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Abstract

Laser powder bed fusion (L-PBF) is an additive manufacturing (AM) technology that has
been gaining a lot of interest as it allows to produce parts with complex geometries and
eliminate expensive tooling. Unlike the conventional manufacturing processes where ma-
terial is removed to make the final component; AM part is manufactured layer-wise as per
the required geometry. Due to this, the material wastage in the AM process is minimal.
In addition, powder feedstock produced from recycled materials can promote a more sus-
tainable L-PBE It is however known that properties of L-PBF material are influenced by nu-
merous variables, among which is the powder feedstock. It is thus important to investigate
mechanical and other functional properties of AM components produced from recycled
feedstock.

Inconel 718 is a Nickel-based superalloy that is often used in turbine blades and heat
exchangers where high performance in extreme environments is required. Good mechan-
ical properties of Inconel 718 and high design flexibility enabled by L-PBF process allow
to expend applications of this alloy to fuel injection nozzles used for liquid hydrogen fuel
engines or tubing for fuel transport in the engine. Although Inconel 718 shows good perfor-
mance in high temperature applications, in the presence of hydrogen the material is found
to lose ductility.

This study investigated the in-situ gaseous (under 150 Bar) hydrogen embrittlement
behaviour of L-PBF Inconel 718 manufactured from sustainable feedstock. It was found
that despite its higher yield strength, heat treated L-PBF samples demonstrate 64% lower
degree of hydrogen embrittlement compared to the wrought counterpart. This was linked
to anisotropic microstructure induced by L-PBF process, which was found to cause direc-
tional embrittlement unlike the wrought samples showing isotropic embrittlement.

In conclusion, this study shows that L-PBF Inconel 718 produced from recycled feed-
stock shows better hydrogen embrittlement resistance compared to the wrought sample.
Furthermore, the unique anisotropic properties, seen in this study for L-PBF Inconel, could
be considered further in component design to help minimise the degree of hydrogen em-
brittlement.
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Abbreviations

AC Air Cooled

AIDE  Adsorption Induced Dislocation Emission
AM Additive manufacturing

ASS Austenitic Stainless Steel

AP As-processed

BD Build direction

CAD  Computer Aided Design

DA Double aging

FC Furnace cooled
FCC Face Centered Cubic
GA Gas atomisation

HC Hydrogen Charged

HE Hydrogen Embrittlement

HEDE Hydrogen Enhanced Decohesion
HEI Hydrogen embrittlement Index
HELP Hydrogen Enhanced Localised Plasticity
HIP Hot Isostatic Pressing

HT Heat Treatment

L-PBF Laser Powder Bed Fusion

LOF Lack of fusion defects

PREP Plasma rotating electrode process
RA Rotary atomisation

SEM  Scanning electron microscope
SFE Stacking Fault Energy

SLM  Selective Laser Melting

SSRT  Slow Strain Rate Tensile test

UcC Uncharged (hydrogen absent)
UTS  Ultimate Tensile Strength

VED  Volume Energy Density

WA Water atomisation

XRF X-Ray fluorescence spectroscopy
Ys Yield Strength
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Introduction

There is an increased need for sustainable solutions as the world moves towards a greener
future. Achieving a circular economy is one of the primary goals in this transition. In simple
words, a circular economy involves recycling materials and minimising the extraction of
materials from nature. Figure 1.1 is a general illustration of the concept; the primary focus
here is the recycling of metals which fits in the blue region.

Laser Powder Bed Fusion (L-PBF) is a metal additive manufacturing (AM) technology
which utilises laser to melt the feedstock which is in the form of metal powder. By recy-
cling the powder feedstock it would be possible to promote a circular economy. The major
limitation with this is that the powder feedstock is one among the key variables affecting
the component properties. Even among the commercially available powders, it is observed
that the mode of powder production can induce difference in properties. This poses a chal-
lenge as feedstock produced from recycled materials could further increase the variability.

“ Mining/materials manufacturing

|

Parts manufacturer

Biochemical ¢ ‘

feedstock Product manufacturer
Restoration Biosphere ¢ ‘

Farming/collection’

. . . Technical nutrients
Biological nutrients

Recycle

Service provider

(4 ) JoL

Biogas

b
remahufacture

Reuse/redistribute

Cascades Maintenance

Anaerobic
digestion/

i Collection Collection
composting U

Energy recovery

N ” A i Leakage to be minimised

Landf Il

1Hunting and f shing
2 Can take both post-harvest and post-consumer waste as an input
Source: Ellen MacA rthur Foundation circular economy team

Extraction of
biochemical
feedstock?

Figure 1.1: Illustration of Circular economy. Reproduced from [1]



2 1. Introduction

The hydrogen economy is another aspect of the transition to a greener future. It relies
on using hydrogen as a fuel for energy production. On a weight basis, hydrogen has three
times the energy content of gasoline; however, being a low-density gas, hydrogen storage
and transport poses a major hurdle in the transition[2]. This means there is a need for ma-
terials compatible with hydrogen. Inconel 718 is a nickel-iron-chromium alloy widely used
in hydrogen servicing conditions due to its excellent corrosion and mechanical properties
in a wide temperature range[3]. Due to the presence of numerous alloying elements, it has
a complex microstructure, which is further dependent on the manufacturing route and the
post-processing treatments. In the 1990s, the main engine of a hydrogen fuel-based space
shuttle comprised of 51% of this alloy[4]. However, it was found that the material is suscep-
tible to hydrogen embrittlement, thereby sparking a profound interest in understanding its
interaction with hydrogen. As the material’s microstructure plays a key role in hydrogen
embrittlement, Inconel 718 that has undergone different processing route shows different
degrees of embrittlement.

Soller et al.[5] describes how L-PBF could be utilised to produce injectors from Inconel
718 and stainless steel for a liquid rocket engine, which are complex and demanding. Addi-
tive manufacturing technology has the potential to eliminate numerous integration steps
involved in conventional manufacturing mode, thereby reducing production costs[6]. Nev-
ertheless, if it were to be used for hydrogen-based fuels, it is necessary to prevent hydrogen
embrittlement in Inconel 718. There is however a caveat, the properties of the components
from L-PBF process are influenced by numerous process variables specific to the technol-
ogy. A broad classification of the process variables is heat-source parameters and feedstock
properties[7]. So to understand hydrogen embrittlement in components produced from L-
PBE it is necessary to account for the process-specific properties and defects; and how it
interacts with hydrogen.

This thesis aims to study hydrogen embrittlement of additively manufactured Inconel
718 produced from the recycled powder feedstock and relate it to the process-induced de-
fects, such as porosity and anisotropy. To do so, initially, a comprehensive literature study
is done to identify the research gaps and presented in Chapter 2. This knowledge is then
utilised to design the experiment for evaluating the hydrogen embrittlement behaviour of
L-PBF Inconel 718 as elaborated in Chapter 3. Chapter 4 focuses on the results and discus-
sion obtained from the experiments. The final chapter consists of the conclusions obtained
from this thesis along with future recommendations.



Background

2.1.Inconel 718

Inconel 718 is a Ni-Fe-Cr based superalloy well known for its good corrosion and mechan-
ical properties in a wide temperature range, hence has been extensively used in aircraft
engines, nuclear reactors, thermal power plants and so on[8, 4]. The required mechan-
ical properties and corrosion resistance is achieved by tailoring the microstructure and
introducing suitable phases in the matrix through post-processing heat treatments. The
alloy contains numerous alloying elements, the composition is as given in Table 2.1, which
gives rise to an array of secondary phases both beneficial and detrimental to its properties.
The good weldability of the alloy makes it a suitable candidate for additive manufacturing
technology, specifically laser powder bed fusion (L-PBF) also known as selective laser melt-
ing(SLM)[7]. The design flexibility of the process makes it possible to produce components
that are otherwise unfeasible. In the subsequent sections of the chapter the microstructure
and mechanical properties of Inconel 718 produced by L-PBF and conventional methods
will be elucidated.

2.1.1. Manufacturing Process
Conventional
The conventional production route of Inconel 718 begins with the fabrication of large in-
gots or electrodes by vacuum induction melting (VIM) to form the base alloy. Subsequently,
the ingots undergo one of the three major processing routes: 1) remelting followed by in-
vestment casting, 2) remelting and then wrought processing, or 3) remelting to form alloy
powder that is consolidated and subjected to wrought processing operations [10].
Investment casting is the choice of production for components with complex shapes
and structures, like turbine blades and vanes. Single-use ceramic moulds containing sil-
ica, alumina and/or zirconia are used in this process. The remelted alloy is poured into
the mould of the required shape in a preheated vacuum chamber to obtain the casting.

Table 2.1: Composition of Inconel 718 [9]

Composition wt.%
Ni Cr Fe Co Mo W Nb Ti Al C Mn Si B
50.00-55.00 17.00-21.00 bal. 1.00 2.8-3.3 - 4.75-5.5 0.65-1.15 0.20-0.80 0.08 0.35 0.35 0.006
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Depending on the end application, equiaxed grains, columnar grains or single crystals are
produced by this method[10]. For columnar and single crystals, the casting is withdrawn
at a controlled rate from the hot zone in the furnace to a cold zone. Subsequent post-
processing treatments are required to reduce segregation, remove porosity or alter the grain
structures.

In the case of wrought alloy, the material is cast as consumable electrodes during the
primary melting process[10]. It is then remelted to obtain a more homogeneous ingot by
electro-slag remelting (ESR), vacuum arc remelting (VAR) or electron beam cold hearth re-
fining (EBCHR). The remelted ingots are subjected to homogenisation treatments to re-
move micro-segregation. Subsequently, thermo-mechanical treatments are employed to
produce billets or bars.

Powder processing routes were introduced to overcome the limitations of melt-related
defects and produce advanced high-strength components. The process begins with the
atomisation of a highly alloyed VIM ingot in gas or vacuum. The rapid solidification effec-
tively suppresses the macro-segregation in the fine powders[10]. The powder size is critical
for reducing the defects in the final components. Although a smaller powder size is pre-
ferred, it is not economically feasible as the yield is substantially reduced. Hot isostatic
pressing or extrusion is then used to consolidate the powder and produce the billet. The
conventional processing routes are all summarised in Figure 2.1.

The wrought materials in the form of ingots or billets are machined to obtain the final
product. The strain hardening rate, hard carbide particles and high toughness of the mate-
rial lead to premature tool failure during machining posing a bottleneck in the production
of complex and intricate structures[11].

Vacuum Induction
Melting (VIM)

Remelt
Ingots

$

Investment Powder Metallurgy Vacuum arc Electroslag
castings Process remelting remelting

Powder

3 Thermomechanical
process

.

Equiaxed Directionally Billet/ Bar
casting solidi ed

Figure 2.1: Flow diagram of conventional processing for Inconel 718. Reproduced from [10]
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Additive Manufacturing

Additive manufacturing fabricates the component by addition of material layer by layer as
the name suggests; unlike the conventional manufacturing methods where the material is
removed to obtain the final component. This has the advantage that there is minimum
material wastage([6]. In addition, the technology allows freedom to produce components
with complex shapes and geometry directly from computer-aided design (CAD) models
easily. The various steps involved in AM process is summarised in Figure 2.2 a).

In the current landscape, additive manufacturing covers a wide range of technologies
classified based on the material and printer technology. Among them, metal-based AM
technologies have been gaining traction as it is possible to produce functional compo-
nents with complex geometry or structures. Metal AM technologies are further differen-
tiated based on the type of feedstock (wire or powder) and heat source (laser or electron
beam or gas metal arc)[7]. Though in theory, the primary steps involved are the same in all-
metal AM technologies the properties of the final component vary due to the complexities
in the AM processes. Laser-Powder bed fusion (L-PBF) is one of the metal AM technologies
showing promising results. In this technology, metal powders are the feedstock; which are
layered on a substrate and then completely melted using a high-power laser. The compo-
nents present in a typical L-PBF machine are as shown in Figure 2.2b).

ey b)

Raster
scanner

1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2.2: a) Steps involved in AM b)Schematic of L-PBF technology. Reproduced from [12] and [13]
respectively.

In L-PBE the feedstock powder characteristics affect the quality of the final product,
which in turn depends on the powder manufacturing process. The powders are produced
mainly in four ways: 1) Gas atomisation (GA), 2) Rotary atomisation (RA), 3) Plasma rotat-
ing electrode process (PREP), and 4) Water atomisation (WA)[7]. Figure 2.3 shows SEM im-
ages of powders produced by different processing routes. With changes in powder surface
morphology, size, composition and shape, characteristics like porosity, inter-layer bond-
ing, surface roughness, and minimum layer thickness varies drastically. A more detailed
explanation is provided in the later sections.

Once the feedstock is available and the CAD model is uploaded into the machine, the
3-D printing process starts (the software aspects of the process is not covered here if re-
quired the reader is advised to refer [12]). The first stage in the process is the layering of the
powder feed onto a metal substrate from the powder dispenser. The laser then scans the
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Figure 2.3: SEM micrographs of alloy powders manufactured by (a) PREP (b) RA (c) GA and (d) WA process.
Reproduced from [7].

pattern corresponding to the layer obtained from the CAD model and melts the powder.
The substrate then moves down by a layer thickness and a fresh layer of powder is spread
over the previous layer. The laser then scans the pattern for the second layer. This process
is repeated for the subsequent layers to form the final component.

L-PBF technology has several process parameters that could be altered to vary the prop-
erties of the component, the most important process parameters are: laser power (P), laser
scan speed (v), layer thickness (#), hatch distance (/) and scan strategy. Among them, the
parameters laser power, layer thickness hatch distance and scan speed are together con-
sidered as volume energy density. VED is given by Equation 2.1 where E is in J/mm?3, P is in
Watts, visin mm/s and ¢ and h are in mm. It is generally found that using a high VED leads
to higher density[14]. However, it should be noted that for the same VED the properties
could vary depending on the difference in scan speed and laser power[7].

Ee P
T v-t-h

2.1

As mentioned earlier, the quality of the powder feedstock is key in obtaining dense and
high-performance components, however variation in part properties arising from the dif-
ferences in powder is not well documented in the literature. For the same process param-
eters, GA powder produces components with higher porosity than PREP powder. This is
because GA powders contain gas bubbles entrapped during the atomisation process. Simi-
larly, when GA and WA are compared: thinner deposition layers are needed for WA powders
due to poor powder flowability. Among the different powders, PREP shows the most uni-
form powder size distribution, whereas WA shows the least([7].

The large number of influential parameters along with the highly dynamic nature of the
process leads to a high degree of variance in mechanical properties and introduce defects
such as lack of fusion, porosities, cracking, balling, residual stress build-up and so on in the
component[15, 16]. This makes it necessary to identify process maps that could guarantee
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reproducibility and minimise defects. In the current scenario, researchers have reported
process parameters that can produce near defect free components for L-PBF Inconel 718]7,
17].

2.1.2. Microstructure

The microstructure of Inconel 718 is quite complex with different phases, like Laves phase,
MC carbides, § phase, Y’ and y", present in the primary fcc (y) matrix. Some of these phases
are necessary to enhance the strength of the material, whereas others are detrimental to the
properties. A brief description of different phases present, microstructure in as processed
condition and post processing heat treatments are discussed in the following sections.

The following phases are found in Inconel 718:

Y’ phase is a intermetallic phase having a fcc lattice structure (L1,) and stoichiometric com-
position given by Ni3(Al, Ti). The precipitate is coherent with the matrix and has the orien-
tation relationship <100>,/ // <100>y and <010>,/ // <010>y[18]. Aluminium and Titanium
are the main alloying elements added for the precipitation of this phase and it is one of the
primary strengthening phases in Inconel 718 [19]. The difference in lattice parameters of
the y matrix and the y’ precipitate results in lattice mismatch and to maintain coherency
tetragonal distortion is introduced at the interface. The morphology of the precipitate is
dependent on the degree of mismatch, during the initial phase of precipitation when the
lattice mismatch is in the range of 0-0.2% it has spherical morphology, this transitions into
a cuboidal morphology as the misfit increases to 0.5-1% and for misfit greater than 1.25% it
becomes a plate-like precipitate. To optimise the strength and performance of the material
the size and morphology of the precipitate needs to be controlled, which is done by heat
treatment at suitable ageing temperature and time (referred to as coarsening process)[19].
yY" phase is the other primary strengthening phase in Inconel 718 and is formed due to
the presence of niobium. The precipitate is coherent with the matrix and has D0y, fcc lat-
tice structure with stoichiometric composition Ni3Nb. Prolonged exposure of the material
to temperatures in the range of 650-900°C leads to the transformation of y" to 6 phase,
thereby depleting the matrix of y" strengthening phase. The precipitate has a disk-shaped
morphology with thickness ~ 10nm and diameter of ~ 50nm and has the <001>,//<001>,
and <100>,//<100>y orientation relationship with the matrix[18].

6 phase forms on prolonged thermal exposure of y" phase, it has a DO, orthorhombic lat-
tice structure and is incoherent with the matrix. The strength of the material does not in-
crease in the presence of the 6 phase as it is incoherent, however the increased quantity of
the 6 phase can lead to severe degradation of properties. The precipitate has needle-like or
globular morphology and has a solvus temperature of ~1000 °C[18].

Laves Phase is a topologically close-packed structure having Cy4 hexagonal lattice structure
with the chemical formula (Fe,Ni,Cr),(Nb,Ti). The precipitation of Laves phase occurs by
the segregation of Nb or Ti in the interdendritic regions during solidification, which leads to
a depletion of Nb in the matrix needed for the precipitation of strengthening phases. The
Nb depleted regions serve as the crack initiation and propagation sites resulting in poor
tensile strength and ductility. It is possible to eliminate Laves phase by homogenisation
treatments above 1160°C, which allows for the back diffusion of segregated Nb[20, 21].

MC carbides similar to Laves phase are discrete blocky particles formed in the interden-
dritic region due to the segregation of Nb and Ti. It forms during the solidification stage
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and is distributed heterogeneously through the alloy. MC is considered as a primary car-
bide and its role in strengthening is indirect, i.e. it provides carbon for the precipitation
of secondary carbides such as M»3Cg carbide which in a polycrystalline material serves as
pinning points for the grain boundaries and prevents grain boundary sliding thus enhanc-
ing the rupture strength[18]. M C carbides on the other hand act as the crack initiation and
crack propagation path during fracture making them an undesirable phase.

Microstructure of As-processed Inconel 718

In the as-processed state of the wrought and cast material, the microstructure consists of
segregation and undesirable phases, like the 6 phase or Laves phase. Figure 2.4 a) and
b) shows a typical as-cast microstructure with macro-segregation in the interdendritic re-
gions, this is due to the rejection of heavy elements like Nb, W, Mo and Ti from the matrix
during the solidification process.

Figure 2.4: Microstructure of as-cast Inconel 718 a) transverse direction b) vertical direction and L-PBF
Inconel 718 c)parallel to the building direction d)transverse to the building direction. Reproduced from [22]

The microstructure of L-PBF produced Inconel 718 is distinct from the cast or wrought
components: on a macro scale it shows melt pool boundaries along the build direction and
scan tracks in the transverse direction. The rapid cooling inherent to the process induces
epitaxial growth of fine columnar dendritic structures across the melt pool boundaries. At
high magnification (Figure 2.5 ¢, d), the dendritic structure is clearly visible (yellow arrows
show the direction of dendrite growth) with Laves phase precipitated in the interdendritic
region. The excess Nb segregation also leads to the formation of  precipitates in the inter-
dendritic region[23].

Microstructure of post-process heat treated Inconel 718
Post-processing treatments are often required to tailor the microstructure of as-processed
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EZED) b) B

Figure 2.5: Microstructure of L-PBF produced Inconel 718 at high magnification a) parallel to build direction
b) perpendicular to build direction. (c) and (d) are the magnified areas marked in (a) and (b) respectively.
Arrows indicate dendrite growth direction. Reproduced from [24]

components. As there is a need for stringent control of properties for most applications,
standard heat treatments (Table 2.2) have been developed after extensive research. The
choice of heat treatments is dependent on the mode of production and the required final
properties. For wrought components solutionising heat treatment (SA) at nearly 980°C, for
dissolving the existing precipitates, followed by double ageing (DA) for the nucleation and
growth of ' and y" in a controlled manner is done[19, 25].

In components produced by casting, segregation of elements occurs during solidifica-
tion making it necessary to homogenise the element distribution before SA and DA. This is
done by holding it at elevated temperatures (~1060°C), to allow diffusion of elements, for a
period of time and is referred to as homogenisation heat treatment (HSA). The ageing tem-
perature and time are chosen using the time temperature transformation (TTT) diagram
(Figure 2.6)[26], the first ageing treatment (at ~720°C) is aimed to precipitate the strength-
ening phases and the temperature is slightly higher than the second ageing treatment (~
620°C) where coarsening of the precipitates occur. It can be seen that holding for a longer
duration in the first ageing treatment could lead to the formation of the § phase at the ex-
pense of the y" phase.

A typical microstructure of conventionally produced Inconel 718 post heat treatment
is as shown in Figure 2.7, ' and y" precipitates can be seen in the matrix and § phase
on the grain boundaries. 6 phase in moderate amounts promote grain boundary pinning
which improves the high-temperature properties[30]. The beneficial effects of the 6 phase
also depend on the morphology of the precipitates, acicular shaped precipitate is found to
show lower ductility than particle shaped. Hence, an appropriate choice of heat treatment
is required to allows for the control of the phases present in the material and this is based
on the necessary properties for the end application.
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Figure 2.6: TTT diagram of Inconel 718. Reproduced from [26]

Table 2.2: Standard heat treatments for Inconel 718 as per SAE(Society of Automotive Engineers[27, 28, 29].)

Standard Heat Treatment Temperature Holding Time Cooling
AMS 5663 [27] Solutionising 980°C lh AC
Ageing 720°C 8h FC to 620°C @55°C/h
620°C 8h AC
AMS 5383 [28] Homogenisation 1080°C°C 1.5h AC
Solutionising 980°C lh AC
Ageing 720°C 8h FC to 620°C @55°C/h
620°C 8h AC
AMS 5664E [29] HIP 1180°C @ 150MPa 3h FC
Homogenisation 1065°C 1.5h AC
Ageing 720°C 8h FC to 620°C @55°C/h
620°C 8h AC

AC - Air Cooling, FC-Furnace Cooling, HIP-Hot isostatic Pressing

Similar to conventional components, post-processing heat treatment is required for L-
PBF components to dissolve the Laves and 6 phase and also to precipitate the strengthen-
ing phases[17]. Zhang et al.[25] studied the effect of standard heat treatments on L-PBF
produced samples and found that homogenisation at 1080°C before solutionising (980°C)
and double ageing led to a lower fraction of § phase. This is because at 1080°C there is
a strong driving force for the diffusion of Nb thus homogeneously distributing it in the
matrix. Homogenisation and solution heat treatments are found to also induce partial re-
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Figure 2.7: Microstructure of conventional Inconel 718 showing the different phases. Reproduced from [31]

crystallisation, the residual stress is believed to provide the driving force for recrystallisa-
tion[25], with the former showing more extensive recrystallisation[17]. Figure 2.8 shows
the microstructure after homogenisation at 1065°C for 1.5 hr followed by double ageing
heat treatment.

Figure 2.8: Microstructure of L-PBF produced Inconel 718 after homogenisation and double ageing a)
perpendicular to build direction b) parallel to build direction. Reproduced from [32]

Hot Isostatic Pressing (HIP) is another post-processing treatment employed to reduce
porosity by exposing the component to high temperature(1150-1280°C) and pressure(100-
200MPa). HIP treatment alters the microstructure by inducing complete recrystallisation
and dissolving Laves and 6 phase. Some researchers studied direct ageing of the as-built
samples and noted that the strengthening phases y’ and y" precipitated, as the matrix is
in the supersaturated state, without affecting the columnar structures and maintaining the
melt pool boundaries([33, 34, 23]. This however is not preferred as the Laves and § phase
remain in the interdendritic region which affects the mechanical properties.

The directional cooling present in the L-PBF process also leads to the development of
texture in the components[17], being an FCC phase the preferred growth direction is the
<001> crystallographic direction which often forms in the direction parallel to build direc-
tion. By varying the process parameters, like laser powder density and scanning strategy, it
is possible to tailor the texture or minimise it in the components[35].
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2.1.3. Mechanical Properties

The room temperature tensile properties of conventional and L-PBF produced Inconel 718
are given in Table 2.3, the as-built L-PBF samples are found to have strength lower than
the conventional counterpart while the ductility is higher[25, 33, 30]. This is because of the
absence of strengthening phases in the as-built condition. Inconel 718 is designed such
that multiple hardening mechanisms, like strain hardening, solid solution hardening and
precipitation hardening, occur simultaneously to enhance its properties. The initial mi-
crostructure obtained in the L-PBF process does not contain any precipitation strength-
ening phases thus lowering the strength, however lower precipitates mean the dislocation
can move more freely thus allowing for more deformation hence higher ductility[36]. Post
heat treatment the tensile properties are comparable or higher than the conventional coun-
terparts due to the precipitation of strengthening phases, the enhanced properties are at-
tributed to the fine microstructure produced by the L-PBF process[37].

Some researchers argue that to optimise the properties of the L-PBF produced samples
conventional heat treatments are not effective and that the heat treatment parameters need
to be tailored[38, 39, 40]. Schneider et al. [38] observed that with optimised L-PBF process
parameters DA heat treatment alone could enhance the tensile properties while SA or HSA
did not improve it further. Huang et al.[39] attributes the enhanced strength of the DA sam-
ple to the high dislocation density that remains due to the low heat treatment temperature,
however the ductility is considerably lowered as the Laves phase are not dissolved during
the DA heat treatment. Zhang et al.[41] performed a similar study also including the effect
of part orientation, it was shown that though DA showed similar tensile properties to HSA
there was a difference of 114MPa between the DA horizontal and vertical samples, almost
the same as the as-built samples, whereas the difference was only 48MPa in HSA samples.

A large scatter in tensile properties is observed in the literature, as seen in Table 2.3, this
is majorly due to the differences in the process parameters. Apart from process parame-
ters, the powder production route is also found to influence the tensile properties, Zhao et
al.[43] studied Inconel 718 components produced from two different powders production
routes. It was seen that components produced from gas atomised powder demonstrated
higher porosity leading to an inferior mechanical property compared with plasma rotation
electrode preparation (PREP) powders. Similar studies were done on reused powder and
found that reusing powder leads to an increase in powder size nevertheless does not alter
the chemical composition[44]. Up to 14 times of reuse, no impact on mechanical prop-
erties is observed[45, 46], however the experiments are restricted to static properties, i.e
tensile tests. Further studies are needed to understand how powder properties affect the
dynamic and environmental properties of L-PBF components.

Defects like porosity, anisotropy and residual stress strongly influence the tensile prop-
erties and are a major concern in the L-PBF process. Extensive studies have been done to
minimise them in the Inconel 718 components[47, 48, 49, 50, 51], HIP treatment is found to
reduce porosity considerably and by optimizing the scanning strategy and post heat treat-
ment at elevated temperature it is possible to reduce the residual stress and anisotropy in
the components.

2.2. Hydrogen Embrittlement

The presence of hydrogen in Inconel 718 detrimentally affects its mechanical properties[52,
53, 54]. However, the extent of embrittlement depends on the microstructure and environ-
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Table 2.3: Tensile Properties of Inconel 718

Orientation Heat treatment Ys UTS Elongation Reference
Homogenisation  Solutionising Double Ageing* MPa MPa %

- - - 849 1126 22.8

H 1080°C,1.5h,AC 980°C,1h,AC 720°C,8h,FC,620°C,8h,AC 1046 1371 12.3 [25]
980°C,1h,AC 720°C,8h,FC,620°C,8h,AC 1084 1371 10.1
A(0)-V - R - 572 904 19
B(90)- H - - - 643 991 13
C(45) - - - 590 954 20

D(45x45) - - - 723 1117 16 53]
A(0)-V - 1074 1320 19
B(90)- H - . . . 1159 1377 8
Cs) ] 1100°C,1h,WC  720°C,;8h,FC,620°C,10hAC, |20 (201 5
D(45x45") - 1241 1457 14

- 848 1126 22.8
- 980°C 1hr,FC 720°C,8h,FC,620°C,8h,FC 1084 1370 10.1

- 1080°C,1hr,FC 720°C,8h,FC,620°C,8h,FC 1173 1450 13.5 [30]
1080°C,1.5h,FC 980°C,1hr,FC 720°C,8h,FC,620°C,8h,FC 1046 1370 12.3
Wrought - 980°C,1h,AC 720°C,8h,FC,620°C,8h,AC 1030 1280 12
- - - 760 1335 21.3
- 980°C 1hr 720°C,8h,FC, 620°C,8h,AC 1240 1560 11.6
4ox45 - - 720°C,24h,AC 1300 1580 9.6 (401
- 1020°C,0.25h,WQ 720°C,24h,AC 1245 1640 16.6
Wrought 980°C,1h,AC 720°C,8h,FC,620°C,8h,AC 1034 1276 12 [42]
Cast 1080°C,1.5h,AC 980°C,1h,AC 720°C,8h,FC,620°C,8h,AC 758 862 5 [28]

FC - Furnace cooling, AC - air cooling, WC - water cooling, V - vertical, H - horizontal
* FC from 720°C to 620°C is done at 55°C/h
* 45x45 signifies 45°from horizontal and 45°from vertical

mental conditions. To better understand it it is necessary to know how hydrogen transports
and interacts with the material. Hence, in the following sections; hydrogen transport, HE
mechanisms and state-of-the-art testing methodologies for HE would be discussed.

2.2.1. Hydrogen Transport

The first stage of HE is the introduction of hydrogen into the material. This occurs through
complex surface reactions, which depend on the hydrogen environments: gaseous or elec-
trolyte. The surface reactions lead to the adsorption of atomic hydrogen into the surface
and sub-surface of the material. The hydrogen then diffuses to the bulk due to the concen-
tration gradient within the material. It should be noted that the main focus of the study is
gaseous hydrogen embrittlement and the following sub-sections: entry, diffusion and ef-
fect of hydrogen traps in Inconel 718 are explained with this in mind. A brief description of
electrochemical hydrogen embrittlement is also done for comparison when necessary.

Hydrogen Entry

Gaseous Hydrogen

Entry of gaseous hydrogen into a metal occurs in three steps: physisorption, chemisorption
and absorption[55]. Physisorption involves Van der Waals interactions with the surface
and hydrogen molecules(reversible process). It is followed by chemisorption: hydrogen
molecule dissociates into atomic hydrogen and adsorbs onto the surface. This is a slow
process owing to the high dissociation energy of hydrogen (4.47eV) and high adsorption
energy (40-160 kJ mol 1 [56]. The chemically absorbed hydrogen atoms then diffuse into
the bulk due to the hydrogen concentration gradient within the material. The equilibrium
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concentration of hydrogen dissolved in a metal (C;) for a given hydrogen partial pressure
is (Pg,) is determined by Sievert’s law([57], represented with the equation:

Cr=Ki\/Pn, (2.2)

where K is the hydrogen solubility in mass ppm/MPa'/? following Arrhenius-type equa-
—AHj

tion (K = Kpe rT ), where Kj is solubility constant, A Hg is dissolution enthalpy in J mol ™},

R is the universal Gas constant (8.314] mol~! K™1), T is the absolute temperature in K.

Hydrogen from Corrosion

Under certain environmental conditions hydrogen ions are formed on the metal surface
due to corrosion reactions. The hydrogen ions that come from the partial reaction can
either combine to form hydrogen gas or can enter into the metal through hydrogen ab-
sorption reactions[55]. The reactions occurring in acidic and alkaline medium is as given
in Equation 2.3 and Equation 2.4, where M - H, 4, represents adsorbed hydrogen atom on
metal. The surface reactions occurring before absorption of hydrogen into bulk is quite
complex and is not in the scope of this study, hence will not be discussed here. The hydro-
gen absorbed into the metal then diffuses into the bulk similar to the situation of gaseous
hydrogen, this process continues till the solubility limit of Inconel 718 is reached, after
which gas bubbles form on the surface.

H;0"+M+e” — M- H,,,+ H,O(in acidic solution) (2.3)

H,O+M+e — M-H,;,+ OH (in basic solution) (2.4)

These reactions are emulated in a laboratory using an electrochemical cell to study HE,
it will be further elaborated later on.

Hydrogen Diffusion
Diffusivity is a measure of how fast the hydrogen atoms diffuse in a metal. It is a thermally
activated process and can be expressed as[58]:

)

D= Doe[T (2.5)

where D is a constant in m?s™!, Hp, is activation energy for diffusion, R is universal gas

constant and 7 is temperature in K. The activation energy for diffusion is dependent on the
type of lattice structure. In an fcc lattice such as Inconel 718, the hydrogen atom occupies
the octahedral interstitial sites as it has the largest available interstitial volume, thereby
minimising the lattice distortion. The diffusion of hydrogen from one octahedral site to
other proceeds with an intermediate jump to a tetrahedral site. This is because the jump
with an intermediate step has a lower energy barrier than a direct jump to an octahedral
site [59].

He et al.[59] did first-principle calculations to determine the diffusivities of hydrogen in
different Fe lattices, namely a-Fe, y-Fe and e-Fe, and found that the diffusion rates followed
the order Dycc > D ¢ > Dpcp. However, the values obtained deviated from the experimental
observations because of not accounting for the lattice imperfections in the first principle
calculations. Lattice defects like grain boundaries, vacancies, interface etc. act as hydrogen
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traps preventing hydrogen atoms from further diffusion, thus leading to increased hydro-
gen concentration and lower hydrogen diffusivity measured in experiments[60, 58]. The
values obtained in practical experiments are referred to as effective diffusivity. For Inconel
718, Dy has a reported range of 1.6 - 6.16 x10~'m?/s[61].

Hydrogen Traps

Traps can be considered as locations in the lattice where hydrogen is immobilised and re-
quires higher energy to participate again in diffusion, generally, these locations are lat-
tice defects like grain boundaries, vacancies, interfaces, inclusion and so on(Figure 2.9).
The binding energy of traps defines the characteristics of the trap, it is generally classified
into reversible and irreversible hydrogen traps. Reversible traps have low binding energies
(<60k] mol~!) whereas irreversible traps have high binding energies (>60k] mol™!). Irre-
versible traps cause a decrease in apparent diffusivity as they act as sinks for hydrogen.
Nevertheless, this is relative as at elevated temperatures irreversible traps can become re-
versible traps[62]. A schematic of the available trapping sites in a metal is shown in Fig-
ure 2.9. Thermal Desorption Spectroscopy is the method commonly employed to deter-
mine the binding energies of various traps, the increasing order of strength of the traps
determined by Lynch[63] is as given below:

1. Solute atoms

2. Free surface and sites between few atomic layers below surface
3. Vacancies

4. Dislocation cores

5. Grain boundaries

6. Precipitate/ matrix interface

7. Inclusion/matrix interface

8. Voids and internal cracks

Plate

— H filled grain-boundary

Hand H, i ° nano-scale bubbles
trapped at . i Tk
delaminated ” H, in cracks/voids

interface
£ <7

H trapped at particle
and inclusion interfaces Adsorbed H at

internal crack tip

Figure 2.9: Schematic of hydrogen trapping sites in a metal at a micro-scale. Reproduced from [63]

In the case of Ni-based alloys, the carbonitride and 6 phase are the primary trap sites
and have binding energies in the range of 30-87 kJ/mol[64].
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2.2.2. Hydrogen Embrittlement Mechanism

Various models like hydrogen enhanced localised plasticity (HELP), hydrogen enhanced
decohesion (HEDE), hydride formation and fracture, and adsorption induced dislocation
emission (AIDE) have been proposed to understand the deformation mechanisms in met-
als in the presence of hydrogen [63]. It is noted that there is a competition between dif-
ferent mechanisms and the one that dominates depends on the existing conditions[65]. In
Inconel 718 HEDE and HELP are the majorly reported mechanisms, AIDE is not commonly
reported as most experiments are performed ex-situ after pre-charging[66, 52]. In this sec-
tion, the models are briefly summarised, for a detailed explanation the reader can refer [63,
65].

Hydrogen Enhanced Decohesion

HEDE involves sequential tensile separation of atoms in preference to slip due to weaken-
ing of interatomic bonds due to adsorption of hydrogen as shown in Figure 2.10[63]. Strain-
gradient hardening could increase the concentration of hydrogen ahead of the crack due
to very high elastic stresses. The presence of hydrogen weakens the bond by decreasing the
electron charge density between metal-metal atoms. Nevertheless, a direct experimental
evidence for the mechanism is difficult to obtain.

(ii)

Figure 2.10: HEDE mechanism, Weakening of interatomic bonds leading to tensile separation of atoms by (i)
hydrogen in lattice (ii) adsorbed hydrogen (iii) hydrogen at particle-matrix interface. Reproduced from [63]

Hydrogen Enhanced Localised Plasticity

HELP is based on the observation that the presence of solute hydrogen facilitated the move-
ment of dislocations. Localised hydrogen concentration is observed near to crack tip and
this is a result of either hydrostatic stresses in front of the crack tip or hydrogen entry at the
crack tip[63]. This leads to localised deformation in front of the crack tip as shown in Fig-
ure 2.11. In-situ transmission electron microscopy study of thin foils in hydrogen environ-
ment shows dislocation motion at lower stress states supporting the hydrogen dislocation
interaction theory[65].

Adsorption Induced Dislocation Emission

In the AIDE model, it is proposed that adsorption of hydrogen onto the surface facilitates
the nucleation of dislocations[63]. This is attributed to the weakening of atomic bonds by
adsorbed hydrogen enabling dislocation emission from the crack tip. Increase in disloca-
tion activity leads to crack growth as the number of dislocations on suitably inclined slips
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Figure 2.11: Schematic of HELP mechanism. Reproduced from [63]

planes also increases. The crack coalesce with voids at a lower strain giving rise to shallow
dimples in comparison to ductile failure on the fracture surface[65].
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Figure 2.12: Schematic of AIDE mechanism. Reproduced from [63]

2.2.3. Characterisation of Hydrogen Embrittlement

Characterisation of hydrogen embrittlement involves exposing Inconel 718 to hydrogen
environments and performing tensile tests. On a laboratory scale, hydrogen is introduced
into the material by artificial pre-charging (gaseous or electrochemical means) before test-
ing or in-situ hydrogen environment during testing. Pre-charging of hydrogen into the
sample is representative of the internal hydrogen effect, whereas the in-situ hydrogen en-
vironment is representative of the external hydrogen effect. The effect of hydrogen is found
to be more pronounced at strain rates of 10> /s and negligible for strain rates higher than
1073 /s[66]. This is because at fast strain rates the hydrogen diffusion is not fast enough to
reach ahead of the crack interact with it. Hence, slow strain rate tensile tests are conducted
with strain rate in the range of 1073 - 107° /s to quantify the degree of hydrogen embrittle-
ment. In the following sections different charging methods, effect of charging methods and
slow strain rate tensile test of Inconel 718 is discussed.

Electrochemical Pre-charging

As explained earlier electrochemical pre-charging involves introducing hydrogen by elec-
trochemical reactions at the surface of the sample. The sample is set as a cathode in an
electrochemical cell and constant current or potential is applied. The protons (H* ions)
present in the electrolyte adsorb onto the metal surface and diffuse to the bulk. The hydro-
gen concentration is varied by changing the composition of the solution, charging current,
charging potential or charging time. Researchers have found that generally the concentra-

tion is given by[56]:
Cn=KVi (2.6)
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where Cy, is the concentration of hydrogen, K is a constant and i is charging current density.
It is found that electrochemical pre-charging gives high effective pressure on the sample
surface leading to a higher hydrogen concentration and also to surface cracking and phase
transformation[67]. Compounds like As,O3 or NH4SCN (referred to as poison) is added
into the electrolyte to prevent the formation of H, gas at the electrodes thereby preventing
surface damage. This test conditions represent the worst-case scenario that might occur
due to HE.

Thermal Pre-charging

Thermal pre-charging involves exposing the specimens to high-pressure hydrogen gas at
elevated temperatures in an enclosure. The high temperature allows for the faster diffusion
of hydrogen into the specimen after adsorption occurs and obtain homogeneous distribu-
tion in a shorter time scale of days. This is useful especially for materials with fcc matrix
phase, as diffusion is very slow at room temperatures. The temperature is usually in the
range of 200-350°C so that there are no microstructural changes in the specimen. By choos-
ing a suitable pressure and temperature it is possible to produce hydrogen concentration
representative of gaseous hydrogen service[67]. Marchi et al.[68] found that for 22Cr-13Ni-
5Mn austenitic stainless steel (fcc matrix) pre-charging at 138MPa and 573 K for 10 days
gave a uniformly supersaturated hydrogen concentration in specimens of diameter 4mm.

In-situ Gaseous Hydrogen Charging

External hydrogen testing closely replicates the actual working environment of hydrogen
pressure vessels, pipelines and so on. However, due to the safety precautions required the
experimental setup is quite sophisticated. As per ASTM-G142[69], the testing is done in
an autoclave with high purity hydrogen gas under pressure.To maintain high hydrogen
gas purity during the testing the enclosure is purged with pure helium(99.9%) twice and
then purged with high purity hydrogen gas (99%) at least thrice before the start of the test.
Hydrogen gas pressure, gas purity and testing temperatures strongly influence the results,
hence stringent control of these parameters are needed to obtain reliable results. The sur-
face kinetics and hydrogen uptake into the material are affected by the hydrogen gas pres-
sure and testing temperature, it is generally observed that as the pressure increases sus-
ceptibility to HE also increases[70]. The temperature on the other hand has many effects
on the hydrogen-metal interactions like surface reaction, dissolution, diffusion and so on.
Due to the need for sophisticated setups not much literature is available for Inconel 718
in in-situ testing conditions. Boot et al.[71] developed a test setup that does not require a
sophisticated and expensive setup to perform in-situ hydrogen testing. This was done by
using a hollow specimen and exposing the interior of the sample to high-pressure hydro-
gen gas as shown in Figure 2.13.

Effect of Charging method

The mechanisms leading to HE in both internal hydrogen and external hydrogen are the
same[72, 73]. However, in order to obtain realistic experimental results, the method of test-
ing needs to be carefully chosen based on the practical scenario that is being emulated. In-
ternal hydrogen testing closely represents the cases where the material is not in a hydrogen
gas environment but hydrogen is introduced during processes like electroplating solutions,
cathodic cleaning, welding in moist atmospheres and so forth[63]. The hydrogen atom dif-
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Figure 2.13: Laboratory in-situ gaseous hydrogen setup that does not require autoclave. Reproduced from
(71]

fuses into the bulk of the material leading to HE. External hydrogen testing is often done to
replicate scenarios of materials exposed to hydrogen gas under load (hydrogen gas storage
or hydrogen gas transport).

Apart from the similarity in the HE mechanism, the concentration of hydrogen intro-
duced in the test samples differs for each testing method. Zhao et al.[74] found that elec-
trochemical charging led to a hydrogen concentration of 3.94 weight ppm whereas gaseous
charging only showed 0.24 weight ppm in steels. This difference in hydrogen concentration
can lead to varying degrees of HE during testing. In external hydrogen testing, the hydrogen
is introduced into the specimen during the test, making it highly sensitive to strain rates. A
key limitation in external hydrogen testing is that HE can be kinetically limited by hydrogen
adsorption, i.e. hydrogen adsorption might not be fast enough to supply hydrogen ahead
of the crack tip. This is not the case in practical situations where there is sufficient time to
reach the hydrogen concentration needed to cause HE. Hence, it is not advisable to have a
quantitative comparison with test results obtained from different testing methods; though
the basic trends like the temperature at which the ductility is minimum for a material re-
main the same.

Slow Strain Rate Tensile Test (SSRT)

To characterise the effect of hydrogen on mechanical properties slow strain rate tensile
(SSRT) tests are used with a strain rate of 107> /s[66]. The SSRT test results of conventional
and L-PBF produced Inconel 718 are given in Table 2.4 for the uncharged condition (UC)
and electrochemical hydrogen charged (HC). It can be seen that there is a loss of ductil-
ity in the presence of hydrogen; whereas no softening or hardening is observed i.e. there
is no change in the yield strength. The slow strain rate tensile test results of conventional
and L-PBF produced Inconel 718 are given in Table 2.4 for hydrogen charged and the un-
charged condition. It can be seen that there is a loss of ductility in the presence of hydrogen;
whereas no softening or hardening is observed i.e. there is no change in the yield strength.
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Table 2.4: HE behaviour of Inconel 718 produced by L-PBF after cathodic charging of the samples

Processing Orientation Heat Treatment Specimen Condition Ys(MPa) UTS(MPa) ¢(rn/€r0 Cu Reference
ucC 721
L-PBF - HC 71 0.77
. 720C 8h + furnace ucC 1215 -
L-PBE + DA Horizontal Cooling 50C/h + 620C8h HC ~1215 0-41 .
1150C 2h + 720C 8h + furnace ucC 1098
L-PBF + HA Cooling 50C/h + 620C8h HC ~1098 0.65
Wrought (age hard- uC 898 1170
-ened to 36 HRC) NA HC 0.42
Vertical 1030C, 1h 55 m + gg 1048 1255 0.53 [75]
L-PBF + HT ) 783°Cfor6h45m, uc 1119 1349
Horizontal argon gas quenched HC 0.23
ucC 737 1078
L-PBF Horizontal HC 647 897 o
L-PBF + HT 1100C,1.5 h,AC +960C,1 h,AC ucC 1260 1475 0.62 - (76]
+720C,8 h,FC + 620C,8 h,AC HC 1196 1353 ) -
ucC -
HC 0.77 2.7
HC 0.85 3.9
. HC 0.85 4.8
L-PBF Vertical HC 071 72 [77]
HC 0.65 7.8
HC 0.52 17.4
HC 0.45 28

Ys and UTS are approx as they are extrapolated from the graphs provided in the references

HT - Heat treatment, V - vertical, Hz1 - horizontal with short side parallel to build direction, hz2 - horizontal with long side parallel to build direction
EC - Furnace cooling, AC - air cooling, DA - Direct Ageing, HA - homogenisation+ageing

HC - Hydrogen charged, UC - Uncharged specimen

€(,0) - elongation at failure in ambient condition

€(f,n) - elongation at failure in hydrogen environment

Cp - Hydrogen concentration reported

The mechanisms used to explain hydrogen embrittlement in Inconel 718 are Hydrogen
Enhanced Localised Plasticity (HELP) and Hydrogen Enhanced Decohesion (HEDE)|[78].
As discussed earlier, the presence of hydrogen increases the mobility of dislocation and
stabilises the edge component of the dislocation thus locally increasing plasticity. This is
not visible in Inconel 718 as the fracture surface shows brittle transgranular features in the
presence of hydrogen as shown in Figure 2.14[52]. On taking a closer look, a large num-
ber of dislocation slip bands are visible on the cleaved surface and it is believed that the
nucleation of cracks occurs at the intersection of these slip bands and propagates along
them[52]. Various studies have found that the presence of secondary phases increases the
susceptibility of Inconel 718 to HE, among them ¢ phase is found to be the most detrimen-
tal[78, 79, 53, 80]. It is proposed that the weak binding energy of hydrogen to the 6 phase
leads to the segregation of hydrogen at the interface of the matrix and the § phase resulting
in decohesion. First-principle calculations of the influence of hydrogen in the lattice have
shown that the cohesive energy of grain boundaries decreased by ~40% signifying the pos-
sibility of HEDE mechanism[78]. The HE behaviour of Inconel 718 is believed to be a result
of a complex interaction between HEDE and HELP mechanisms.

Only a limited number of literature is available for L-PBF Inconel 718, as it is a more
recent technology(75, 81, 76, 77]. The HE behaviour is found to be similar to that of the
conventional counterpart, nevertheless, the degree of HE is different depending on the
post-processing treatments. Hesketh et al.[81] studied the effect of hydrogen on the part
orientation of L-PBF produced samples after non-standard heat treatment (1030°C for 1 hr
and aged at 783°C for 6 h 45 m) and also compared with wrought specimen with identical
heat treatment. The experiment was conducted with in-situ hydrogen charging by elec-
trochemical means, it was reported that the vertical samples showed higher HE resistance
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Figure 2.14: Fracture surface of conventional Inconel 718 a)Overview b) brittle region c¢) ductile region.
Reproduced from [52]

compared to the horizontal sample, having higher yield and tensile strength, and wrought
samples. This is due to the microstructural differences in the horizontal and vertical sam-
ples and the higher strength of horizontal samples leading to higher stress concentrations.
From the fractography, Hesketh concludes that the effect of porosity, found to be around
0.18%, is negligible. However, no mention of the effect of residual stress is present which
can lead to varying concentrations of hydrogen in the specimen.

Lee et al.[75] studied the effect of solidification sub-structure arising from L-PBF on
HE behaviour. This was done by comparing samples subjected to two different heat treat-
ments: Direct Ageing (DA) and Homogenisation + Ageing (HA). DA samples show higher
susceptibility to HE because of its higher strength, which leads to higher stress concen-
tration. This is corroborated by Hesketh et al.[81] and Li et al. [76] where higher strength
samples demonstrated higher susceptibility to HE. However, the influence of residual stress
is not accounted for in the experiments. Lee observed that during HA treatment recrystalli-
sation occurred, which signifies the removal of residual stress. This is not the case in the
DA samples, as no recrystallisation occurred. The residual stress could induce a heteroge-
neous distribution of hydrogen that leads to a local spike in concentration and cause crack
initiation at an earlier stage. Apart from this, the microstructural differences in both sets
of samples are not accounted for. In addition, due to the difficulty of performing in-situ
gaseous charging experiments, only information for tests with electrochemical charging
could be found for AM Inconel 718. Among them no studies were found looking into the
effect of recycled powder in HE.

2.3. Conclusions and Research Objectives

2.3.1. Conclusions
Based on the literature study performed the following conclusions can be made:

» L-PBF process produces fine microstructure due to the rapid cooling inherent to the
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process, with elongated grains along the build direction. This unique microstructure
provides good mechanical properties.

The properties of L-PBF produced Inconel 718 highly depend on the process param-
eters and careful control of these parameters is required to have reproducible results.

Variation in powder properties is found to be less influential during testing of static
properties. However, the density of components is dependent on the powder pro-
duction route.

Conventional heat treatments for L-PBF produced Inconel 718 provide mechanical
properties comparable to conventional counterparts. Further enhancement requires
optimisation of post-processing heat treatment parameters specific for components
produced by the L-PBF process.

Hydrogen Embrittlement of materials depends on the microstructure of Inconel 718
and the hydrogen charging method used: electrochemical or gaseous.

Contrasting observations have been reported for HE of L-PBF produced Inconel 718,
which results from differences in processing parameters and testing conditions. Cur-
rently, no standard exists for processing parameters. The primary goal is to achieve
maximum densification.

Hydrogen embrittlement with respect to defects inherent in the L-PBF process on
Inconel 718 is not considered in the literature, such as the influence of porosity and
residual stress. Hydrogen can diffuse into the pores and recombine to form H; gas,
which leads to internal cracks. Residual stress, on the other hand, can influence the
distribution of hydrogen within the sample.

Similarly the influence of powder properties on HE of L-PBF-produced components
needs to be looked into, some researchers have found a detrimental effect of using
recycled powder on dynamic properties though limited information is available re-
garding exposure of these specimens to corrosive environments; and no studies were
found for gaseous hydrogen environment.

Most experiments for HE evaluation are done by pre-charging the samples and ex-
situ testing in an inert atmosphere, limited literature is available regarding in-situ
experiments. As explained earlier different testing methods lead to varying hydrogen
concentrations which can cause significant variation in the observed effect of HE.

2.3.2. Research Objective

Gaseous hydrogen embrittlement of 3D-printed Inconel 718 manufactured from sus-
tainable feedstock.

To answer this objective the following research questions were set:

1. To determine the gaseous HE of L-PBF Inconel 718 fabricated from recycled powder.
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2. To investigate the effect of process induced microstructural anisotropy on HE of L-
PBF Inconel 718.

3. To determine the effect of post processing heat treatment on in-situ hydrogen re-
sponse of conventional and L-PBF Inconel 718.

4. To study the dominant HE mechanisms in L-PBF Inconel 718.



Materials and Methods

3.1. Materials

In this research, hydrogen embrittlement of Inconel 718 processed by Laser powder bed
fusion (L-PBF) is studied and compared with its commercial hot rolled counterpart. The
conventional hot-rolled samples after heat treatment are supplied by VDM metals GmbH
[82] with the composition given in Table 3.1. The heat treatment parameters are given in
Table 3.3. The conventional samples represent commercially used Inconel 718 in the indus-
tries as per ASTM B 637 standard[83]. The AM samples are fabricated using F3nice Inconel
718 powder produced from recycled materials[84].

Table 3.1: Composition of Inconel 718 obtained from X-Ray fluorescence spectroscopy (XRF).

Sample Composition
Ni Cr Fe Nb Mo Ti Al S§i Mn Mg V Co Cu
Conventional 54.90 17.55 17.55 4.66 2.86 0.94 045 0.09 0.09 - 0.03 037 0.15
AM 54.84 18.25 174 471 3.01 1.09 036 0.12 0.11 0.05 0.02 - -

Figure 3.1: a) Powder particles as viewed through an SEM b) high magnification image showing satellite
particles on the surface.

The AM samples are manufactured in AMCM M290 (customised EOS M290) machine
equipped with 1070 nm wavelength Ytterbium fibre laser. A stripe scanning strategy with
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laser power of 285 W is used in combination with 960 mm/s scan speed and 0.11 mm hatch
distance to obtain a volumetric energy density (VED) of 67 J/mm3. To prevent oxidation
during the L-PBF process, inert argon gas environment is used. The process parameters are
summarised in Table 3.2. The size distribution of recycled powder as per D90, D50 and D10
was found to be 55.5 ym, 36um, and 23.2um respectively. D90, D50 and D10 represent that
the 90%, 50% and 10% of particles are below the respective sizes. The SEM micrographs
showing the particle morphology is given in Figure 3.1. It can be seen that the particles
are not completely spherical and satellite particles are present on the surface, which can
affect the flowability and packing density. In the current study, significant influence of the
morphology is not expected to occur as it adheres to ASTM F3055[85] standard.

Table 3.2: Process parameters used for L-PBF of Inconel 718.

Laser Power ScanSpeed Hatch Distance Laser Spot Diameter Layer Thickness Volumetric Energy Density
(W) (mm/s) (mm) (pm) (pm) (VED) (J/mm?)
285 960 0.11 80 40 67

Table 3.3: Post processing heat treatments used for the Inconel 718 samples.

Sample Heat Treatment Temperature Holding Time Cooling
Conventional Solutionising 1032 °C 1h WwWC
Aging 791°C 6h AC
AM Solutionising 980 °C 1h AC
(AMS5663(27]) Aging 720°C 8h FCto 620°C @ 55°C/h
620 °C 8h AC

AC - Air Cooling, FC-Furnace Cooling, WC-Water Cooling

Degree of hydrogen embrittlement (HE) is found to be higher in materials with higher
yield strength[86]. So in L-PBE horizontally built samples are found to be more susceptible
to (HE) than vertically built samples[81]. In this research, the hollow cylindrical samples
are additively manufactured in the horizontal direction (as shown in Figure 3.2) to evaluate
the worst-case scenario. The AM samples are studied both in as-processed and heat treated
condition, in the remainder of the thesis they would be referred to as AM-AP and AM-HT
respectively. The heat treatment involves solutionising at 980 °C for 1 h followed by double
ageing at 720°C for 6 h furnace cooled to 620 °C and held for 10 h. The AM-AP, AM-HT
and conventional cylindrical samples are then machined to the required dimensions for
mechanical testing.

3.2. Experimental Methods
3.2.1. Microstructural Analysis

For microstructure and porosity analysis the sample surface needs to have a mirror-like ap-
pearance (i.e. without any scratches). To achieve this, the region of interest in the samples
were identified and then it was cut and mounted in a conductive resin. SiC abrasive papers
of increasing grit size (from 80 to 2000) were used to grind the specimens; after which, it
was polished using 3¢ and 1u diamond slurry to achieve the mirror-like finish. To reveal
the microstructure the specimens were etched with Kalling’s reagent (5g CuCl,, 100ml HCl
and 100ml ethanol). The microstructure was analysed using Olympus optical microscope
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Figure 3.2: a) Sample orientation (horizontal) for the L-PBF process b) AM samples. z-axis is the building
direction (BD) and x-axis is the tensile axis.

and to determine the morphology of the precipitates Jeol JSM IT-100 scanning electron mi-
croscope (SEM) equipped with energy dispersive spectroscopy (EDS) was used.

For the AM samples, porosity measurement were additionally done on the polished sur-
face using a Keyence VHX-5000 digital microscope. A rectangular region of 2000x2000 pm?
is defined and the porosity within this region is determined using the area measurement
feature. The resolution of the pore size is limited to 1 ym. This is repeated in three different
regions and the average porosity is calculated.

Vicker’s hardness tests were performed on the samples as a preliminary estimate of me-
chanical properties. The hardness tests are performed on a Struers Durascan hardness
tester with HV5 (5kgf) scale to obtain the average hardness of the material. Five measure-
ments are taken close to the centre of the sample in the direction perpendicular to the ten-
sile axis (XY-plane in Figure 3.2), which is the build direction in the case of the AM samples.

X-Ray Diffraction Analysis (XRD) is done to qualitatively determine the different phases
precipitated in the conventional, AM and AM-HT samples. The XRD measurements are
performed in a Bruker D8 Advance diffractometer with Co ka radiation. A step size of
0.035° 260 with 45 kV and 40 mA is used. The peak identification is done in Bruker software
Diffrac.EVA.

3.2.2. In-situ Gaseous Hydrogen Mechanical Testing

Test Setup

To characterise the effect of gaseous hydrogen on Inconel 718, the sample design developed
by Bootetal. [71] (shown in Figure 3.3) for slow strain rate tensile (SSRT) test was used. This
design has the advantage that the sample acts as the gas containment volume throughout
the experiment, thus avoiding the need for autoclaves and sophisticated equipments. A
standard hydraulic 4-column load frame (MTS 311.21 ServoHydraulic Load Frame) with a
load capacity of 350kN and modified adapters as shown in Figure 3.3 was used to perform
the experiments. The supply of gas during testing was provided through the top adapters
connected to gas cylinders of hydrogen and nitrogen, each with a purity of 99%.

A polycarbonate shield is set up around the testing area for safety as the experiment is
done till failure and hydrogen gas is released into air upon fracture. The volume of hydro-
gen released on failure is small for combustion to occur and it disperses fast in the absence
of an ignition agent [87]. Multiple valves are also installed on either side of the adapters to
prevent flow of hydrogen from the cylinder during failure.
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Figure 3.3: a)Sample dimensions b)Test setup for SSRT. The tensile loading direction is the x-axis.

Test Procedure

The oil and dirt which comes from the machining process affects the adsorption of hy-
drogen into the sample during HE testing; therefore, it is necessary to clean the samples
before the test. All samples were cleaned before testing to keep it consistent. Initially, a
cotton swab was used to wipe the inner surface to remove the oil and dirt; after which it
was placed in an ultrasonic bath with isopropanol for at least 5 minutes. A brush with 600
grit SiC particles was then used to sand the inner surface to remove the oxide layer. It was
again cleaned in the ultrasonic bath for 5 minutes.

After this, the air and nitrogen samples were placed in the experimental setup and
tested in the respective environments. In the case of hydrogen environment samples, an
additional step of charging is present. The internal hydrogen samples were charged in an
oven at 300°C and 1 bar pressure in 99% pure hydrogen environment. A charging time of
14 hours was chosen based on diffusion simulation to homogeneously distribute the hy-
drogen within the sample. After charging, the experiment was done within a day: as the
diffusion of hydrogen at room temperature is slow, only a negligible amount of hydrogen
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is lost from desorption in this duration. If the experiment was not done within a day, the
samples were stored in a freezer at -80°C till the day of the experiment. The specimen for
the in-situ test, after cleaning, was directly placed in the test setup. It is initially flushed
with nitrogen and vacuumed for three times to remove all traces of oxygen. It is then filled
with hydrogen at 150 bar and left for 48 hours of charging.

Before the beginning of the experiment, after pre-charging a pre-load of 500 N was ap-
proached to align and remove all clearance in the machine and adapters. An Instron exten-
someter (model no: 2620-603) with 10 mm gauge length was then placed on the specimen
over the notch. During the test when the specimen begins to yield the extensometer was
removed to avoid damage during failure and then the crosshead displacement was used to
determine the final strain in the material. As an Instron extensometer is used in the MTS
machine a calibration experiment was separately done to correct the extensometer signal.
The procedure for the same is provided in Appendix A.

The crosshead speed is set to 1.5 mm h™! to let hydrogen diffuse and interact with the
material during the test. The test is set to end when fracture has occurred: the criteria set
for failure detection is a load drop of 20% between two acquisition points.

Test Matrix

The test matrix for the SSRT tests is shown in Table 3.4. The primary aim of the experiments
is to characterise the HE behaviour of AM-produced Inconel 718 using recycled powder.
Initially, the conventional samples are tested in four environments: air, N, 150 bar, H, 150
bar and H, oven charged. This is to understand the influence of pressure, and the effect
of internal and external hydrogen. Then the testing conditions representing the highest
hydrogen embrittlement are chosen for the AM samples. Additionally, for AM samples to
represent non-hydrogen conditions N, at 150 bar is chosen to also account for the effect of
pressure. Two repetitions are performed for each testing condition for reproducibility.

Table 3.4: Test matrix for the SSRT experiment of Inconel 718.

Sample Environment  Charging Condition Repetitions Purpose
Air 1 bar 25°C 2 Baseline
Conventional  Nitrogen in-situ 150 bar 25 °C 2 Effect of pressure
Hydrogen in-situ 150 bar 25 °C 2 Effect of in-situ gas
Hydrogen ex-situ 1 bar 300 °C 2 Effect of internal hydrogen
AM Nitrogen 150 bar 25 °C 2 Evaluate performance of
Hydrogen in-situ 150 bar 25 °C 2 AM samples
AMAHT Nitrogen 150 bar 25 °C 2 Evaluate performance of
Hydrogen in-situ 150 bar 25 °C 2 heat treated AM sample
Data Analysis

The extensometer is placed on the sample as shown in Figure A.2. The cross-sectional area
is not uniform throughout the notch, i.e. the deformation is non-uniform during the ex-
periment. In addition, it also measures strain from a part of the non-notch region. For
simplicity, the strain measurement is assumed to be from a uniform cross-section corre-
sponding to the notch root diameter. The measured yield and ultimate tensile strength
would be higher than the actual values, whereas it would be lower in the case of elonga-
tion. The strain is measured using the extensometer until the specimen yields, after which
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it is removed and the crosshead displacement is used to determine the strain. The detailed
procedure is explained in Appendix A

The elongation at failure measured is not accurate as the extensometer is not used
throughout the experiment. So, the area of fracture surface is used as a measure of duc-
tility: higher the ductility smaller the area of fracture surface. The reduction in fracture
surface area(% A;.q) is determined using Equation 3.1[71]:

Abefore - Aafter

Areq = x 100 3.1)

Abefore

where Apefore is the initial cross section of the sample before testing and Agf;e, is the
cross sectional area measured after failure. The % A,.4 is then used to estimate the hydro-
gen embrittlement index (HEI) in the hydrogen samples as per Equation 3.2[71]:

(Ared)Nz - (Ared) H,
(Ared)Nz

HEI =

(3.2)

It should be noted that a higher HEI would signify a higher degree of embrittlement.

Fractography

After the SSRT testing, to analyse the fracture surface features, the samples are cleaned in an
ultrasonic bath with isopropanol for 2 minutes and investigated in the SEM. Reduction in
cross-sectional area is a measure of ductility and to determine it, the fracture surface area is
measured using the Keyence VHX-5000 digital microscope. The interaction of microstruc-
ture and crack propagation during failure is of interest; therefore, representative fracture
samples for each testing condition are cut in the direction parallel to the tensile axis (yz-
plane). It is subsequently mounted in a conductive resin and prepared for microstructure
analysis.

3.3. Computational Methods

The diffusion of hydrogen in Inconel 718 at room temperature is of the order of 1072 mm?/s
[54], this means that to diffuse a distance of 2mm it would approximately take 100 years
(~ v/ Dt, where D is diffusion coefficient in mm?/s and t is times in seconds). Hence, a
homogeneous distribution of hydrogen is not achieved for testing at room temperature.
However, computational methods can be employed to have an estimate of the concentra-
tion profile of hydrogen within the sample. To identify the pre-charging conditions and the
concentration profile a computational simulation is employed using FiPy (an open source
finite volume PDE solver in python), GMSH (an open source finite element mesh generator)
and Paraview (an open source data visualisation tool)[88, 89, 90].

The axisymmetric nature of the geometry is utilised to approximate the specimen as a
2-D model for the simulation. As the geometry is also symmetric, the 2-D model is further
reduced to half; increasing the computational efficiency. GMSH is used to create the 2-D
model and generate structured mesh for the simulation. It is known that mesh size is a key
parameter for accurate results in a simulation: the smaller the mesh size more accurate
the result is; however, this comes at a higher computational cost. A compromise between
computational cost and accuracy is achieved by dividing the geometry into two regions of
coarse mesh and fine mesh. At the notch root, a fine mesh is generated as it is the region
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Coarse mesh

Fine mesh

Figure 3.4: Mesh for the 2D simulation model (the mesh size is not to scale).

of focus, and away from the notch region a coarse mesh is used. Mesh convergence is
achieved by refining the mesh and the final mesh parameters are saved in the geometry
(.geo) file and imported into python using the FiPy package. A schematic of the geometry
and structured mesh generated from GMSH is given in Figure 3.4(the geometry file for the
same is available in Appendix C).

Different boundary conditions exist for both in-situ and oven-charged samples: in the
case of the in-situ sample, hydrogen is only present on the inner surface at 298 K and 150
bar pressure, whereas in the case of oven-charging hydrogen is present in both the inner
surface and outer surface at 598 K and 1 bar pressure. Sievert’s law (Equation 2.2) is used
to determine the concentration of hydrogen at the surfaces. This gives the concentration
values at the surface as 7.329 x 1071° mol/mm? and 8.67 x 107 mol/mm? for the in-situ
and oven-charged samples respectively. It is assumed that the no hydrogen is present in
the bulk before testing, hence it is set to 0. The diffusion parameters needed for the sim-
ulation are given in Table 3.5, diffusivity at the respective conditions are determined using
Equation 2.5.

Table 3.5: Diffusion parameters for the simulation[54].

Sample Dy Hp R H; T P Ko
mm?/s J/mol J/Kmol J/mol K MPa(bar) mol/mm3.MPa !/?
In-situ 0.68 48.63x 10° 8.314 8075 298 15 (150) 4.92x 1077
Oven-Charged 0.68  48.63x 103 8.314 8075 573 0.1 (1) 5.23x 1078

Dy - Diffusion coefficient, Hp - Activation energy for diffusion
R - Universal Gas constant , H - Dissolution enthalpy

T - Temperature , P - Pressure

Ko - Solubility constant

A stable timestep of 500 s is chosen to prevent numerical instabilities, the simulation
is run for different number of iterations and the concentration of hydrogen at each node
is saved into a tab separated file (.tsv). The file is then imported into ParaView and the
concentration profile at the notch root is plotted.



Results and Discussions

4.1. Results

4.1.1. Microstructural Characterisation

The composition of the conventional and AM samples, as measured by X-Ray fluorescence
spectroscopy, is given in Table 3.1. A slight variation in the composition of the major alloy-
ing elements is noted but is within the allowed limits as per ASTM B637 standard[83]. The
elements Co and Cu are not detected in the AM samples, these elements are added to im-
part solid solution strengthening in Ni-based superalloys, and are not expected to majorly
influence the precipitation of phases in this study[91].
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Figure 4.1: a) Optical image of conventional Inconel 718 showing equiaxed grains b) SEM image showing 6
phase precipitated at the grain boundaries.

Figure 4.1 shows the microstructure of the conventional Inconel 718 sample after heat
treatment with equiaxed grains and annealing twins. During the heat treatment, the so-
lutionising temperature of 1032°C is higher than the § solvus temperature (~1000 °C)[18],
resulting in the dissolution of the § phase. Cai et al.[92] reported that after 1 hour of holding
time at 1020°C the 6 phase fully dissolves in the matrix. In the current study at high mag-
nification (Figure 4.1 b), precipitates of § phase with a size of ~0.8 ymare seen along the
grain boundaries. Nevertheless, the fraction of the § phase observed is small, as it is found
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only in certain regions and not throughout the grain boundaries. The y’ and y" strength-
ening phases forms during the subsequent ageing heat treatment at 790°C for 6 hours. As
these strengthening phases precipitate in the nanometre range, they are hard to discern in
a scanning electron microscope. In the case of AM samples (both AM-AP and AM-HT), the
microstructure appears distinct as seen in Figure 4.2 and Figure 4.3.
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Figure 4.2: Meltpool boundaries of AM-AP samples as viewed in an OM b)Cellular substructures with
segregation along the boundaries.

Along the building direction the AM-AP sample shows fish-scale-like morphology (Fig-
ure 4.2a), arising from the melting of previous layers during layer-wise deposition of ma-
terial. Due to the presence of solidified layers, grain growth in L-PBF occurs epitaxially;
this is seen as dendritic structures spanning multiple melt pools in the microstructure([7].
Figure 4.2 b) shows the cellular structures of the columnar dendrites. Laves phase (marked
by arrows) forms in the interdendritic regions due to the micro-segregation of Nb and Ti
during solidification[32]. As these segregations are detrimental to mechanical properties
post heat treatments are recommended|[7].

Figure 4.3: Microstructure of Heat-treated AM samples in a)Optical microscope b)SEM.

For AM-HT samples, solutionising temperature (980 °C) and time (1 h) during the SA
heat treatment are insufficient for complete recrystallisation. It is evident from the mi-
crostructure shown in Figure 4.3, where partial melt pool boundaries are still visible. In
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addition, at 980°C only partial dissolution of Laves phase occurs and diffusion of Nb is in-
adequate for homogenisation. The partial dissolution of Laves phase leads to an increase
in the concentration of Nb in the neighbourhood, which results in the formation of the aci-
cular delta phase with a size of ~1.1 yum along the grain boundaries, as seen in Figure 4.3
b). It is in agreement with the observations of Chlebus et al.[33], Li et al.[32]and Zhang
et al.[25]. A two-step ageing heat treatment is also performed for the precipitation and
coarsening of y’ and y" strengthening phases. It is found that SA heat treatment doesn’t
eliminate the anisotropy in microstructure entirely, as complete recrystallisation does not
occur. Sabelkin et al.[93] recommends a non-traditional heat treatment ,which involves
annealing at 1160 °C for 4 h to allow complete recrystallisation and eliminate anisotropy.

Figure 4.4: Microstructure of AM samples in the xy-plane a) AM-AP b) AM-HT.

Perpendicular to the build direction (xy-plane), the microstructure of AM-AP and AM-
HT are shown in Figure 4.4. Scan tracks representative of the scanning strategy used is vis-
ible in the AM-AP samples; which become vaguely visible after heat treatment. The small
grain size in this plane makes it difficult to be identified in Figure 4.4. Wang et al.[94] per-
formed EBSD analysis and reported that the grains appeared equiaxed in this plane. The
directional cooling in the L-PBF process is responsible for the anisotropy in AM microstruc-
ture.

As the size of precipitates are small, it is difficult to perform energy dispersive x-ray
spectroscopy (EDS) analysis to identify the phases. So, XRD analysis is performed to con-
firm the presence of different phases.

XRD Characterization

Figure 4.5 shows the XRD measurement results for conventional, AM, and AM-HT. For all
samples, the primary matrix phase (y) shows the strongest peaks. Only qualitative phase
analysis is performed as most of the phases give peaks which overlap with the primary
matrix, thus making it hard to distinguish them. In the conventional samples, small peaks
identified as y" are seen close to the y matrix peaks. Additionally, peaks corresponding to
Ti, Nb - carbides are also visible. Even though the microstructure shows the presence of the
0 phase, corresponding peaks were not identified in the XRD measurement; this is due to
the poor resolution of XRD when the phase fractions are less than 5%.
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Figure 4.5: XRD measurement results.

For the AM samples in the as-processed condition in addition to the matrix phase, small
peaks corresponding to Ti, Nb - carbides and Laves phase are seen. As explained in the
previous section, the micro-segregation of Nb and Ti at the interdendritic regions is the
reason for the precipitation of these phases.

In the heat-treated samples, the peaks for Laves phase are no longer visible; this is be-
cause during the heat treatment laves phase partially dissolves, thus reducing the fraction
of phase present. In addition, the dissolution leads to an increase in Nb concentration in
the neighbourhood, and the temperature is insufficient for the homogenisation of the ele-
ments in the matrix. The 6 phase forms in these regions during heat treatment due to the
higher concentration of Nb[25]. Small peaks corresponding to the § phase are visible for
the AM-HT sample in Figure 4.5, confirming the same.

The peaks of y' and y" are difficult to separate from the primary y matrix, as they are co-
herent precipitates[18]. However, as the fraction of the precipitates increases, the strength
of the material also increases significantly. Thus, hardness measurements can serve as a
first estimate for the precipitation of the strengthening phases.

Hardness Measurements
The Vickers hardness measurements of the samples are given in Figure 4.6. The conven-
tional sample shows a hardness of 380 + 13 HV, which is in the expected range for the heat-
treated wrought alloys[17]. In the case of AM samples, after heat treatment, the sample
shows a hardness of 476 +8 HV, which is 53% higher than the hardness of the AM-AP sample
(310 + 39 HV). This is expected, as the heat treatment introduces y’ and y" strengthening
phases, which are absent in the as-processed condition[33]. On the other hand, even af-
ter the precipitation of Y’ and y" phases, the conventional sample shows a hardness value
lower than AM-HT samples. The difference in the hardness of AM-HT and conventional
samples can be attributed to the fine microstructure induced by the L-PBF process. This is
evident when comparing Figure 4.1 and Figure 4.3, and is in agreement with data reported
by Tanja et al.[95]: where the grain size of L-PBF Inconel 718 is reported to be finer than the
forged counterpart by a factor of 10.

Hardness measurements are not found to be influenced by the presence of porosity in
the L-PBF samples[96]. However, depending on the shape and size of the pores, they can
be detrimental to mechanical properties.
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Figure 4.6: Hardness measurement values.

Porosity Measurements

Porosity is a defect commonly observed in the components produced from the L-PBF pro-
cess and is absent in the wrought counterpart, as observed in Figure 4.7. The AM as-
processed and heat-treated samples show comparable porosity values of 0.09+0.02 and
0.05+0.01 % respectively, making it nearly defect-free (99.9% density) material. Spherical
pores signifying gas entrapment were the most commonly seen pore morphology, with the
largest pore size being 45um. The spherical pores form during the L-PBF process, when the
inert gas used to prevent oxidation of powder or the gas already entrapped in the powder
feedstock gets trapped in the melt pool during solidification[7]. A few lack of fusion defects
(LOF) were also seen; as the name suggests these defects arise due to insufficient bonding
between two layers or scan tracks. These defects are usually not observed when optimised
process parameters are used[51]. Due to their shape they are detrimental to the mechanical
properties as crack initiation can occur at these locations.

a) ’ b)

r

200pm 200pm

Figure 4.7: Representative images of porosity for a) Conventional and b) AM Inconel 718.
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4.1.2. Diffusion Simulation

The diffusion simulation results for the in-situ gas charged and oven charged samples are
given in Figure 4.8. As the diffusion coefficient of hydrogen at room temperature is only
2.3 x 1079 m?s™!: hydrogen only diffuses a distance of 50 um. Whereas in the case of
oven charging, hydrogen is more or less uniformly distributed in the notch root of the sam-
ple after 12 hours because of the high diffusion coefficient at 300°C. Also, the boundary
conditions in both oven charging and In-situ are different. As oven charging is done at 1
bar pressure at 300°C, the concentration of hydrogen at the surface is an order of magni-
tude higher than the In-situ condition (150 bar, 25°C). It should be noted that the sample
doesn't immediately cool down to room temperature after 12 hours of charging, as it is dif-
ficult to remove it from the oven. So, it is allowed to cool down in the oven. Slow cooling
of the sample could result in a decrease of hydrogen concentration at the surface, as it is
temperature-dependent, which could further lead to a decrease in hydrogen concentra-
tion within the sample. To accurately estimate the concentration of hydrogen in this case,
a technique like thermal desorption spectroscopy should be employed[97]. In this study, it
is reasonable to assume that the hydrogen concentration does not vary much in the bulk of
the sample during the cooling stage, because hydrogen diffusion decreases exponentially
with decreasing temperature.
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Figure 4.8: Concentration profile after gaseous hydrogen charging for a) In-situ b) Oven-Charged.

The AM samples’ diffusion coefficient is found to be higher than the conventional coun-
terparts but is of the same order of magnitude([77]. Hence, the hydrogen concentration pro-
file of AM samples is expected to be similar to the conventional sample in In-situ condition
before the start of the SSRT test.

4.1.3. In-situ Gaseous Hydrogen Mechanical Testing

The results of the SSRT test are summarised in Table 4.1 and representative plots for each
testing condition is given in Figure 4.9. Due to the notch, all samples show tensile strength
higher than the actual values; whereas the elongation is found to be lower.

A direct comparison of AM properties with the conventional sample is difficult due to
the difference in heat treatments. However, a general trend can be obtained and compared
with literature for a deeper insight. The major difference occurs with the AM heat treated
samples where the double ageing with longer duration is employed. As accurate quantifi-
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cation of the strengthening phases is not performed in this study, information from the

literature is used to reference.

Table 4.1: SSRT test results.

Specimen Environment Y s (MPa) UTS (MPa) Elong (%) A;eq (%)
Air 1083 +34 1446+14 11.3+04 285+0.5

Conventional Nitrogen in-situ* 1069 +4  1474+28 12.7+14 306+14
Hydrogen ex-situ™ 1116 +01  1493+62 7.7+0.7 20.5+2.5

Hydrogen in-situ** 1059+34 1308 +01 58+0.1 17.2+2.1

AM-AP Nitrogen in-situ* 898 + 11 1129 +11 75+0.05 24.0+1.3
Hydrogen in-situ** 897 +12  1153+05 54+0.1 19.5+0.6

AM-HT Nitrogen in-situ® 1462+ 08 1776 +07 4.5+0.3 11.7+1.8
Hydrogen in-situ™* 1409+ 10 1610+ 3 28+0.2 10.8+0.3

* in-situ - 150 bar, 25 °C during the test.
* ex-situ - precharged at 1 bar, 300 °C for 12 h before test.
** in addition to in-situ condition it was precharged for 48 h in hydrogen at 25 °C.

In the conventional samples (Figure 4.9 a), for both nitrogen and air conditions, the
tensile curves were similar and were well within the margin of error. This shows that the
presence of internal nitrogen pressure does not influence the mechanical properties in In-
conel 718. Figure 4.9 b) shows the representative SSRT plots for AM samples, along with
conventional samples in the same conditions. The measured strain values and reduction
in cross-sectional area for the AM samples vary from the values in literature[17], this is at-
tributed to the presence of notch in the sample. In addition, AM-AP samples shows much
lower ductility compared to the conventional ones.

Among the AM samples in nitrogen condition, there was a clear difference in the ten-
sile strength and ductility. The AM samples show a 62% increase in yield strength and a
57% increase in ultimate tensile strength after heat treatment; this was expected, as in the
as-processed condition the y' and y" strengthening phases are absent. The 51% loss of
ductility in the AM samples after heat treatment can be attributed to the strength ductility
trade-off and precipitation of the § phase. Similar trends were also observed in the litera-
ture[98, 33, 25].

Embrittlement is observed in all samples when hydrogen was introduced irrespective
of the type of charging. However, the degree of hydrogen embrittlement varies. A general
observation in the SSRT curves for all hydrogen In-situ samples, which was not found in the
literature, was the drop in load after reaching particular stress. In a uniaxial tensile test, a
load drop before failure signifies a reduction in load-bearing cross-sectional area. The load
drop is not observed in the nitrogen or air samples which demonstrated higher ductility.
Hence, the possible cause for the load drop in hydrogen In-situ samples is the beginning
of decohesion during HE. This can be confirmed through fractography, as will be done in a
later section. The loss of ductility in the presence of hydrogen is a measure of degree of HE
(HE index), and can serve as a measure to compare the HE in different samples.

The hydrogen embrittlement index (HEI) of samples is provided in Figure 4.10, it should
be noted that higher values signify a higher degree of embrittlement. In the conventional
samples, the oven-charged samples representing internal hydrogen showed a lower de-
gree of hydrogen embrittlement as can be seen in Figure 4.10 a). Tarzimoghadam et al.[99]
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Figure 4.9: Representative SSRT curves for a) Conventional and b) AM Inconel 718.

reported that when in-situ electrochemical charging is performed the hydrogen concen-
tration in the sample was much higher than in pre-charged condition. The simulation in
subsection 4.1.2 only accounts for the pre-charging condition and not during the SSRT test.
Whereas in reality, the continuous supply of hydrogen combined with the stress state in the
sample could lead to a higher concentration of hydrogen for the in-situ condition.

In the case of AM samples, AM-AP samples show a lower HEI in comparison to the
conventional ones, this difference can be majorly attributed to the absence of y" precip-
itates. Rezende et al.[79] studied the influence of y" precipitates on the HE behaviour
and reported that it’s presence aggravated hydrogen embrittlement. similar observations
were seen by Hesketh et al. [81], where the lower degree of HE was attributed to the lower
tensile strength of AM-AP samples. In general metals having high tensile strength show a
higher degree of hydrogen embrittlement[86]. Surprisingly in this study, the AM-HT sam-
ples which demonstrate the highest yield strength, show the least degree of embrittlement
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Figure 4.10: HE index for all studies herein Inconel 718 samples. The in-situ samples were also additionally
charged for 48 h at 150 bar and 25 °C before the in-situ experiment.

compared to AM-AP and conventional samples, thus deviating from the earlier mentioned
trend. This behaviour could arise due to the unique microstructure inherent to the L-PBF
process, which could affect how hydrogen interacts with the material. To better understand
this the fracture surface is looked into to help identify the HE mechanisms.

4.1.4. Fractography

The fracture surfaces of the conventional and AM samples tested in ambient conditions
are given in Figure 4.11 and Figure 4.12 respectively. Considering the conventional sam-
ples, the ones tested in air and nitrogen environment (Figure 4.11 a), shows features of a
typical ductile failure, i.e. failure by micro-void coalescence (Figure 4.11 b). The void size
was determined to be ~4.5 um. Only a representative fracture surface of sample tested
in nitrogen is provided, additional fracture surface images for the samples tested in air is
provided in Appendix B.

Figure 4.11: a) Zoomed-out overview b) zoomed-in view showing characteristic ductile fracture with micro
voids.

The AM samples, both AM-AP and AM-HT in the nitrogen environment show a ductile
mode of failure; however, the micro-voids appear to be ~65% smaller than the conven-
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tional samples. The smaller dimple size (~1.5 ym) is attributed to the fine microstructure
produced from the L-PBF process[22, 25]. As no significant variation is noted in the frac-
ture surface of AM-AP and AM-HT samples, only one representative surface is shown here
(Figure 4.12). If needed the fracture surface images of AM-HT are provided in Appendix B

Figure 4.12: Fracture surface of AM-AP tested in Nitrogen at 150 bar. a) low magnification b) High
magnification.

Additionally, for the AM samples process-induced defects are observed on the inner
surface (as shown in Figure 4.13). L-PBF process is known for dimensional inaccuracy
when building hollow cylinders horizontally (axis in XY plane)[100]. As in this study, the
samples were built to near net shape the dimensional inaccuracy was higher than expected
leading to unmachined regions during post processing; referred to as defects from here on.
These defects are seen in the inner surface of all AM samples; thus, only a representative
image is depicted here. Additionally, only one such defect is observed for a given fracture
surface meaning just one side remained unmachined throughout the inner surface for a
given sample. The lower ductility in the AM samples compared to the conventional ones
could be attributed to these defects and porosity, as crack initiation could occur at a much
earlier stage resulting in premature failure.

<+—— defect

Figure 4.13: Unmachined regions in the inner surface of AM samples. a) AM-AP b) AM-HT

In the case of hydrogen charged samples (Figure 4.14 and Figure 4.15), the fracture sur-
faces show embrittlement, with the in-situ samples showing severe embrittlement. Addi-
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tionally, for all hydrogen in-situ samples, fracture initiates from the inner surface of the
sample instead of the notch. Three distinct regions can be observed on the surface of In-
situ samples (Figure 4.15): 1) brittle intergranular region, 2) quasi-cleavage region and 3)
ductile region. Severe cracking (marked by arrows) on the fracture surface is also seen.
The hydrogen oven-charged samples show only quasi-cleavage-like features (facets sur-
rounded by dimpled regions) similar to region 2 of In-situ samples. This difference in the
oven-charged and in-situ samples could be due to the difference in underlying HE mecha-
nisms, which is discussed in a later section.

Figure 4.14: Quasi-cleavage features on the fracture surface of conventional samples tested after hydrogen
oven charging. a) low magnification b) high magnification.

The brittle region in the in-situ sample consisted of features representative of the grain
structure. Tear ridges signifying plasticity is also visible in this region. Several researchers
have reported fracture surfaces similar to this after electrochemical charging[52, 101]. Zhang
et al.[101] reported that though the features show an intergranular mode of failure, the
crack initiates and propagates through dislocation slip bands and hence is actually trans-
granular in nature. A key issue with this mechanism is that, in this study as seen in the
simulation results (subsection 4.1.2), hydrogen diffusion distance during charging is only
50 um but the embrittled region extends = 1.5 mm. It is possible that, as fracture initi-
ates from the inner surface there is a continuous supply of hydrogen at the crack tip from
gaseous hydrogen; thus leading to a larger embrittled region. In this case, the proposi-
tion by Zhang et al.[101] that failure initiates at the slip bands requires further analysis, as
whether hydrogen has sufficient time for diffusing within the grain is questionable.

Similar to the conventional samples, the hydrogen in-situ AM samples show a severely
embrittled region. A distinct difference observed here is that; the HE region is directional as
shown in Figure 4.18, unlike the conventional samples, which show homogeneous embrit-
tlement throughout the fracture plane. This difference could arise due to the microstruc-
tural anisotropy in the sample. Features representative of elongated grains is visible in the
HE region for both AM-AP and AM-HT samples. Further, these HE regions appear to be
oriented along the build direction as can be deduced from these elongated features. The
lower degree of HE in AM samples compared to the conventional samples could be a con-
sequence of this anisotropy; as only a small region is embrittled and the remainder of the
sample retains its ductility. This is unanticipated as additional defects seen on the inner
surface is expected to aggravate HE.
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Figure 4.15: Three distinct regions on the fracture surface of conventional samples tested in hydrogen in-situ
condition. a) low magnification b) high magnification at region of intergranular failure.

Figure 4.16: Hydrogen embrittled fraction region in AM-AP sample a) low magnification b) high
magnification.

Figure 4.17: Hydrogen embrittled fraction region in AM-HT sample a) low magnification b) high
magnification

Due to the presence of defects as shown in Figure 4.13, it would be expected that the
HE region would be aligned with the defects, however, that is not observed. The elongated
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features appear to be consistent with the building direction irrespective of the location of
the defect in the inner surface. This signifies that anisotropy plays a more dominant role.

Among the AM-AP and AM-HT samples ( Figure 4.16 and Figure 4.17 respectively), the
former shows prominent brittle features and cracks on the fracture surface. This is in line
with the observation of higher HEI for the AM-AP compared to AM-HT in the previous sec-
tion. Porosities are observed on the fracture surface of AM samples, they however don’t
appear to influence HE, this could be because the porosity is negligible. Hesketh.et al [81]
also reported similar findings. In theory, porosity would be detrimental as it would reduce
the cross sectional area and can act as stress concentrators aggravating hydrogen embrit-
tlement.

Figure 4.18: a) Anisotropy in HE region of the AM sample b) Homogeneous HE region in conventional
sample. X-axis is the tensile load direction and z-axis is the build direction.

4.2. Discussion
4.2.1. Effect of recycled powder in AM of Inconel 718

The preliminary microstructure analysis of AM-AP and AM-HT samples show comparable
results to the ones found in literature[25, 34, 102]. Due to the fine microstructure from
the L-PBF process and the resolution limit of SEM,; it is difficult to observe the morpholo-
gies of the precipitated phases, which is influenced by material composition. Even though
the compositional range of the elements are within the limits defined by ASTMF 3055[85].
The variation could alter the precipitation behaviour of different phases[103]. This in turn
could affect the mechanical properties as it is dependent on the morphologies and frac-
tion of these phases[18]. Here, hardness measurements are used as a first estimate for the
precipitation of ¥’ and y" strengthening phases. The increase in hardness confirms the
presence of the strengthening phases, though the fraction of these phases are difficult to
estimate.

The volumetric energy density (VED) is a key parameter that influences the porosity
in L-PBF process. Porosity is generally found to decrease when VED is increased, but in-
creasing it too high again increases porosity[96]. VED in this study is determined from
the process parameters given in Table 3.2 and Equation 2.1, it was found to be 67 J/mm?3.
For this VED, Caiazzo et al.[96] reported a porosity fraction of 0.11 % which is compara-
ble to the values in this study. In L-PBF process it is impossible to prevent gas porosities,
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irrespective of VED used, however the fraction of these voids decrease when high VED is
used. On the other hand, lack of fusion defects can be eliminated by optimising the pro-
cess parameters[51]. In this study lack of fusion defects were observed in the AM samples
even though sufficiently high VED is used. The powder particles distribution, powder pack-
ing density, composition of powder, and VED are some of the key parameters affecting the
porosity development in AM[7]. As the process parameters used in this study are optimised
for the commercially available powder, a study aimed to optimise the process parameters
as per the powder properties is recommended to eliminate lack of fusion defects. Unlike
gas porosities, these defects are detrimental to the mechanical properties and hence should
be eliminated entirely.

With respect to the mechanical properties, the sample shows a higher yield strength
and UTS but a lower elongation when compared with the literature[30, 25, 17]. The vari-
ation could arise due to the presence of the notch. To determine strain, a uniform cross-
section is assumed, which is not the case in reality. The cross-sectional area in the notch
increases from the notch root to the outer region, this means that the extensometer mea-
sures a non-uniform elongation. But to determine strain a uniform elongation is assumed
for simplicity. So, the determined strain would be lower than the actual strain in the mate-
rial. This results in a higher slope in the stress strain curve, and leads to reporting a higher
yield strength and lower elongation to failure. The higher UTS is commonly observed in
notched tensile specimens of Inconel 718 when sufficient amount of § phase is present
[92].

Another aspect that could affect the mechanical properties is the effect of powder. Bhow-
mik et al.[104] studied the effect of reusing powder feedstock on mechanical properties of
Inconel 718. It was observed that the reused powder showed a slightly higher yield and
ultimate tensile strength when compared with components from virgin powder. It was at-
tributed to the difference in dislocation density and solute distribution in the two sets of
samples. In this study, though a virgin batch of powder is used, a similar difference could
be present as the powder produced from recycled raw materials. An in depth analysis com-
paring the recycled powder with commercially available powder is required to identify vari-
ations arising from the powder feedstock.

However, this does not explain the trend of lower elongation of AM-AP samples when
compared with the conventional counterpart with similar geometry. It is generally reported
that in the as-processed state the AM samples have higher elongation than the age hard-
ened conventional alloy. This is because of the absence of strengthening phases[17]. The
defects reported on the inner surface of AM samples in subsection 4.1.4, are the possible
reason for this observation.

4.2.2. Effect of testing conditions in HE of Conventional Inconel 718

From the fractographs in subsection 4.1.4, it is evident that the dominant mode of HE
mechanism in the oven-charged and in-situ conditions are different. The quasi-cleavage
failure seen in oven-charged samples denotes that plasticity plays a significant role during
failure, so the dominant mechanism is likely to be hydrogen-enhanced localised plastic-
ity (HELP). Further, the mode of failure from quasi-cleavage to intergranular is reported
to be dependent on the concentration of hydrogen and yield strength of the material[86,
105, 106]. This is because the equilibrium concentration of hydrogen in the lattice scales
exponentially with increasing stress[107].
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Both the in-situ and oven-charged samples undergo the same post-processing heat
treatment, meaning they have similar yield strength. So the cause of variation can be
attributed to the concentration of hydrogen in both set of samples. This would appear
counter-intuitive as in the simulation(subsection 4.1.2) it was reported that the concentra-
tion of hydrogen in the oven-charged condition is higher than in-situ charging. To under-
stand the cause of this variation, concentration of hydrogen at the crack tip needs to be
considered as it plays the dominant role.

For the oven-charged sample, increase in the concentration of hydrogen at the crack
tip occurs by diffusion. As the diffusion of hydrogen at room temperature is very slow, it
is likely that the concentration at the crack tip doesn'’t vary during the SSRT test. Dexler
et al. [108] on studying the stress induced diffusion of hydrogen in nickel, reported that
stress driven diffusion only plays a minor role in hydrogen transport. Hence, it is safe to
assume that there is no increase in concentration at the crack tip during the experiment. A
qualitative value for the hydrogen concentration can be determined from the simulation,
and was found to be = 7.1 ppm. Hicks et al.[105] reported that for hydrogen concentrations
less than 16 wt ppm, the dimpled regions in between the facets increased. The observations
in Figure 4.14 conforms to this trend, though the difference in heat treatment and alloy
composition in Hicks study makes it difficult for a direct comparison. Accordingly, this
should also be seen in in-situ samples, which shows an order of magnitude lower hydrogen
concentration.

For the in-situ samples in addition to charging, there is also a continuous supply of
hydrogen at the surface of cracks as shown in Figure 4.19. The crack initiation is observed
to occur from the inside possibly due to machining marks acting as stress concentrators.
After the crack initiates, the hydrogen at the crack surface can be adsorbed, increasing the
sub-surface hydrogen concentration. Tarzimoghadam et al.[99] performed a similar in-situ
electrochemical SSRT test and reported that hydrogen concentration increased by 200%
(40 wt ppm from 13 wt ppm) during the test. The increase was attributed to the continuous
supply of hydrogen at the crack surfaces. In this study, a similar increase in concentration
is expected. It is difficult to quantify it, as no hydrogen concentration measurements were
performed. A more detailed study of hydrogen interaction at the crack surface is needed.

To identify the dominant mechanism in in-situ condition, the intergranular fracture
surface is analysed. On a macro scale, the brittle features point towards HEDE mechanism.
But on taking a closer look at the facets, dislocation slip lines signifying plastic deformation
are visible (Figure 4.20). This indicates a possibility for HELP or adsorption induced dislo-
cation emission (AIDE) mechanism. AIDE is considered here as the hydrogen is present on
the surfaces of the crack, and it can be adsorbed leading to dislocation emission from the
crack tip.

However, before concluding on the dominant mechanism, the load drop observed in
the SSRT curves (Figure 4.9) needs to be considered. It was found that the drop in load
occurred only after a particular stress level is reached, as explained earlier this means a
reduction in load bearing area, here it signifies the beginning of decohesion. The strain
at this point was determined to be 2%. As Inconel 718 has a low stacking fault energy,
it is found to show planar deformation[109]. The slip lines visible on the facets could be
a consequence of this 2% strain. Further, it could also be possible that the decohesion
occurred where the slip lines intersected with the grain boundaries. A cross-section of the
fracture surface is analysed to understand it better.
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Figure 4.19: Schematic of intergranular failure in conventional Inconel 718 seen in this study. A higher
concentration of hydrogen at crack tip due to adsorption from crack surface.
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Figure 4.20: Slip lines along the brittle facets of in-situ hydrogen embrittled samples.

Figure 4.21 shows the cross-section of fracture at the brittle region, both intergranular
and transgranular mode of failure is observed. A large number of dislocation slip lines are



4.2. Discussion 47
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Figure 4.21: Cross-sectional image of fracture surface showing different modes of failure in conventional
Inconel 718.

also visible, the transgranular failure could have occurred through these slip lines. The
tear ridges seen in Figure 4.15 confirm this. A closer look with a higher resolution electron
microscope could help better understand why there was a transition from intergranular to
transgranular mode of failure. Decohesion along grain boundary ahead of the crack is also
seen. This makes it quite difficult to make a conclusion on whether HEDE or HELP or AIDE
is the dominant mode of failure as features representative of all modes of failure are visible.
For now, it is likely that the mode of failure is an interplay between HEDE, HELP and AIDE
mechanisms.

4.2.3. HE in AM Inconel 718

From the macroscopic fracture surfaces, it can be concluded that the HE mechanism in
both AM and conventional samples are the same. Similar features that are representative
of their respective microstructures are seen in both sets of samples. However, the AM sam-
ples only show embrittlement in a narrow region, unlike the conventional samples which
show uniform embrittlement(Figure 4.18). This difference is due to the anisotropy in the
microstructure of AM samples. As the fracture features of both AM-AP and AM-HT are sim-
ilar, they are not distinguished in this section and would be in general referred to as AM
samples, unless otherwise specified.

In the conventional sample, in all planes (xy, xz and yz-planes) a uniform equiaxed mi-
crostructure is observed. Microstructure along the fracture plane (yz-plane) is shown in
Figure 4.22a). This means that after crack initiation, its propagation occurs the same way
in all the directions of the fracture plane (yz-plane). Even if multiple cracks initiate at the
inner surface as seen in the case of conventional samples, the energy required for crack
propagation remains the same.

As seen in subsection 4.1.1, it is clear that the AM samples show different microstruc-
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Figure 4.22: Microstructure in the fracture plane a) Conventional with equiaxed grains b) AM-HT with
elongated grains. As AM-HT clearly shows elongated grains without meltpools, it is used as representative
image for AM samples.

tures along different planes. The microstructure along the fracture plane (yz-plane) is shown
in Figure 4.22b): elongated grains oriented along the build direction are visible. A similar
microstructure is also seen in the xz-plane; however, in the xy-plane the microstructure is
different. As explained in subsection 4.1.1, it is because xy-plane is the laser scanning plane.
A schematic representation of this difference in the fracture plane is given in Figure 4.23.

7 (BD) Region A
a) X c) X
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Figure 4.23: a) Schematic of sample showing area of interest (notch) b) cross-sectional view of the notch c)
Crack propagation in xy-plane d) Crack propagation in xz-plane. z-axis is the build direction (BD) and x-axis
is the tensile axis. The microstructure schematic is not to scale.

Crack propagation occurs in material when there is sufficient energy for creating two
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new surfaces[110]; as it is a brittle mode of failure energy for plastic deformation is not
considered here. In an uniaxial tensile test this energy is provided by the tensile load. If E
is the energy required to create two new surfaces and assuming that the elongated grains
are of the similar grain boundary area. The energy required for the crack to travel across
a grain boundary surface would be the same in both region A and B (Figure 4.23). This is
because the area of the two new surfaces created by the crack would be the same. However,
the distance the crack travels by expending this energy is much larger in the z-direction
(build direction) than in the y-direction; because the longer axis of elongated grains is ori-
ented in the crack propagation direction as shown in Figure 4.23c). This is confirmed from
the fracture surfaces, where along the y-direction the embrittled region is found to be =
175 pym wide while along the z-direction the embrittled region is an order of magnitude
higher (= 1.5 mm). A more in-depth analysis is required to understand why there is an or-
der of magnitude difference in the embrittled region; and why sometimes embrittlement is
observed only on one side of the build direction.

Anisotropy in the vertically (tensile axis along the z-axis) and horizontally built samples
(tensile axis along the x or y-axis) are commonly reported in the literature[7]. Hesketh et
al.[81] studied the effect of orientation on hydrogen embrittlement of L-PBF Inconel 718 by
in-situ electrochemical charging, and reported that the horizontal cylindrical samples ex-
hibited higher degree of embrittlement compared to vertically built ones. The differences
in the experimental conditions in the two studies makes it difficult to perform a quanti-
tative analysis. Nevertheless, the trend in anisotropy is established. A similar study was
done by Li et al.[76], where the HE behaviour of AM-produced Inconel 718 on dog bone
specimens with two different horizontal orientations was looked into, keeping the long axis
parallel to the tensile axis. It was reported that the sample with a microstructure similar to
the Figure 4.23c)showed a higher degree of HE. This confirms the anisotropy in flat speci-
mens built in two different horizontal directions. In a ductile mode of failure it is difficult to
observe features on the fracture surface which could be a result of this anisotropy within a
horizontally built sample. This would require careful analysis and it now raises the question
whether cylindrical samples built horizontally are representative of properties.

4.2.4. Effect of heat treatment in HE of AM Inconel 718

Experimental observations show that the AM-AP samples have a higher degree of HE than
AM-HT. This is quite unexpected as the yield strength of AM-AP samples is 65% lower than
the AM-HT samples. The fracture surface features also appear similar at low magnification.
At high magnification (Figure 4.24), continuous dendritic structures are visible in the AM-
AP samples inside the grain-like features. Whereas, in the AM-HT samples the dendritic
structures appear discontinuous. Li et al.[76] reported that in the as-processed state the
hydrogen assisted cracking originated between y matrix and Laves phase. Hence, failure
may occur more easily along the dendritic structures in the as-processed state thus leading
to a higher degree of embrittlement. This is also supported by the observation of Lin et al.
[111], where it was reported that the cellular structures in L-PBF produced 316l stainless
steel enhanced the diffusion of hydrogen and induced defects. This could be the reason for
the features to be less prominent in heat treated condition as, partial dissolution of Laves
phase occurs[112], as seen in the microstructure section (subsection 4.1.1). This requires
further analysis as quantitative measurements of the phases are not done in this study.

Li et al.[76] and Lee et al.[75] reported that cellular dendritic structures in the AM as-
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Figure 4.24: High magnification image of grain like features on the fracture surface of AM samples. a) AM-AP
b) AM-HT

processed state did not influence HE. The contrasting results could be a consequence of
testing conditions, sample geometry and orientations. As seen here, the anisotropy led
to directional crack growth in hollow cylindrical samples. These features would not be
clearly evident in flat dog-bone specimens. Additionally in these studies, SSRT tests were
performed after electrochemical pre-charging which means the concentration of hydrogen
remained similar in both as-processed and heat-treated conditions. As the yield strength
of the as-processed samples are low, for the same hydrogen concentration as heat treated
samples the degree of embrittlement would be low. However, in this study, there is a contin-
uous supply of hydrogen at the crack surfaces leading to a higher degree of embrittlement.

Another aspect that needs to be considered is the experiment duration. As the strain
rate is kept constant, the duration of experiment for each set of samples is different. This is
more pronounced for samples with different yield strengths, as they begin to strain plasti-
cally at different times. To understand this better, consider an elongation of 1mm, the time
taken for this elongation is same for all samples, as it is displacement controlled. However,
as each sample set have different elongations, the duration of experiment is different for
each sample sets. This would lead to a difference in the hydrogen uptake and diffusion
during the experiment. The elongation of the AM-AP samples at failure was =5.4%, where
as for AM-HT it was only 2.8%. This means after yielding, HE in AM-AP sample occurs in a
longer duration than the AM-HT samples. This could be the major reason why higher de-
gree of embrittlement is observed. Tarzimoghadam [99] had similar observation, where it
was reported that the annealed specimens shows a ~ 70% drop in elongation even though
the intermetallic precipitates were absent and the yield strength was only 400 MPa. Hence,
it was concluded that a quantitative comparison between samples with different heat treat-
ments is difficult.

4.2.5. HE in conventional and AM heat treated Inconel 718

The HEI values show that the HE resistance of AM-HT samples are much higher than the
conventional samples. As the load drop marks the beginning of decohesion, the elonga-
tion at this point and total elongation at failure can also be used as a measure for better
performance. Elongation is considered here, because it is difficult to measure the cross-
sectional area during the experiment. Figure 4.25 shows the elongation at load drop and
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total elongation at failure. A key observation is that both AM-HT and conventional sample
shows similar elongation (~2%) at the start of load drop. However, the elongation at failure
is 5.8% and 2.8% for conventional and AM-HT respectively. Contrary to the HEI, this shows
that the conventional samples have a better HE resistance compared to AM-HT. The higher
elongation to failure for conventional sample could be a consequence of uniform crack
propagation along all directions in the fracture plane. Whereas, in the AM-HT sample as
the crack propagation is directional the failure could occur at a faster rate.
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Figure 4.25: Elongation of samples at beginning of HE and total elongation at failure.

As the conventional samples are tested in the as-received condition, the difference in
heat treatment with AM sample gives rise to microstructural differences. It has been re-
ported that the fraction of y" (the major strengthening phase) and 6 phase strongly influ-
ence the HE behaviour of Inconel 718[113, 53, 80, 79]. From the microstructural analysis
it was evident that AM-HT samples had higher y" and 6 phase compared to conventional
sample. These phases are found to aggravate HE, but the observation of lower HEI for AM-
HT contradicts this. This observation could be a result of variation in morphologies of these
phases in conventional and AM-HT samples. A more detailed phase analysis (morphology
and fraction of phases) can provide a deeper insight into the HE resistance of AM-HT sam-
ples with respect to the conventional counterpart.



Conclusion and Future Recommendations

5.1. Conclusions

Based on the research objectives defined in Chapter 2, the following conclusions were
made:

* To determine the gaseous HE of L-PBF Inconel 718 fabricated from recycled pow-
der.
The L-PBF Inconel 718 produced from recycled powder shows severe embrittlement
in the presence of in-situ gaseous (150 Bar) hydrogen. However, in the as-processed
state the degree of embrittlement (HEI) is 50% lower compared to the conventional
Inconel 718.

Furthermore, it should be noted that L-PBF Inconel 718 fabricated in this study from

recycled powder demonstrated an ultimate tensile strength in ambient conditions

higher than those found in literature, 1129 + 11 MPa and 1776 + 7 MPa for as-processed
and heat treated state, respectively. It shows that components additively manufac-

tured from recycled Inconel 718 powder could have properties comparable or even

superior to commercial powder.

* To investigate the effect of process induced microstructural anisotropy on HE of
L-PBF Inconel 718.

L-PBF Inconel 718 was found to have coarse grained microstructure with colum-
nar grains elongated along the building direction (BD). Microstructural anisotropy
with respect to BD was observed in both as-processed and after post-processing heat
treatment states. Such anisotropy has led to a narrow hydrogen embrittlement zone
along the build direction. It should be noted that even in the presence of defects, HE
occurred along the build direction irrespective of where the defect was present.

* To determine the effect of post processing heat treatment on in-situ hydrogen re-
sponse of conventional and L-PBF Inconel 718.
Despite the higher yield strength, AM-HT Inconel 718 showed the least degree of hy-
drogen embrittlement (64% lower than conventional Inconel 718). The better re-
sistance compared to the conventional Inconel 718 could be attributed to the AM-
induced microstructural anisotropy. As hydrogen embrittlement occurs only in a
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narrow region along the build direction, the remainder of the material retains its
ductility. Unlike the conventional sample where a uniform and wide HE region is
observed.

* To study the dominant HE mechanisms in L-PBF Inconel 718.
Fracture surface of AM Inconel 718 was found similar to that of the conventional sam-
ples. It can thus be expected that the same HE mechanisms is occurring in both con-
ventional and AM samples. For the conventional samples brittle cleavage facets and
presence of dislocation slip lines signifying plasticity were found on the fracture sur-
face. It was concluded that the HE mechanism includes an interplay between HEDE,
HELP and AIDE.

Additionally, some general conclusions can also be made:

* The AM produced samples were near defect free, with 99.9% density. Some lack of
fusion defects were observed, which can be eliminated by further optimising the L-
PBF process parameters.

» The presence of defects on the inner surface has led to alower ductility of AM samples
in ambient conditions.

e The HE samples demonstrated a drop in load after a particular strain (~2 % for con-
ventional and AM-HT) signifying the start of decohesion.

5.2. Future Recommendations
The future recommendations for further analysis

* As different heat treatment is used in the current study, a future study with similar
heat treatment for the conventional and AM samples is recommended to provide a
better comparison in HE performance.

* Anindepth TEM phase analysis for the AM components to identify variation in nano-
scale precipitates.

* A quantitative measurement of hydrogen concentration in samples and, compare
properties with similar hydrogen concentration in oven-charged samples to delin-
eate the effect of hydrogen on the crack surface.

e Utilise computational means to understand the stress state within the sample and its
interaction with hydrogen.

* As concentration of hydrogen dissolved in the material is dependent on hydrogen
pressure, quantifying the effect of pressure variation is recommended.

* Study the HE behaviour of AM samples produced from conventional powders, to
identify the effect of powder source on HE.

* Quantitatively study the anisotropy in crack propagation and hydrogen transport in
two directions of horizontally built cylindrical samples.
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5. Conclusion and Future Recommendations

* For future application it might be interesting to also study hydrogen-enhanced fa-
tigue of AM Inconel 718, especially considering observed herein microstructural aniso-

tropy.



Additional information on mechanical
testing

A.1l. Calibration of Instron Extensometer in MTS

Due to unavailability of MTS extensometer, an instron extensometer is used to measure the
elongation in the samples. A separate calibration is required as it is not fully compatible.
To calibrate it, a separate experiment where signal from the extensometer is collected for a
known displacement. At least 10 known displacement values are selected. The calibration
graph (shown in Figure A.1) is plotted to verify that the extensometer signals correspond
linearly with the elongation. Linear regression is then used to determine the coefficient of
the line, and was found to be 8.1. This coefficient is then used to determine the elongation
of the samples during the experiment. The calibration is performed multiple times to check
for any variations.

Extesnometer calibration plot
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Figure A.1: Extensometer calibration curve.
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A.2. Strain After Extensometer Removal
The cross head displacement can be written as :

Ocn = 5sp +6 mach (A.1)

Non-Extensometer

|‘——>|

Extensometer Notch region  Non-Notch region

|<——’|

Non-Extensometer

Figure A.2: Position of extensometer during the experiment.

where 6.y, 65p and 6,,4c are crosshead displacement signal, displacement contribu-
tion from specimen and the displacement contribution from the machine components re-
spectively. The following assumptions are made to determine the strain after extenso re-
moval:

e The non-notch region remains elastic throughout the experiment.
* The machine components remain elastic throughout the experiment.

* The displacement contribution from machine and non-notch region is negligible
compared to the displacement due to plastic strain from the notch region.

¢ The elastic modulus of the material is known.

Equation A.1 is rewritten as
O mach =0cn— 5sp (A.2)

From Figure A.2,the total displacement form the sample contains contribution from the
extensometer measurement and non-extensometer region and can be written as:

63}7 = 6extenso + 6non—extenso

5 _ Inon—extenso 0
non—extenso — ~— L,
Emod

where lpnexrenso is 30 mm, o is the stress acting in the non-notch region and E,,, is the
elastic modulus determined from the non notch region of the material. A python script is
utilised to perform a linear regression using the data points of the experiment in the linear
region to determined the machine coefficient. It is then used to find the strain in the sam-
ple after extensometer removal.



Fracture surface

B.1. Fracture Surface

B.1.1. Samples tested in ambient conditions
Additional fracture surfaces images of samples tested in ambient conditions are provided
here.

Figure B.1: Fracture surface of conventional samples tested in air showing ductile failure. a) overview b)
Micro Voids.

Figure B.2: Fracture surface of AM-HT samples tested in air showing ductile failure. a) overview b) Micro
Voids.
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B.1.2. HE in AM samples

Fracture surfaces of same AM sample showing anisotropic embrittled region. In Figure B.3,
it can be seen that the HE region aligns with the build direction (z-axis) and no significant
embrittlement is observed in other direction (y-axis). This occurs even though a defect is
seen alongy direction Figure B.3d). This shows that the HE is more influenced by the build
direction than the presence of inner defects.

Figure B.3: Different regions of a single hydrogen embrittled AM sample.
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B.2. Defects from Machining in AM samples
Non-machined regions in the inner-surface of AM samples due to dimensional inaccuracy.
They are referred to as defects in the sample.

500pm

Figure B.4: Defects observed on the inner surface of various samples.



Geometry file for diffusion simulation

The gmsh script for generating the geometry for the simulation of diffusion is provided
below. It is saved as a .geo file in the python script directory.

SetFactory ("OpenCASCADE" ) ;
//+ Define the boundary points

Point(1) = {2, 0, 0, 1.0};
Point(2) = {5, 0, 0, 1.0};
Point(3) = {5, 20, 0, 1.0};

Point(4) = {2, 20, 0, 1.0};
Circle(1) = {8, 0, 0, 4, 0, 2+Pi};
//+ Connect the points

Line(2) = {2, 1};

Line(3) = {1, 4};
Line(4) = {4, 3};
Line(5) = {3, 2};

//+ define centre for the circle

Point(6) = {2, 4, 0, 1.0};
Point(7) = {5, 4, 0, 1.0};
Point(9) = {3.5, 4, 0, 1.0};

Line(6) = {6, 9};
Line(7) = {9, 7};

Point(10) = {4.5, 1.5, 0, 1.0};
Point(11) = {3.5, 1.5, 0, 1.0};
Point(12) = {3.5, 0, 0, 1.0};

Point(13) = {3.5, 2.64, 0, 1.0};

Line(8) = {12, 11};

Line (9) {11, 13};

Line(10) = {13, 9};

Line(11) = {11, 10};

//+ Generate points at the point of intersection
Coherence;

Line(25) = {13, 15};

//+ remove the unnecessary parts
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Recursive Delete {
Curve{24}; Curve{l6}; Curve{22}; Curve{ll}; Curve{l4d};
}
[+
Curve Loop(l) = {20, -7, -6, 19, 4};
/1+ generate surface
Plane Surface(l) = {1};
Curve Loop(2) = {18, 6, -10, -9, -8, 15};
Plane Surface(2) = {2};
Curve Loop(3) = {21, -25, 10, 7};
Plane Surface(3) = {3};
Curve Loop(4) = {12, -23, 9, 25};
Plane Surface(4) = {4};
Curve Loop(5) = {8, 23, 13, 17};
Plane Surface(5) = {5};
//+ generate names for the Surface
Physical Curve("outside", 26) = {20, 21, 12, 13};
Physical Curve("inside", 27) = {18, 19};
Physical Surface("bulkl", 28) = {1};
Physical Surface("bulk2", 29) = {3};
Physical Surface("bulk3", 30) = {4};
Physical Surface("bulk4", 31) = {5};
Physical Surface("bulk5", 32) = {2};
# defining the mesh
Transfinite Curve {20} = 600 Using Progression 0.997;
Transfinite Curve {19} = 600 Using Progression 1.003;
Transfinite Curve {6, 15} = 100 Using Progression 1;
Transfinite Curve {21, 10} = 50 Using Progression 1;
Transfinite Curve {7, 25, 23, 17} = 100 Using Progression 1;
Transfinite Curve {10, 21} = 150 Using Progression 1;
Transfinite Curve {9, 12} 150 Using Progression 1;
Transfinite Curve {8, 13} = 150 Using Progression 1;
Transfinite Curve {18} = 448 Using Progression 1;
Transfinite Curve {4} = 199 Using Progression 1;
Transfinite Surface {1}={3, 7, 6, 4};
Transfinite Surface {3};
Transfinite Surface {4};
Transfinite Surface {5};
Transfinite Surface {2} = {6, 9, 12, 18};
Recombine Surface {1};
Recombine Surface {3};
Recombine Surface {4};
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