution depending on their shape and orientation, as

they can either inhibit hydrogen entrapment or disperse it from places where it could concentrate



and create vulnerable points. For example, Koichi Takasawa et al. studied how grain size affects
steel's resistance to hydrogen embrittlement [17]. They studied steel samples with varying grain
sizes against high-pressure hydrogen and performed tensile tests. Finer-grained steel absorbed
more hydrogen but fractured less easily, indicating better resistance, suggesting finer grains
disperse hydrogen, preventing it from concentrating at weak spots and causing cracks. The grain
orientation has significant importance in the way hydrogen propagates, where it concentrates, and
thus, where cracks might initiate given stress is being applied. Wei Wang et al. investigated how
the orientation of crystals in steel affects its weakness to hydrogen embrittlement. The researchers
found that specific crystal orientations, like {100}, were more prone to hydrogen cracks, while
others, like {111}, were more resistant; aside from these high-angle misorientations (50-60 deg)
were the most vulnerable to fracture [18].

As mentioned before, when it comes to the defects, the most important are vacancies, dislocations,
and grain boundaries (GB) [19]:

e Vacancies: these vacancies represent missing lattice atoms of the metals microstructure,
making them ideal spaces for the smaller hydrogen atoms to get in and start forming
clusters.

o Dislocations: they are line defects in a crystal structure which is represented as a
misarrangement in the atomic structure. The most common types of dislocations are screw
and edge dislocations; materials often have a combination of both. They can act as
pathways for hydrogen and act as efficient diffusion paths making it possible for those
atoms to reach critical areas such as grain boundaries. They provide enhanced mobility to

these molecules which accelerates the hydrogen accumulation. Also, whenever the material



is subjected to a force or stress, the dislocations within the material start piling up which
can be detrimental as this means an even larger concentration of hydrogen.

Grain Boundaries (GB): as atoms arrange themselves within a material and form grains,
they also create GBs which is the area where two or more different grains meet. These GBs
form a perfect place for hydrogen atoms to either accumulate in them or pass through given
the lower atomic density of the boundary. GBs can also be stress concentrators which,
when combined with hydrogen molecules, act as crack initiation or propagation spots. As
mentioned before, GB are one of the main contributors to HE as they serve as pathways
for the hydrogen molecules to disperse and accumulate.

There are different types of GB: low angle (below 15 deg) and high angle (above 15 deg).
Low-angle GB are subgrain boundaries and could almost be considered to be the same
grain since their atomic configuration and orientation are mostly identical. High-angle GB
are much more pronounced and play a much more significant role in hydrogen diffusion.
Within the high-angle GB, they can also be separated by Special (or coincident site lattice
(CSL)) GB (sigma below 29) and Random GB (sigma equal to or above 29). The Special
GBs are characterized for having more structure and a lower energy [20]. In a study done
by A. Oudriss et al., the effect of hydrogen was studied on Special and Random GBs [21]A
few observations were made: In Special GBs, dislocations and vacancies accommodate
their misorientation. These GBs are narrow and can often hold the hydrogen atoms more
easily because of their high trapping site density. On the other hand, Random GBs are less
structured and have higher excess free volume, which often helps hydrogen diffuse at a
faster rate through the microstructure. Hydrogen diffusion could highly depend on the type

of GB present, its amount, and its distribution across the microstructure.



All of these different defects allow the hydrogen atoms to accumulate and form high-
pressure hydride clusters, which happen when hydrogen atoms start combining with the metal
atoms, which can promote cracking when the material is under stress. As the hydrogen atoms reach
these different sites, the electrons from these atoms start interacting with the electrons from the
metal and start deteriorating the metallic bonds which reduces their ability to deform plastically
and makes them brittle. All of these serve as trapping sites for the hydrogen atoms. Within the
trapping sites, there are two types: reversible and irreversible [22]. In reality, all trapping sites are
reversible but some take much longer than others and might even require a special treatment. The
reversible trapping sites often are elastic fields, edge dislocations, and precipitates while the
irreversible often are vacancies and dislocation cores. These are all found in the GBs.

Aside from defects in the microstructure, phase composition is another important factor
affecting HE. With INC 718, the different phases present in the material (such as the austenitic y
phase, the v’ phase, and the y" phase) can influence how the hydrogen atoms are distributed and
where they get trapped as different phases may express different susceptibilities to HE. B. Kagay
et al. investigated how the internal structure of Alloy 718, especially the presence of a specific
type of particle o-phase at grain boundaries, impacts how susceptible it is to hydrogen
embrittlement. [23]. They discovered that the material with the least amount of 8-phase (under-
aged condition) resisted hydrogen embrittlement the best. In contrast, the material with the most
d-phase (high delta condition) was the weakest against hydrogen embrittlement and showed
intergranular cracking. The study suggests that other factors like the size and amount of different

phase types (y' and y") also play a role, along with the overall strength of the material.



2.1.3 HE and Mechanical Properties

As previously mentioned, everything that happens in the microstructure, the effect of
hydrogen in metals, is reflected in the reduction in mechanical performance. Some of the
mechanical properties that are affected include tensile strength, ductility, toughness, fatigue
strength, and fracture toughness. These properties are affected for various reasons: (1) the presence
of hydrogen atoms disrupts the connectivity and bond between the metal atoms and the grains, and
(2) the high-pressure points in the microstructure created by hydrogen atom clusters make the
material more susceptible to premature fracture. Xingfeng Li et al. investigated how hydrogen
weakens the nickel-based superalloy IN718 by exposing it to hydrogen and measuring its strength
and fracture behavior [24]. Examination of the fractures revealed that hydrogen creates voids at
two main locations: 1) where slip bands intersect needle-shaped 6 phase particles within grains
and 2) at the interface between the main metal phase and & phase particles along grain boundaries.
The presence of the & phase at grain boundaries also encouraged cracks to travel preferentially
between grains, as shown in Figure 2.4. The researchers propose that both hydrogen-enhanced
localized plasticity and hydrogen-enhanced decohesion mechanisms contribute to the overall
embrittlement of the alloy. Figure 2.3 shows the decline in mechanical performance of the studied

samples.
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Figure 2.3: Stress-strain curves of IN718 alloy without and with hydrogen charging at 0
mA cm 2, 75 mA cm 2, 220 mA c¢cm 2, and 590 mA cm 2 [24]

Figure 2.4: SEM images of tensile samples (a) hydrogen free; (b) 75 mA cm2; (c) 220 mA cm 2
(d) 590 mA cm™2. White circles indicating microvoids; Black arrows indicating
hydrogen-assisted cracking [24]
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2.1.4 Other Factors

When observing the environment in which a metal component operates, the level of
susceptibility and damage done by HE is also affected by the conditions under which the
component operates. Two of the main factors are temperature and pressure. In a review done by
Jonathan A. Lee et al., they concluded that room temperature is often where most metals are most
susceptible to HE as at lower temperatures, the hydrogen’s mobility is much lower which reduces
the diffusion through the metal, while at higher temperatures diffusion is considerably faster which
reduces trapping [25]. In addition, they mention that it is very common for susceptibility to

increase with higher hydrogen pressure.

2.1.5 Mitigation Strategies

There are many things that might help mitigate or prevent HE from occurring. Material
selection is a big factor. If the application allows, a lower-strength metal could be utilized as they
are less susceptible to hydrogen. Materials with higher percentages of Ni and lower percentages
of C also work well [26]. Heat treatment or “bakeout” can be applied to the component post-plating
[27]. Ceramic coatings such as Al,Oz and TiAIN are some of the most popular and effective for
HE prevention [28]. In addition, modifying the microstructure of the material can also be an
effective solution to this problem. This can be done by applying heat treatments as they change
the microstructure of the material, by adding alloying elements that could be beneficial (less
susceptible), or by adapting or modifying the manufacturing method which is what this study aims

to do by studying additive manufacturing.
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2.2 ADDITIVE MANUFACTURING

Additive Manufacturing (AM) is a manufacturing process in which a three-dimensional
object is built (or printed) layer by layer. Generally, AM is characterized for allowing the design
and manufacture of complex components; in other words, AM allows for geometrical freedom
[29]. There are 7 process categories for AM: Material Extrusion, Material Jetting, VAT
Photopolymerization, Binder Jetting, Directed Energy Deposition (DED), Sheet Lamination, and

Powder Bed Fusion (PBF) [30].

2.2.1 Material Extrusion

Material Extrusion: According to ISO/ASTM 52900, material extrusion is an additive
manufacturing process in which material is selectively dispensed through a nozzle or orifice. This
is an early AM technology invented in the late 1980s [31]. It is perhaps the most popular and
accessible of all the AM technologies [32], [33]. Because of this fact, material extrusion is used
for all kinds of purposes, from making recreational builds and prototypes to building functional
parts [34], [35], [36]. Thermoplastics are the most common materials used in this technology [37].
Some of these thermoplastics include polyethylene, polypropylene, polyvinyl chloride,
acrylonitrile butadiene styrene, polylactic acid, polycarbonate, and aliphatic polyamides [38].
Usually in this process, as shown in Figure 2.5, the filament (string of thermoplastic material) will
be connected and heated by the nozzle before coming out in a liquid state and being deposited on
the platform below. This process is repeated layer by layer until the final part is printed. These
machines' most common working mechanism is the nozzle moving in the X & Y directions while

the platform moves in the Z or vertical direction [39].
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Figure 2.5: Schematic of Material Extrusion system [40]

2.2.2 Material Jetting

According to ISO/ASTM 52900, material jetting is an additive manufacturing process in
which droplets of build material are selectively deposited. Similar to an inkjet printer, material
jetting systems count on a printhead with small nozzles that dispense the droplets of a
photopolymer, which will then get hardened under light. Layer by layer, the material is deposited.
The technology, as shown in Figure 2.6, has a curing system, usually a UV light source, that will
cure the droplets as they are being deposited which also ensures that the layers bond together [41].
Material Jetting can deliver realistic models and prototypes because of its high-dimensional
accuracy, smooth surface finish, and the fact that many colors can be used during the building

process [42], [43], [44], [45], [46].
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Figure 2.6: Schematic of Material Jetting system [47]

2.2.3 VAT Photopolymerization

According to ISO/ASTM 52900, vat photopolymerization is an additive manufacturing
process in which liquid photopolymer in a vat is selectively cured by light-activated
polymerization. This process, schematic shown in Figure 2.7, usually has a vat that contains all
the liquid photopolymer resin, the printer then directs a light source, usually a UV laser, to
selectively harden targeted areas of the resin vat. After this, the building platform lowers to grab
more resin and the process is repeated layer by layer. After printing, as a post-process, the final
part is taken out of the vat, the excess resin is removed, and the part is further cured in a UV light
chamber. This technology is characterized by its high resolution, being able to build very detailed

parts and high-dimensional accuracy [48], [49].
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Figure 2.7: Schematic of Vat Photopolymerization systems [50]

2.2.4 Binder Jetting

According to ISO/ASTM 52900, binder jetting is an additive manufacturing process in
which a liquid bonding agent is selectively deposited to join powder materials. A schematic is
shown in Figure 2.8. This process is similar to Material Jetting as they both have a printhead with
small nozzles that dispense a liquid. In binder jetting, the liquid bonding agent is dispensed into a
powder bed so that the individual particles can be bonded together and form a semi-solid or “green”
part. Usually, a thin layer of metal, ceramic, or sand powder will be spread throughout the printing
area, the printhead will then dispense the binder in the desired areas, the whole layer will then be
cured by a heat source, and the whole process will be repeated layer by layer. The green parts
coming out of this process will then have to be further cured and sintered to achieve a fully dense
state. The Binder Jetting process can be fast but it often requires post-processing which can mess

with the dimensions and the surface finish of the part [51].
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Figure 2.8: Schematic of Binder Jetting system [52]

2.2.5 Directed Energy Deposition

According to ISO/ASTM 52900, directed energy deposition (DED) is an additive
manufacturing process in which focused thermal energy is used to fuse materials by melting as
they are being deposited. DED uses a concentrated energy source, it can be an electron beam, a
laser, or a plasma arc, to melt the material coming out of the nozzle. A schematic is shown in
Figure 2.9. The material could come in two forms: a wire or powder. The process works layer by
layer. The heat source and nozzle move together to melt the material precisely as it is being
deposited in the correct areas. These machines will often operate under a controlled environment
with reduced oxygen to reduce the chances for oxidation which ensures a proper weld or bonding
between each of the layers [53]. DED is especially useful for building large components, it has

high rates of deposition and can be also used to repair components [54].
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2.2.6 Sheet Lamination

According to ISO/ASTM 52900, sheet lamination is an additive manufacturing process in
which sheets of material are bonded to form an object. This works with various materials, such as
paper, polymer films, or metal foils, and these sheets are pre-cut based on the desired layer profile.
Each layer sheet is bonded with the previous one in a different way depending on the material. For
metal sheets, the bonding mechanism is applied pressure with ultrasonic welding. The high
pressure and vibration applied between the sheets bond them together. The shape of the object and
the sheet can either be cut after or before bonding, depending on the specific system. These
machines can be cheaper and faster than other AM systems, and can also manufacture a large
number of materials, however, sheet lamination does not produce high-resolution parts and is often

used for prototyping rather than high-precision end-use components [56]. A schematic is shown

in Figure 2.10.
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2.2.7 Powder Bed Fusion

According to ISO/ASTM 52900, powder bed fusion (PBF) is a process category in which
thermal energy, delivered by a laser or electron beam, selectively fuses regions of a powder bed.
PBF industry has by far the largest market share when considering other AM metal technologies,

as shown in Figure 2.11.
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Figure 2.11: Market share of metal AM technologies [58].

Within PBF, there are two main categories: Laser Powder Bed Fusion (L-PBF) and

Electron Beam Powder Bed Fusion (EB-PBF). In these processes, a thin layer of powder is first
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deposited from the hoppers onto the build platform by some rolling or raking mechanism; a power
laser or electron beam then acts as the heat source to scan the powder bed and selectively melt the
particles together according to the component shape. The build platform will then lower slightly
so a fresh new layer of powder can be deposited, and the process repeats after every layer to
complete the entire build. Depending on the technology, the system will operate under a controlled
environment, such as an inert gas, or it will operate under a vacuum. PBF is a well-established
process and produces parts that often have a high-dimensional accuracy and are suitable for end-
use applications [59]. However, they can be expensive relative to other manufacturing methods
and often require post-processing, such as heat treatments, to relieve the internal stresses induced
during the build [60], [61].

In this thesis, the main focus will be set on Electron Beam Powder Bed Fusion (EB-PBF),
also called electron beam melting (EBM), which is a branch of PBF. This technology was invented
in Sweden by Arcam AB, and later purchased by General Electric [62], [63]. However, all of the
work presented in this thesis was done in a Freemelt system (Freemelt ONE), which is another
company that makes open-architecture EBM 3D systems [64]. Their system allows for more user

control and print customization compared to other traditional EBM systems [65].

2.2.7.1 Advantages and Disadvantages of EBM

When using EBM to manufacture any component, it is clear that this technology has its
advantages and disadvantages when compared with other AM technologies and traditional
manufacturing methods. When contrasting EBM against other AM technologies it can be seen that
EBM can produce high-density components, near net shape. This translates to high tensile

strengths, comparable to wrought metal components [66]. Complex parts with internal channels
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and overhangs with minimal support structures can be created with this technology more easily
than others [67], [68]. A wide range of materials can be used to print with EBM, including some
reactive and refractory metals [69]. One of the downsides is the fact that the EBM process usually
has slower build speeds (depending on the systems being compared), which could make it less
appealing when considering high output or high volume production. The cost per part is usually
higher, again, this depends on the technologies being considered. Also, there are other AM
methods with much smoother surface finishes which might be important depending on the
application.

Now, when comparing EBM with traditional manufacturing methods, there are major pros
and cons to consider. As EBM is an AM technology, this means an inherent design freedom when
creating new components. Complex geometries can be created and printed which might be
extremely difficult or even impossible to manufacture using traditional subtractive methods.
Material waste is also a big issue with subtractive manufacturing methods; high amounts of
material are thrown into waste and are hard to recycle. EBM has the capability of only
using/melting the material needed to build the desired component and almost immediately reusing
any powder around the print, creating very little waste. Also, EBM is a great alternative to creating
legacy components [70]. These legacy components are usually replacement parts that are no longer
in production. This creates an opportunity for EBM to produce low-volume, customized parts for
multiple industries. Finally, as freedom of design exists on AM, this gives the opportunity to
consolidate complex assemblies made up of multiple components into one single part. Whereas
these capabilities make EBM attractive and suitable for many applications, traditional
manufacturing methods still have many disadvantages. There is an even wider range of materials

available for well-established traditional processes. Also, EBM-printed parts often require post-
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processing steps such as heat treatments, which make the cost to manufacture even higher [71].
Finally, all EBM systems have relatively small and limited build chamber size which inevitably
restricts the size of the components that can be printed. Overall, EBM can create components with
favorable properties but the process presents some limitations. It is important to consider the

application, cost, size, and other things when deciding how a component will be manufactured.

2.2.7.2 EBM Overview

EBM is a technology that, as its name implies, works by using an electron beam source to
selectively melt the metal powder. This technology can print a wide variety of materials but they
all have to be conductive to dissipate the electric charge from the electron beam interaction with
the powder. The best type of powder particle morphology is spherical as they can easily flow
across the powder bed and ensure a more even distribution [72]Several powder manufacturing
methods exist; spherical powder is manufactured either by gas atomization or plasma. Normally,
the particle sizes preferred for EBM processes are 45-105 microns in diameter.
The electron beam used comes from a diode-type source with a CO2 laser-heated cathode. A
schematic of an EBM system is shown in Figure 2.12. The CO2 laser hits and heats the cathode,
which causes it to emit electrons. These electrons are directed with the diode and focused into a
narrow and precise beam by beam-forming coils in the column. These beam-forming coils are
electromagnetic components that can focus the electrons from the initially divergent beam and
dictate its trajectory down to the building area. The beam’s power ranges from 0-6 kW. This whole
process occurs under a vacuum. Vacuum levels are kept at 10 hPa (mbar) in the building chamber
and 107 hPa (mbar) in the column. Printing under vacuum allows electrons to follow their path

without resistance, making it a more efficient process; aside from this, a vacuum environment
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helps prevent oxidation that would normally happen due to the high temperatures, allowing the
printing material to maintain its quality and chemical composition, and allowing the electron beam
to penetrate deeper into the powder bed which creates a better fusion between each of the layers
[73]. If this process happened under a controlled gas environment, as in LPBF, the electron beam
would collide with the other gas particles. The EBM machine used for the fabrication of all INC
718 samples examined in this study was a Freemelt One. These machines are mainly suitable for
small builds meant for research & development purposes [74]. The building chamber has
dimensions of 100 mm H x 100 mm @ which inevitably limits the desired print size to that

envelope.

Laser beam —

Cathode —

P

o
=
=4
o
a

@

w

shutter

Anode — | _

Electron beam — __

Figure 2.12: Schematic of a) overall Freemelt ONE EBM system and b) EB source [74]

This whole process starts with a Computer-Aided Design (CAD) model, which is the
digital version of the object that needs to be printed. This CAD model is then sliced or codified in
a specific software so that the EBM machine can process it and later print it. After the CAD file
has been sliced and all parameters have been set, then the machine setup begins. This process
usually consists of sieving then metal powder through a specific mesh size so that the particle sizes

are controlled; bigger particle sizes could negatively affect the printing process.
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The particle sizes used for EBM processes usually range between 50-120 microns. It is
important to have this range of sizes so that the powder bed remains as fully packed or as dense as
possible during the printing of each layer; fully packed layers reduce the risk of porosity in the
print [75]. The sieved powder is then placed in the powder tank inside the machine. After this, the
build plate, usually a circular-shaped steel plate, is then leveled. Leveling the plate ensures it will
not later interfere with other components, such as the raking mechanism, potentially ruining the
entire process. The plate is then lowered by a specific distance to account for thermal expansion
when heated, which also prevents any interference. Finally, the machine can be put into a vacuum
so that all air is extracted from the chamber and column. After reaching proper levels of vacuum,
mentioned above, the print can then begin.

The process starts with a general preheating step. This works by activating the e-beam and
defocusing it so that it delivers a specific flow rate of energy to the entire build area so it can be
preheated and reach a specific temperature before printing. This is done to ensure a high-
temperature printing environment and to sinter the powder particles around the plate, which will
give the plate a certain level of stability and prevent it from moving from its place. As discussed
above, the EBM process works at high temperatures at all times, usually maintained above 900 C
depending on the material. This happens for several reasons [76], [77]. Keeping a high
environment temperature reduces the thermal gradient between the volumes of powder that is
being melted and its surroundings. This affects the cooling rates of each layer. Cooling rates can
then affect the entire microstructure of the print which then affects its mechanical properties.
Slower cooling rates can help reduce the amount of residual stresses left in the print [78]. Aside
from all of this, higher printing environment temperatures enhance the powder flowability which

ensures an even powder distribution in the printing area and improves the adhesion between layers.
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After the plate has reached a certain temperature in this first general preheating step, the
raking mechanism takes powder from the powder tank and evenly spreads it across the building
platform, leaving a thin layer of powder across the plate. A second, more localized, preheating
begins around the specific areas of the actual shape of the print. As with the first general
preheating, this localized preheating step happens by defocusing the beam and applying energy to
a large, selected area. The next step is melting. The beam is highly focused and selectively melts
the shapes of the actual component being built. Usually, the beam will first melt the hatch area of
the whole shape, the inside area, and then proceed to melt the contour of it. The raking, preheating,
and melting steps are then repeated continuously until the entire component is built. Finally, the
machine must be let cool down on its own, maintaining the vacuum environment to prevent

oxidation, before it can be opened and the print is taken out.

2.2.7.3 Parameters EBM

Again, EBM involves numerous parameters that alter a specific aspect of the printing process.
Some of them are beam power, beam focus, scan speed, layer thickness, scanning strategy,
preheating, etc. It is important to define the values for each of these parameters before the print as
they can all affect a different aspect of the print and consequently affect the microstructure and
mechanical properties of the part [79]. Here is a list of the most common parameters used along
with a brief description of what they do:
e Power: power at which the beam will be generated, measured in (W). Ranges from 0-6000 W.
e Jump Length: used to jump from one pixel to another in the x & y directions when moving to

another row. Measured in (mm).
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Spot Size Percent: the spot size percent is measured from 1-100%. This spot size percent
represents the beam radius. The most focused is achieved at 1% whereas the most defocused
beam is achieved at 100%.

Beam size: diameter of the beam at the 1% spot size percent. Measured in (mm).

Current: current applied to the beam. Measured in (mA).

Spot Dwell: Amount of time, measured in (us), each beam spot will stay at a specific location.
Energy per Spot Area: the amount of energy that is applied by the beam into a specific area.
Measured in (J/mm?).

Mesh Size: this determines the size of each pixel where the beam is positioned.

Number of Spots: total number of spots that will cover the area of your print. This is more of
a measurement caused by other parameters.

Layer Height: the height of each layer that will be spread across the build platform by the
raking mechanism, measured in (um).

Start Heat: the temperature under the build plate that must be reached before starting the actual
print steps. Usually, a slow energy rate is applied to ensure the general area around the plate
gradually reaches a high temperature, which ensures a better process. Measured in (C).
Preheat: number of repetitions, equivalent to an amount of time, the preheat process will be
done on the printing area (on the powder bed) before each melt step. This step is done to ensure
the whole new layer of fresh powder reaches a certain temperature and is preheated, before
melting.

Scanning Strategy: this determines the path the beam will follow to perform the melting step.

this parameter can be highly influential in the microstructure of the entire part.
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2.2.7.4 Scanning Strategies

As previously mentioned, the scanning strategies that are chosen for a print are highly
influential to the microstructure of the final part which later dictates the properties of it. One of the
various scanning strategies can be chosen when for a specific print depending on the desired
outcome. For this thesis, a single-directional shifted scanning strategy was chosen. This strategy
was chosen as it is a type of what is called a spot-melting scanning strategy, which is capable of
delivering certain kinds of microstructures. Andrew T. Polonsky et al. investigated how different
melting strategies in additive manufacturing affect the final structure of Inconel 718 [80]. They
found that using a focused spot melt technique with slower heat delivery promotes the formation
of equiaxed grains. Conversely, a continuous line scan (raster melt) with faster energy input creates
elongated columnar grains aligned with the scan direction. This study highlights the importance of
scan strategy selection for controlling or predicting the final microstructure and properties of the

manufactured parts.

2.2.7.5 Microstructure and Mech Properties on EBM

Each manufacturing method has different processes to create a component. These
differences in the processes alter the material's microstructure in different ways. When 3D printing
something using an EBM machine, there are typical or general microstructural characteristics that
can be seen in the components in their as-built state, meaning with no further post-processing
techniques. When analyzing metals printed with EBM, it is common to observe elongated or
columnar grains [81]. These grains grow in a vertical form, perpendicular to the build plate and
following the build direction due to the heat flow moving in that same direction. These components

often exhibit near-net-shape densities, meaning they can achieve very high densities with minimal
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porosity in them (the printing parameters also play an important role in the density of the
components) [82]. As mentioned before, the EBM process occurs under high temperatures, which
helps with proper particle bonding and helps with the density of the part. Again, residual stresses
are also an inherent part of the printing process. The relatively rapid melting and cooling phases
of the material can cause residual stresses as the material expands when heated and contracting
when cooling. As different layers can experience this expansion and contraction multiple times,

stresses are created in the microstructure.

2.2.7.6 Mechanical Properties EBM

These general microstructural features translate into the printed samples’ mechanical
properties. High densities translate into high tensile strength, relative to the material being printed,
allowing them to withstand high loads and stresses, especially with INC 718. As mentioned before,
INC 718 is a precipitation-hardened alloy which gives it its ductility; when printed with EBM, this
ductility might be slightly lower due to the residual stresses in the samples. As ductility lowers,
elongation also suffers. The columnar grain structure creates a phenomenon called anisotropy
which gives the components favorable tensile strength and elongation when tested in the vertical
(perpendicular to the build platform) direction. As with other AM technologies, EBM creates a
component layer by layer. These layers form a rough texture around the component, called surface
roughness. This can be a significant factor when the components are meant for applications
requiring wear resistance. Residual stresses due to the rapid heating and cooling cycles can cause
high-stress points and later crack initiation spots [83]. INC 718 printed samples normally retain

their high temperature and corrosion resistance.
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2.2.7.7 Post Processing on EBM

Very often, EBM parts undergo post-processing to correct porosity, relieve residual
stresses, and meet other industry or application-specific requirements [84], [85], [86]. These post-
processing methods usually begin with some kind of heat treatment. Some of the most typical heat
treatments EBM components usually undergo are Hot Isostatic Pressing (HIP), Solution Treatment
(ST), and Aging. The HIP process uses high pressure and high temperature to close all of the voids
or pores within the component. In the process of doing this, HIPing may also have an effect on
grain size, homogenizes the microstructure by redistributing its precipitates, and dissolves some
certain phases. In the context of INC 718, HIPing usually dissolves gamma and delta phases due
to their lower solvus temperatures (780-925 °C and 1020 °C respectively) while keeping carbides
(solvus temp. 1290 °C) [87]. This causes the material to decrease in tensile strength and increase
its elongation and fatigue life while the other heat treatments, ST and Aging, serve to bring out the
desired phases (gamma phases) of the material [88]. Aside from this, some applications might have
certain requirements that could require machining to achieve tight tolerances and better surface
finishes. Overall, post-processing techniques help to increase the integrity of the components,
most times positively altering their mechanical performance, and preparing it for their specific

application. In this paper, only the effect of HIPing will be studied.

2.2.8 AM and HE

AM has extensively been studied for many applications but lacks research on its
relationship with HE. This area has recently gained more attention as more AM techniques and
materials are being studied, but there is a clear lack of information regarding the effects of HE on

INC 718 parts manufactured by EBM. Still, studies performed on other materials can provide

29



valuable insight into AM-HE relationships. As an example, Ju Yao et al. wrote a review on the
research done on AM and HE [89]. In it, they explain that research on HE in additively
manufactured (AM) Ti-6Al-4V parts (LPBF and EBM) shows conflicting results compared to
traditionally made parts. LPBF's microstructure might make it more prone to HE than EBM, and
HE susceptibility in LPBF itself might depend on printing direction. Also, opposing views exist
when studying EBM parts vs wrought parts, with some studies suggesting better HE resistance for
EBM and others finding the opposite. This inconsistency highlights the need for further research
to clarify how HE affects AM parts compared to traditional methods. As mentioned before, there
is a lack of research focusing on INC 718, still, there are a few studies published. As an example,
Naveen Karuthodi Mohandas et al. examined how hydrogen gas affects LPBF INC 718, comparing
it to traditionally manufactured INC 718 [90]. Although all samples became brittle with hydrogen
exposure, the heat-treated AM material showed much less embrittlement (64% lower) despite its
higher strength. This is due to the anisotropic microstructure behavior caused by 3D printing. The
elongated grains confine hydrogen embrittlement to a narrow zone along the printing direction,
unlike the uniform embrittlement seen in conventional material. While both types of INC 718 are
susceptible to hydrogen embrittlement, the AM process creates a strategic advantage as the
microstructure offers the potential for designing components where hydrogen exposure is a
concern. This study shows that AM could be advantageous when manufacturing components to

control their microstructures and thus influence their susceptibility to HE.

2.3 INCONEL 718
As mentioned above, the material that was used for these experiments is INC 718. This

material is considered to be a superalloy given it is a nickel-based alloy with strengthening
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precipitates and can maintain its strength and mechanical properties at elevated temperatures
(exceeding 700 deg °C), exhibit good performance in corrosive environments such as oxidation,
hot gases, and other specific chemicals, and resist deformation under stress and high temperatures
which ensures they can keep their original shape and function in demanding applications;
summarized, this material exhibits excellent strength and mechanical properties and high
temperature, corrosion, and creep resistance [91], [92, p. 718]Table 1 shows this material's
chemical composition, and Figure 2.13 shows its performance against temperature compared to

other metals.

Table 1: Chemical Composition of Inconel 718 [93]

Material Percentage Range (wt%0o)
Nickel 50-55
Chromium 17-21
Iron Balance
Columbium 4.75-5.5
Molybdenum 2.8-3.3
Aluminum 0.2-0.8
Titanium 0.65-1.15
Manganese 0.35 max
Silicon 0.35 max
Boron 0.006 max
Carbon 0.08 max
Sulphur 0.15 max
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Figure 2.13: Materials strength at different temperatures [94].

These features make it favorable for multiple industries such as aerospace, oil & gas,
energy generation, chemical processing, and others where the extreme environments require the
properties that INC 718 has. The aerospace industry is often in need of components such as turbine
blades, discs and some afterburner components that are in constant exposure to extreme
environments where they might experience high temperatures, be subjected to high cyclic loads
and corrosive environments [95]. The oil & gas industry is often in need of components such as
downhole tools, pipelines, and subsea equipment that are subjected to corrosive chemicals,
constant stress and wear, and high pressures [96]. In industries where chemical processing is
needed, components such as pressure vessels and valves are manufactured and need to withstand
environments where corrosive chemicals might be used [97]. Despite all of the material’s positive
properties, or perhaps because of them, INC 718 is not considered to be an easy material to

manufacture through traditional methods [98]. Manufacturing methods such as forming,
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machining, molding, and joining are considered to be traditional manufacturing methods that are
widely used across many industries because due to a large number of years they have been present,
they have become reliable and low-cost, especially when intended for mass production. However,
it is difficult to manufacture INC 718 through these methods because of several aspects: (1) the
material’s high strength and hardness make it difficult to machine and can wear out the used tools
faster. (2) The material shows work-hardening, which causes it to become harder and, therefore,
more difficult to work with. (3) Because of its elasticity, the material can experience springback
by trying to return to its previous shape or form. (4) Since the material is high temperature resistant,
certain forging processes might need to use a lot of energy to work it. Nevertheless, AM offers
new manufacturing options. INC 718 could be additively manufactured or “printed” using multiple
AM technologies such as DED, LPBF, and EBM, but for this scope of work, EBM was the selected
manufacturing method. As mentioned before, EBM provides a better opportunity to control the
microstructure of whatever is being printed more than other technologies because of how the
process works (slower cooling, less chance of contamination, vacuum environment, and wide
range of parameters).

When trying to understand this material's relationship with HE, it is important to first look
at its performance compared to other materials and then look deeper at the microstructure of the
material. Carbon steels and high-strength steels are highly susceptible to HE due to their
microstructure; several phases, like ferrite and pearlite, can form pathways for hydrogen atoms to
penetrate and cause embrittlement [99]. Steel is the most commonly used material to build
components that are used for keeping storage hydrogen due to the cost-effectiveness of the
material, good mechanical strength and durability, and the fact that there are vast, effective, and

well-established methods to manufacture it. The most common type of components that are
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currently made from steel are highly pressurized tanks (to carry the hydrogen) and smaller
components such as pressure vessels, valves, and fittings. However, there are no studies where

different materials’ susceptibilities to HE are compared.

2.3.1 Inconel 718 Microstructure

Now looking deeper into the microstructure of INC 718, this material usually consists of a
nickel matrix with strengthening precipitates like gamma prime (y') and gamma double prime (y")
and includes a delta () phase [100], [101]. The material can also often display laves and niobium
carbides (NbC). Now, depending on the solidification (cooling rate) of the material, the
morphology, placement, and size of these precipitates will be affected. Niobium carbides are often
seen as a favorable outcome, while laves are often seen as a negative one because of how they
affect the properties of the material [102]. Now, the microstructure of any material will inevitably
change with different manufacturing methods. When manufactured using EBM technology, INC
718 often exhibits columnar grains growing in the direction of heat extraction known as the build
direction. It normally contains the same precipitates, y' and y", as shown in Figure 2.14, although
their arrangement could vary depending on the processing parameters. As mentioned before, EBM
builds will often exhibit a strong texture towards the build direction which can then lead to
anisotropic behavior. L.E. Murr explains how the EBM process affects the internal structure of
nickel-based superalloys like Inconel 625 and 718 [103]. EBM creates unigue microscopic features
within the printed metal which include elongated, aligned internal structures called "precipitate

architectures," which tend to form in the same direction as the printing process.
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Figure 2.14: (A) TEM diffraction pattern image of [001] zone of y matrix exhibiting y’ and y”’
superlattice reflections; (B) TEM dark-field image using the y’’(110)/y’(011)
diffraction spot; (C) Image showing o-phase along high-angle grain boundaries
[81].

The exact type and orientation of these y" precipitates depend on the specific alloy being
printed. For instance, Inconel 718 forms disc-shaped precipitates along {1 0 0} planes.
Additionally, EBM creates elongated grains with low-angle boundaries throughout the material.
The study suggests that by carefully adjusting the beam and scanning parameters (beam radius,
scan spacing, and scan velocity) of the EBM machine, it might be possible to control these internal

structures and potentially influence the final mechanical properties of the 3D-printed nickel alloy

part.
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The fact that INC 718 is a precipitation hardenable alloy means that those precipitates act
as barriers to the movement of dislocations within the metal’s microstructure which makes the
material stronger and, simultaneously, those same precipitates can then act as barriers to hydrogen
diffusion, offering some resistance against HE [104]. In general, when the precipitates are well
distributed in the microstructure, the precipitates tend to act as trapping sites for hydrogen atoms
and prevent them from reaching grain boundaries where they would cause more damage by starting
the embrittlement process. Precipitates like y' are often considered as beneficial while the 3-phase
usually facilitates the hydrogen diffusion towards grain boundaries. G. C. Obasi et al. studied the
effect of different microstructures in Nickel alloy and found that 6-phases tend to increase the

material’s susceptibility to HE [105].
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3. Chapter 3: Materials and Methods

3.1 POWDER FEEDSTOCK CHARACTERIZATION

Before printing, the powder was first analyzed and characterized. The chemical

composition of the powder is previously shown in Table 1. A particle size distribution test was

performed, shown in Figure 2.15, using a Retsch Camsizer X2. Results show 10% of powder

particles are below 58.7 um in diameter, 50% of powder particles are below 70.0 pm, and 90% of

powder particles are below 84.8 um.
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Figure 2.15: Powder Size Distribution Graph.

3.2 EBM MANUFACTURING
As always, the printing process begins by creating CAD models, in this case created in

X [um]
58.7
70.0
84.8

Q3 [%]
0.37
49.96
99.68

0.372
1.242

Autodesk Fusion 360. These are shown in Figure 2.17. They are later exported to a Freemelt

proprietary slicer software which creates a code specific for the machine to read and execute so

that the correct beam paths are followed to print the desired shape. After the file is sliced, the user

is allowed to enter the desired parameters and scanning strategies, as shown in Figure 2.16, by
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using Pixelmelt, another Freemelt proprietary software. This file has to be manually inputted to

the machine before every print.

pixeimelt

Melt Settings i Selection

Start

Name i

Beam

sliced_v2_cube_2x2_15mm 0

Spot Size
[

Beam Power
600

15mm cube_3

‘“ Partition 1

Mesh Partition 2
Mesh Size 15mm cube_2
0.1

Mesh Offset Partition 1
0

Partition 2

Spot Spread

Method
Energy per area

Figure 3.1: Pixelmelt program interface.

Figure 3.2: CAD models of A) Rectangular prisms, 4 Samples:
15 x 15 x 25 mm. B) Rectangular prism, 1 Sample: 20 x 20 x 25 mm.
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All INC 718 samples studied in this thesis were manufactured, or printed, in a Freemelt
One system. In this system, the electron beam comes from a diode-type source with a CO2 laser-
heated cathode, as mentioned before. The beam’s power has the capability of operating in a range
from 0-6 kW. The machine is also capable of reaching high levels of vacuum, 10 hPa (mbar) &
10" hPa (mbar), which helps with the quality of the print. The building is relatively small compared
to other EBM systems with dimensions of 100 mm H x 100 mm @. This system can manufacture
components at over 1100 C which allows it to print with a wide variety of materials, also discussed

previously in more detail in the literature review section of this document.

3.2.1 Parameters

The rectangular prism samples that were printed were initially computer-modeled and then
sliced and processed using the Pixelmelt software which is a proprietary software of the Freemelt
company. In this software, the main parameters for the print were set so that once the file is saved,
it can be transferred to the main computer of the Freemelt One system. As mentioned before,
Single Directional Shifted scanning strategy was used to build the samples. In Table 2, the
parameters used for this scanning strategy are shown. These parameters are considered to be the
most influential in the printing process as they directly affect the microstructure and mechanical
properties.

Table 2. Stochastic and Single Directional Shifted Parameters

Parameters Single Directional Shifted
Startheat 1050 °C
Preheat 200 reps
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Power 360 W
Jump X 10px|Y_ 10px
Spot Size Percent 1%
Beam Size ~0.250-0.280mm
Current 6mA
Spot Dwell 250us
Energy Per Spot Area 9J/mm”
Mesh Size 0.1
Number of Spots 22500
Layer Height 0.075

After the printing process, the machine is at a very high temperature and has to be cooled
down at ambient temperature but still under vacuum. The cooldown process takes around an entire
day. After the chamber has reached ambient temperature, the machine can be open and the samples
can be taken out by carefully removing all the surrounding sintered powder (seen in Figure 3.3 A

and B). The samples had to be sectioned off the build plate by using a bandsaw cutter as the printing

process usually makes them strongly adhere to it (as seen in Figure 3.3 C).
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Figure 3.3: A) & B) Represent the 5 samples and environment right after opening the chamber.
C) Represents the samples after being machined off the plate (the arrows represents
the rake direction). D) Illustrates the typical (EBM characteristic) rough surface
finish on the prism.

3.2.2 Heat Treatments

A HIP heat treatment was applied to a portion of the samples to analyze the effect of
hydrogen in both as-built and HIPed samples. The process consisted of elevating the temperature
to 1160 °C at a rate of 15 °C/min, then holding the temperature at 1160 °C for 3 hours at 100 MPa

in an Argon atmosphere, and finally just letting it cool by itself inside the furnace (furnace cooling).
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This whole process is illustrated in Figure 3.4. Again, the HIPing process is mainly meant to close
or eliminate porosity within the part as it applies heat and pressure to it. ASTM F3301 standard

was used for this process.
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Figure 3.4: HIP process graph.

3.3 CHARACTERIZATION

3.3.1 Electron Backscatter Diffraction (EBSD)

EBSD is a microstructural characterization technique that is used to obtain crystallographic
information from a material. This technology works by directing an electron beam to the sample
being analyzed at an angle which will form diffraction patterns from the backscattered electrons
hitting the crystal lattice, which will be detected or captured by the machine. This procedure serves
to obtain crystallographic orientation, grain boundary character (e.g., low-angle boundaries, high-
angle boundaries, and twin boundaries), and identify phases (such as the y' and y" strengthening
phases, carbides, and Laves phases) and grain morphology which all affect the material’s

properties and performance. As previously mentioned, EBM is a complex process which involves
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rapid solidification and complex thermal cycles which all affect the material’s microstructure and
needs to be characterized with a method such as EBSD.

A small rectangular section of the original printed parts were cut for this analysis. All of
the samples were prepared for EBSD analysis grinding and polishing them with SiC abrasive paper
with sizes ranging from 800 to 2400, and polishing with 3 pm and 1 um diamond suspensions. As
EBSD procedure requires a high-quality surface finish to ensure the production of clear diffraction
patterns, the samples must undergo a final polishing step using a 0.02 pm oxide polishing
suspension solution. Features such as the grain size, morphology, orientation as well as the grain
boundary character were extracted and examined using EBSD. Coarse and fine maps (low and
high resolution) were obtained by using a field-emission scanning electron microscope (ZEISS
Crossbeam 340-VP), shown in Figure 3.5, equipped with an EDAX EBSD detector with a step
size ranging from 0.7 um to 8§ um. A clean-up procedure was performed on all EBSD images on

OIM TSL Analysis v8 software.

= amma
Figure 3.5: ZEISS Crossbeam 340-VP EBDS machine [106].
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3.3.2 Optical Microscopy

This procedure complements EBSD as another form of observing and analyzing
microstructures from a different perspective and even observe defects such as porosity, cracks, and
lack of fusion and also assess the quality of the surface finish. The sample is polished to eliminate
all the roughness and create a smooth surface which is critical for proper observation. Again, these
procedure required SiC abrasive paper with sizes ranging from 800 to 2400, and polishing with 3
pm and 1 pm diamond suspensions. Then the sample is electro-etched with oxalic acid at 4 V and
3 A for around 2 min (time is dependent on the sample size) to enhance the contrast between
different phases, grains, and microstructural features. Figure 3.6 illustrates the electro-etching

procedure.

o=y

Figure 3.6: Electro-etching setap.

After electro-etching, the sample is taken to be observed and analyzed under a microscope.
For this study, a Keyence VH-ZST microscope, shown in Figure 3.7, was used to analyze the
samples. Different magnifications were used to analyze the various microstructural features of the

samples.
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Figure 3.7: Keyence VH-ZST microscope
As the results and discussion section show, after performing optical microscopy and
observing vertical and horizontal samples, the microstructure was very similar in size and shape,

which is why, for the rest of the experiments, only vertical samples were tested.

3.3.3 Transmission Electron Microscopy (TEM)

TEM is a technique that makes it possible to analyze materials at an atomic level. Defects,
composition, lattice structure, phase composition, and grain boundaries are some of the things that
can be observed by using this technology. It works by passing a beam of electrons through a thin
section of the material, the edges of the holes created by electro-polishing, which will make these
electrons diffract, create specific patterns depending on the phase of the material being observed,
and finally create an image of the material's inner structure. A Jeol TEM apparatus was used for
this study (shown in Figure 3.8). For INC 718, it will make it possible to analyze the size, shape,

and distribution of precipitates such as y' and y", detect some of the dislocations in the sample, etc.
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The samples used for TEM observation were sectioned into a 3 mm diameter disc, with a
final thickness of ~100 um. The samples were progressively polished with SiC abrasive paper with
sizes ranging from 800 to 4000 to achieve a smooth surface finish.

After polishing, the samples were electro-polished using a TenuPol-5 machine to create small
holes in the samples as the TEM machine will focus on them to extract the images and information.
The solution used for the electro-polishing has the following mixture: 75% of MeOH, 16% of 2-

Butoxyethanol, and 9% of Perchloric Acid.

Figure 3.8: Jeol TEM Machine

3.3.4 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technology that uses a beam of electrons to
analyze the surface of a sample at very high resolutions (even at the nanometer scale). When the
electron beam hits the material’s atoms at the surface, these send a signal to the SEM apparatus
containing data about the metal’s surface, creating an image. This technology is useful for
analyzing phases, grain boundaries, and defects in the microstructure, which is what was done in

this study.
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As-built and HIPed samples were analyzed under SEM after being etched to highlight the
microstructural features. Energy-dispersive X-ray spectroscopy (EDS) system, was coupled with
this study to perform elemental analysis which provides more insight into the material’s
composition and element distribution. EDS was mainly done to analyze the primary elements such
as Ni, Cr, Mo, Ti, C, Al Fe, N, and Nb. This technique creates color-coded mas which allows a
simple element distribution observation. An Axia SEM apparatus was used to perform the analysis,

shown in Figure 3.9.

Figure 3.9: SEM Machine, Axia

3.4 HYDROGEN CHARGING

Hydrogen charging, following ASTM G148-97, was done to understand the interaction
between hydrogen and INC 718; how it affects its properties and performance.

The samples were made into rectangular pieces of dimensions 4 X 10 mm and ~400 pm
thickness. They were slightly polished to remove the stresses induced when sectioning/cutting
them. After, they were attached to a screw with conductive glue, as this will ensure current passed

to the sample, and finally covered in resin, as seen in Figure 3.10.
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The charging is done by immersing the sample in an electrolyte solution and passing an
electrical current through it to facilitate the absorption of hydrogen. The setup is shown in Figure
3.11. The current applied depends on the size or area exposed of the sample. For the dimensions
mentioned above, a current of 24 mA was applied. The samples were tested for 72 hr at room

temperature.

Figure 3.10: Sample in resin (charging preparation)

Figure 3.11: A) General and B) Close-up view of the H-charging Setup
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3.4.1 Thermal Desorption Spectroscopy (TDS)

Right after charging, a TDS test is performed in a Horiba Hydrogen Analyzer, shown in
Figure 3.12, to obtain the hydrogen concentration in the sample as it is being melted. It is crucial
to perform the test as soon as the samples are taken out of the charging solution as hydrogen starts
diffusing not only further into the sample but also out of it. The sample is placed inside the TDS
apparatus, which then proceeds to heat and melt it by raising the temperature to 2000 °C, which
makes the hydrogen desorb. The whole experiment usually takes around 2 min. This hydrogen
desorption is measured and recorded by the apparatus. Hydrogen concentration measurements are
crucial to understanding how hydrogen moves through the metal, provide insight into hydrogen
diffusion dynamics, and help to learn how much hydrogen a material can absorb and retain under

different conditions, in this case, as-built vs HIPed.

Figure 3.12: Horiba Hydrogen Analyzer

3.5 MICROHARDNESS

This technique is used to obtain the mechanical properties of a material, especially its

hardness (resistance to deformation). It involves applying a measured localized force by pressing
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a precise indenter (usually diamond) into the material's surface. Microhardness tests are especially
useful when the surface explored has a mixed microstructure like the one studied in this study as
it allows to test hardness at precise points and study localized properties on different phases and
grain sizes. For this experiment, Vickers technique was used. The apparatus used to perform these
tests is shown in Figure 3.14 and the schematic of this test in Figure 3.13. A row of 5 indentations
with a force of 5 mg was performed by separating each indentation 25 um from each other to
account for the indentation diameter and ensure having a valid result. Also, this distance was
chosen to analyze the area of interest; hydrogen only permeates a few tenths of microns into the
material (depending on the charging time). Three rows of indentations, with a separation of 50 um
between them, were made to analyze the hardness values at different locations and have more

accurate results as shown in Figure 3.13.

|

Charging Surface

Figure 3.13: Indentation Schematic
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Figure 3.14: Anton paar Step 4, Microhardness Apparatus
3.6 TENSILE TESTS

Tensile testing was conducted to determine the specimens’ behavior under uniaxial tensile
stress and obtain the specimens’ yield stress, ultimate tensile stress, and elongation at fracture. The
process involves pulling the tensile specimen at a certain strain rate (10 s™! for this experiment)
until fracture/failure while recording data to plot stress vs. strain curves and determining the
mechanical properties of the samples. This was performed on HIPed and as-built samples, both in
H-charged and uncharged conditions, in the vertical direction. Two samples of each specimen were
tested for comparison. Figure 3.15 shows the dimensions for the tensile samples and Figure 3.16

shows the apparatus used to perform the tests.
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Figure 3.15: Tensile Sample Dimensions
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Figure 3.16: Kammrath & Welss Tensile Apparatus
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4. Chapter 4: Results and Discussion
4.1 CHARACTERIZATION RESULTS
4.1.1 EBSD Results

4.1.1.1 As-built Samples

When observing the EBSD images in the as-built state, Figure 4.1, it can be seen how the
grains do not possess a particular growth direction or anisotropy as in most cases in AM parts.
This is due to the particular thermal gradient caused by the scanning strategy. As mentioned before,
spot melting scanning strategies often melt the layer surface in smaller discrete areas which
promotes a more uniform heat distribution and not a directional one as in other scanning strategies.
Aside from this, spot melting usually means smaller thermal gradients and faster cooling rates
which tend to promote slightly smaller grain sizes and an overall more equiaxed microstructure,
which can all be seen in Figure 4.1.

The next image, Figure 4.2, represents the polar figures for this microstructure which
confirm the randomized texture. As it can be clearly observed, there is not a clear strong pattern
or distribution for the crystallographic orientation of the microstructure, meaning the samples have
a mostly randomized texture. This is something particular to this scanning strategy as typical
scanning strategies tend to have a very strong texture, usually towards the build direction in the
<001> direction. Compared to a study done by Goel et al., pole figures from highly columnar
microstructures show much more texture and intensity values when built using a raster/line melt
[88].

The as-built microstructure averages 95.6 + 1.2% in high-angle grain boundaries across
vertical and horizontal build directions. This high number again confirms the randomized and
untextured microstructure as low-angle grain boundaries cannot have an untextured
microstructure. From this percentage, 75 + 0.8% belongs to random grain boundaries with a ) >
29 while 20 £ 1% belongs to CSL grain boundaries with a ) < 29. Figure 4.3 represents the

microstructure with the actual random and CSL GB distribution. As it can be observed, even
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though CSL GB are spread evenly throughout the area, they appear to be somehow connected in

clusters.
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Figure 4.1: A) Horizontal and B) Vertical As-built EBSD Map
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Figure 4.3: Random vs CSL distribution. As-Built Vertical.

4.1.1.2 HIPed Samples

The next images represent the microstructures after HIPing. The pole figures, Figure 4.5,

show that after HIPing, the overall microstructures maintain the same type of randomized
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crystallographic orientation, not exactly in the same directions as before, but still mostly showing
a weak texture, especially when compared to the HIPed samples studied by Goel et al. [88]. After
HIPing, the average grain sizes were expected to experience high growth as seen in other studies
[87], [107], [108], nevertheless, as seen in Figure 4.7, grain sizes did not experience significant
growth. Also, the microstructure retains a high percentage of high-angle GB with 97.2%.
Nevertheless, its distribution is different as the overall percentage of random GB decreased while
the CSL percentage increased as shown in Figure 4.8. This can be observed as HIPed samples
usually have a higher percentage of twin grain boundaries (which are CSLs) [109]. Figure 4.6
shows the map distribution of random vs CSL GB. Random Gb still dominate the matrix while
CSL GB seem to be evenly scattered throughout the microstructure but still connected to one
another in most cases. It can also be observed that a large percentage of the CSL GB corresponds

to twin GB.

001] [011]

Figure 4.4: A) Horizontal and B) Vertical HIPed EBSD Map
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Figure 4.6: Random vs CSL distribution. HIPed Vertical.
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Figure 4.8: CSL vs Random GB Graph

4.1.2 Microscopy Results

Microscopy images were taken at different magnifications to observe multiple phenomena
and compare between as-built and HIPed samples, while also comparing vertical and horizontal
build directions.
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4.1.2.1 As-built Samples

When observing the samples in their as-built state, it can be seen that although there is still
some percentage of columnar grains along the build direction, these samples do not exhibit the
same dominant anisotropic columnar grain structure as most EBM-printed parts. This is due to the
SDS spot-melting scanning strategy used in this study. The scanning strategy effectively created a
more equiaxed microstructure. Interestingly, it consists of bigger grains along with clusters of
smaller grains. This mixture may affect the way hydrogen diffuses through the material, the
hardness values at different points of the samples, and the strength and ductility of the parts.
Another evident feature is the large amount of porosity in the samples. Most of this porosity can
be categorized as lack of fusion, which happens when there is not enough energy to melt the
powder (a common type of defect in metal additive manufacturing). Multiple reasons can cause
this; low beam power, high scanning speeds, unfocused beam, insufficient preheating, high layer
thickness, etc. It is crucial to adjust the printing parameters for future prints as porosity can later
result in crack initiation areas and premature failure. More experiments and prints must be
conducted to explore the multiple parameters, identify the specific cause for this issue, and better
understand this scanning strategy. Also, as seen in Figures 4.9, 4.10 & 4.12, there are a few areas
where grain boundaries appear to be darker, which might indicate a concentration of precipitates.
After observing similar precipitate concentrations in other scientific studies [110], [111], it was

determined to be delta phase segregation.
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Figure 4.9: As-built Vertical. 200 um scale. XZ Plane. Red arrow showing possible intergranular
cracking.

Figure 4.10: As-built Horizontal. 200 um scale. XZ Plane.
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ig.ureh 4.11: As-built Vertical. 25 um scale. XZ Plane.

AT

Figure 4.12: As-built Horizontal. 25 um scale. XZ Plane.
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4.1.2.2 HIPed Samples

Usually, after doing a HIP heat treatment, the microstructure of the EBM printed samples
will somewhat change (dimensions, morphology, texture, etc). Nevertheless, when comparing
Figures 4.13 & 4.14, it can be seen how the samples retained their general grain size and
morphology after HIP. This is likely due to the precipitation shown in the HIPed figures by the red
arrows, which might be some kind of carbides spread across the microstructure, especially along
grain boundaries, as shown in Figure 4.15, which usually prevents grain growth during the heat
treatment. The presence of carbides cannot be fully confirmed from these images alone, which is
why an SEM analysis was performed afterward.

When grain orientations in the HIPed samples (Figures 4.13 & 4.14) are compared, it can
be seen that they have somewhat similar grain size and morphology. Both have a combination of
bigger grains with clusters of smaller grains.

Appendix 1 shows the cross-section along the entire sample in both vertical and horizontal
directions after HIPing, and the difference in porosity is still very evident. Vertical orientations
will most commonly show more porosity, like in this case, as this orientation shows the printing
layers and the defects between them can be more visible. By comparing the images in Appendix
1, it is clear that the HIPing treatment drastically decreased porosity. Nevertheless, HIPed samples
still have much more porosity than desired. After performing porosity measurements by analyzing
sample images in ImageJ software (seen in Appendix 2), it was seen that as-built samples were
97.8% dense and HIPed samples were 99.4% dense. This heat treatment process can only eliminate
enclosed porosity, which means the remaining porosity is connected and open. Again, the lack of

fusion clearly indicates that the printing parameters need to be adjusted.
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As far as the precipitate segregation shown in the as-built images, the HIP treatment
appears to have eliminated it, as this treatment usually also serves to dissolve precipitates and

different phases back into the matrix and create a more uniform one.

200pm

Figure 4.13: HIPed Vertical, Scale 200 um, XZ Plane
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Figure 4.14: HIPed Horizontal, Scale 200 um, XY Plane
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Figure 4.15: HIPed Vertical, Scale 25 um, XZ Plane, Arrows showing possible Carbides
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Figure 4.16: HIPed Horizontal, Scale 25 um, XY Plane, Arrows showing possible Carbides.

Again, after performing optical microscopy and EBSD on as-built and HIPed samples, it
can be observed that both horizontal and vertical building direction microstructures are mostly the
same, which is why, from this point on, this study was only focused on the vertical direction
samples. Due to the chosen scanning strategy, the vertical direction was chosen as its
microstructure is highly uncommon among most EBM printed samples. This makes this

microstructure unique and worth studying and understanding.

4.1.3 TEM Results

4.1.3.1 HIPed Condition

The samples in the HIPed condition are presented in Figures 4.17-19. TEM allowed to see
fine features of the microstructure at a micro and nano scale. Figure 4.17 shows an example of a

main grain boundary (most likely a high-angle GB) and a subgrain boundary (most likely a low-
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angle GB as it is barely distinguishable and seems to share the orientation from the main grain.
Based on this image, the diffraction pattern of the matrix was obtained.

As mentioned in the literature review section, one of the main characteristics of the HIPing
process is that it tends to relieve most internal stresses present in the components induced during
the printing process. This process affects dislocations as it usually decreases their density. This
can be seen in Figure 4.18. Very few dislocation spots were found in the samples during TEM.

Finally, Figure 4.19 shows some level of gamma prime precipitation in the matrix.
Although it is common for HIP to dissolve these precipitates due to their solvus temperature,
gamma prime has the chance of reforming in the cooling part of the process. Finding gamma prime

in these samples was challenging which might mean low levels of it in the HIPed specimens.

.(111)7

.‘ (220)y

L o R . x .
Figure 4.17: TEM Bright field image of a Grain Boundary (GB) and a subgrain boundary (SGB)

and diffraction pattern corresponding to the matrix
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Figure 4.18: TEM Bright field images of Low Dislocation Dénsity

67



Figure 4.19: Briht ld mg n dark field image showig (with white arrows) gamma prime
precipitate and the corresponding diffraction spot
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4.1.4 SEM Results

Again, SEM analysis was especially done to obtain EDS maps and be able to better
understand the material composition and element distribution. A representative area of the sample

was chosen for this process.

4.1.4.1 As-Built Samples

The area chosen for the as-built sample is shown in Figure 4.20. This image shows an
enlarged view of grains, grain boundaries, and some precipitation scattered throughout the image.
These precipitates do not seem to have a preferential position as they are placed inside the grains
and at the grain boundaries.

After performing EDS, Table 3 was obtained. Compared to the chemical composition,
Table 1 shows that most elements have their expected content percentage except for Carbon. This
element content is initially supposed to be around 0.08%, whereas here, it is 7.5%. This significant

increase might be due to using carbon tape when mounting the samples to the SEM fixture.

Table 3. As-Built Element Distribution

Element Wt. %  Wt. % Error
C 7.5 0.0
N 1.6 0.0
Al 1.0 0.0
Cr 17.2 0.0
Fe 16.4 0.0
Ni 48.1 0.1
Nb 5.6 0.0
Mo 2.6 0.0
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Figure 4.20: As-Built SEM Image. Red arrows showing carbides. Blue circles showing niobium-
molybdenum nitrides.

The following image, Figure 4.21, shows the color-coded element distribution. Most
elements appear to be well dispersed/scattered throughout the matrix. The precipitation mentioned
before seems to be 2 different types. After observing the color-coded element distribution, the first
precipitation, indicated with red arrows in Figure 4.20, is composed of niobium, molybdenum, and
some carbon too. This composition makes it very likely for these phases to be a mix of MC carbides
and M»3Cs carbides. The second precipitation type seems to be composed of niobium, a small
percentage of molybdenum, and nitrogen. This composition belongs to a niobium nitride (NbN)

or a niobium-molybdenum nitride.
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Figure 4.21: As-Built Element Color Distribution. A) Nb, B) Mo, C) Al, D) C, E) N, F) Cr, G)
Fe, and H) Ni.

4.1.4.2 HIPEd Samples

Figure 4.22 shows the chosen inspection area for the HIPed sample. This image shows a
similar view to the as-built sample, depicting the same precipitation arranged in a very similar

way. Table 4 shows the element concentrations in that image. When comparing both tables, it can
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be seen that both conditions have a very similar element percentage content, as the HIPing

treatment does not affect these quantities.

Table 4. HIPed Element Distribution

Element Wt.% Wt % Error
C 5.8 0.0
N 1.7 0.0
Al 0.5 0.0
Ti 0.9 0.0
Cr 175 0.0
Fe 16.5 0.0
Ni 48.6 0.1
Nb 6.0 0.0
Mo 2.5 0.0

)/2024 HV det e mag & WD pressure I
6:52 PM 20.00 kv ETD 3 1000 x 9.9 mm 5.00E-4 mbar Ax

Figure 4.22: HIPed Sample SEM Image

The following Figure 4.23 shows the color-coded element distribution. Again, most
elements seem to be well distributed throughout the matrix. After HIPing treatment, a better

element distribution is always expected. Still, the same precipitation appears in the as-built

72



samples. These precipitates seem to be composed of niobium, molybdenum, carbon, and titanium,
indicating they are the same types of carbides present in the as-built state. This is understandable
as carbides’ melting point is above the HIPing temperature; thus, they cannot dissolve into the
matrix like most precipitates. These carbides might have played a significant role in the fact that
grain sizes didn’t grow much larger after this treatment as shown in the EBSD results section as

also seen in a study done by Nandwana et al. [87].
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Figure 4.23: HIPed Element Color Distribution. A) Nb, B) Mo, C) Al, D) C, E) N, F) Cr, G) Fe,
H) Ni, and I) Ti.
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4.1.5 Charging Results

After performing hydrogen charging for 72 hours, the hydrogen concentration in the
samples was immediately measured using the TDS apparatus and the following graph, Figure 4.24,

was obtained.

18 1 Y (%ewtls)
16 - .
— As-built Sample 1
14 —— As-built Sample 2
12 —— HIPed Sample 1
i —— HIPed Sample 2
10 -
8 -
6 4
47 time (s)
2 -
O T T T I U T 1
0 10 20 30 40 50 60 70 80 90

Figure 4.24: Hydrogen Flow Graph. As-built vs HIPed

This figure describes the hydrogen content inside the sample as it is melting. The final
concentrations for all samples were 199.3 and 112.9 ppm for as-built samples 1 and 2, and 255.4
and 157.1 ppm for HIPed samples 1 and 2, resulting in a higher average (156.1 vs 206.3 ppm) for
the HIPed samples. These numbers were calculated by integrating the area under each one of the
flow curves.

These results are somewhat unexpected as the initial hypothesis was as-built samples
having a higher concentration due to their higher percentages in random grain boundaries and
smaller grain sizes, which initially was thought to highly affect hydrogen concentration levels.
Other factors that could affect these results are that as-built samples also possess higher amounts
of dislocations, precipitation, and residual stresses. These things inhibit hydrogen movement
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throughout the sample and can even trap it, which might explain these results. Lastly, something
that might also be affecting the results is the high levels of porosity found in these samples, but
hydrogen-porosity dynamics haven’t been studied very well yet. Concluding why HIPed samples
experienced higher concentrations is difficult but sample porosity might be a significant
contributor that cannot be fully understood yet. The rest of the experiments will help clarify this
relationship and additional hydrogen concentration tests should be performed to have more trusted

results.

4.2 MICROHARDNESS RESULTS

Microhardness was performed with the sole purpose of observing the hardness changes
across the sample after charging. As it can be seen in Figure 4.25, the highest hardness values are
found near the charging face, with an average value of 428 HV. The values decrease as the
indentations go further into the bulk of the sample, demonstrating the embrittlement caused by the
hydrogen. The final indentations at the 5" column averaged a value of 353 HV, showing a
difference of 75 HV across the entire 100 um distance.

It 1s necessary to perform more tests with the various specimen conditions to understand
the material’s behavior better. As-built samples are expected to have higher hardness values as it

is known that HIPing relieves stresses and therefore makes the material more ductile.
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Figure 4.25: Microhardness Measurements Results

4.3 TENSILE TESTS RESULTS

Tensile testing was performed on both HIPed and as-built samples in H-charged and
uncharged conditions to better understand the influence of microstructure and hydrogen content
on mechanical performance. After testing, the graphs shown in Figures 4.26-27 were obtained.
When analyzing the results of the as-printed samples, there is no significant difference between
the hydrogen-free and the H-charged samples. When comparing the average UTS values for the
non-charged and H-charged samples (559 + 23 and 536.9 + 12.7 MPa, respectively), the difference
in values is not very significant. The same happens when comparing Yield Strength values (545.4
+ 13.7 and 516.3 £ 22.7 MPa, respectively) and Young’s Modulus values (204 and 186 GPa,
respectively). Elongation at fracture was expected to be significantly higher for non-charged
samples but the values seem to be very similar. Overall, the H-charged and non-charged as-built
samples appear to be very similar, with a slight decrease in mechanical properties for the H-
charged samples. Higher precipitate, dislocation density, and residual stresses amounts might have
caused this behavior where the non-charged samples where brittle enough from the start and

weren’t significantly affected by the hydrogen. Another important factor is porosity. Higher
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porosity levels in the as-built samples also played an important role in their behavior as porosity
can further induce fracture spots in the samples.

When observing the performance of the non-charged and H-charged HIPed samples, a
more significant change is observed between them. For UTS values, 547.1 + 42.7 and 368.4 £ 81.4
MPa, respectively, a significant difference is observed favoring the non-charged samples. The
same happens for the Yield Strength (361.5 + 25.5 and 346 + 66 MPa, respectively). The Young’s
Modulus values appear the same for both conditions (198.5 £ 0.5 and 199 * 0, respectively).
Finally, elongation values decrease significantly when the samples are charged (17.6% and 0.6%).

These tests show that hydrogen charging affects the HIPed samples significantly more than
the as-built samples. It can affect the material’s UTS and YS by lowering the loading capacity and
drastically decreasing the fracture elongation (the same as the as-built H-charged samples). The
only values that didn’t seem to be affected were those of the Young’s Modulus.

When looking back at the hydrogen concentration results, HIPed samples had a higher
average hydrogen concentration. Although those results were questioned, tensile testing results
might validate them as here it can be clearly seen that HIPed samples were the most affected,

which, again, might be caused by higher hydrogen absorption/concentration.
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Figure 4.26: As-built Stress vs. Strain Graph
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Figure 4.27: HIPed Stress vs. Strain Graph
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Table 5. Mechanical Properties after Tensile Testin

Type Y?"Sl%:)%) I\\'{Ig::fuz UTS (MPa) Elo?i?:i;n at
’ (GPa)
As-built non-charged 545.4+ 13.7 204+6 559.7£23.2 0.55% * 0.05%
As-built H-charged 516.3+22.7 186+ 1 536.9+12.7 0.6% + 0%
HIP non-charged 361.5+£25.5 198.5+0.5 | 547.1+42.7 17.7% £ 5.2%
HIP H-charged 346 + 66 199+0 368.4+81.4 0.6% £ 0.2%
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5. Conclusion

The study provided a detailed investigation into the microstructural characteristics and

mechanical properties of Inconel 718 parts produced by EBM and subsequently subjected to

hydrogen charging. The key results can be summarized as follows:

Microstructure Characterization:

EBSD Analysis and Microscopy:

Electron Backscatter Diffraction (EBSD) and Microscopy analysis revealed the presence of
a hybrid matrix (elongated columnar grains and equiaxed grains) in the as-built samples,
aligned with the build direction. These grains were indicative of the directional solidification
characteristic of the EBM process. HIPing resulted in a reduction of the columnar grain
structure, leading to more equiaxed grains. Also showed that both as-built and HIPed samples
had a randomized crystallographic texture. HIPing did not significantly alter the grain
structure but helped achieve a more uniform element distribution throughout the matrix.
TEM Analysis:

Transmission Electron Microscopy (TEM) provided detailed insights into the dislocation
structures and precipitate distributions. The HIPed samples exhibited few dislocations,
suggesting that HIPing effectively reduced internal stresses. Additionally, TEM images
revealed the presence of y' and y" precipitates, which are critical for the material's strength.
Only HIPed samples were able to be analyzed.

SEM Analysis:
Scanning Electron Microscopy (SEM) was used to examine the etched surfaces of both

specimens. SEM images of the as-built samples showed

Hydrogen Concentration:
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Hydrogen charging increased the hydrogen content in both the as-built and HIPed
samples. The HIPed samples showed a higher average hydrogen concentration (206.3 ppm vs.
156.1 ppm).

e Microhardness:

Hydrogen charging caused an increase in hardness near the charging face, demonstrating
the hydrogen embrittling effect. The as-built samples showed a gradient in hardness from 428 HV
near the surface to 353 HV deeper into the material.

e Tensile Properties:

Tensile tests revealed that hydrogen charging had a minimal effect on the mechanical
properties of as-built samples. However, HIPed samples exhibited a significant reduction in
ultimate tensile strength (UTS) and vyield strength upon hydrogen charging suggesting these

samples are more susceptible to HE as shown in the H-concentrations results.

In conclusion, while EBM offers a reliable method for fabricating high-strength Inconel
718 components, the susceptibility of HIPed samples to hydrogen embrittlement poses a
significant concern. The findings suggest that post-processing methods such as HIPing, while
beneficial for relieving residual stresses and enhancing ductility, may increase the material's
vulnerability to hydrogen-induced degradation. Future work should focus on optimizing EBM
parameters and post-processing techniques to mitigate hydrogen embrittlement and improve the
performance of Inconel 718 components in hydrogen-rich environments. These advancements
could lead to broader applications of EBM-fabricated Inconel 718 in critical industries such as

aerospace and energy.
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