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INTRODUCTION

Additive manufacturing (AM), most commonly known as “3D printing”, is a recent
technology that enables the production of three-dimensional parts with complex shapes, usually
difficult to achieve with conventional methods. The technique emerged during the 1980s and
has become widely popular in numerous industrial sectors, including automotive [1],
aeronautics and aerospace [2], medical [3], and food industries [4] (Figure 1a), as a wide range
of materials is compatible with this process: polymers, metals, ceramics, etc. As illustrated in
Figure 1b, the AM market value has known a rapid growth since 2008, reflecting the increasing

demand around this technology.
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Figure 1 : Overview of the additive manufacturing market
(a) Parts of industrial sectors in metal AM in 2018 (adapted from [5])
(b) Global revenue for AM manufacturing from 2008 to 2022 (adapted from [6])
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Its exponential rise during the past decades foreshadows for many experts the start of
the 4™ industrial revolution [7]. As a result, it has become a great focus for researchers,
particularly in the field of metallic materials which were introduced to AM processes later,
during the 2000s. Nowadays, a large range of AM methods can be considered to manufacture
metallic materials, as shown in Figure 2: Material Extrusion, Direct Energy Deposition, Binder
Jetting, etc. However, one category is maturing the fastest to face the current industrial
challenges: Laser Powder Bed Fusion (L-PBF). This technique is commonly used to produce
metallic parts, found at the core of aeronautical, aerospace, and biomedical applications. It is
much appreciated for its speed, but especially for its precision which remains superior to other
similar processes in metal AM [8]. Therefore, it is currently the most prevalent method for
producing metallic parts, as visible in Figure 2.

Sheet lamination
Material | VAT Photopolymerization
Extrusion

| Binder &
Material jetting

| Laser Powder
Bed Fusion

| Directed Energy
Deposition

Figure 2: Proportion of AM processes in metallic AM (adapted from [9])

Following this dynamic, numerous studies have been initiated in France on this subject
in recent years, particularly in Normandy with the creation of two AM platforms: FAN for
polymer materials, and METINNOV for metallic materials. Among metallic materials, one
alloy has attracted particular interest for L-PBF manufacturing due to the expertise already
developed at the CRISMAT laboratory in Caen: the Ni20wt.%Cr (Ni20Cr) alloy. The first
significant contribution on this material is the PhD work carried out by M. Lelievre from 2018
to 2021, which allowed the determination of several optimal process parameters resulting in
dense specimens. The tensile behavior was also investigated. This study paved the way for two

projects, each composed of two PhDs as shown in Figure 3. The first one is the NICHROFAB



project launched in 2020, focused on improving the mechanical, electrochemical, and electrical
properties of the L-PBF Ni20Cr alloy. S.S. Joshi’s PhD investigated the deformation
mechanisms under monotonic and cyclic loading, while L. Mas’s PhD examined the resistance
to corrosion. The second one, MIFASOL, started in 2021, assesses the influence of the resulting
L-PBF microstructures on the resistance to irradiation and fracture. A. Dujarrier’s PhD is
centered on the impact of irradiation, while the current work investigates the fracture behavior
of the Ni20Cr L-PBF alloy.

The choice to study this L-PBF alloy extensively is supported by several factors.
Conventional Ni-based superalloys are usually challenging to characterize due to their complex
microstructure, which often leads to the formation of precipitates and several phases [10-14]
and can influence the mechanical behavior. Hence, the understanding of the interactions
between the microstructure and the mechanical properties gets hindered by so many factors to
consider. In contrast, the Ni20Cr alloy is often used as a model material, as it constitutes the
main metallurgical base for many widely used Ni-superalloys (Inconel, Hastelloy...), but
presents a simpler single-phase system. It is also widely used in industries for its advantageous
properties at high temperatures, and as already mentioned, a high expertise has already been
acquired on this material at the CRISMAT laboratory. The research on L-PBF Ni20Cr aims to
expand further its industrial use.
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Figure 3: Organizational chart presenting the PhD works on the Ni20Cr L-PBF alloy



Among many concerns around the industrial applications for AM alloys, understanding
the fracture behavior appears as a key issue for safety, operational cost, and industrial
maintenance, and has yet to be addressed thoroughly in the literature. The fracture behavior of
conventionally processed alloys (casting, forging...) has already been studied for decades to
prevent unexpected failure of structures. However, the complex and out-of-equilibrium
microstructure resulting from the very high cooling rates of L-PBF processes limits the
application of current knowledge to AM materials. It is in this vast context of research, and for
the reasons listed above, that the current work proposes to characterize the fracture behavior of
the L-PBF Ni20Cr alloy.

Many studies have highlighted the effect of the processing parameters on both the
microstructure and mechanical behavior of L-PBF alloys: the laser power and laser speed [15—
18], the building orientation [19-22], the scanning strategy [23-25], etc. As a result, similar
questions can be raised regarding their impact on the fracture behavior. The focus of the current
work is hence put on the influence of three main L-PBF manufacturing parameters: the building
orientation (horizontal or vertical), the rotation angle between layers (67° or 90°), and the
volumetric energy density considered (60 JJ/mm?® or 90 J/mm?q). The study is divided into six

main chapters:

The first chapter establishes the state of the art, introducing the general principles of
additive manufacturing, and reviewing the different families of alloys commonly found for
metallic AM. The characteristic microstructures, mechanical properties, and fracture
mechanisms described in the literature are also discussed, with a brief overview of the data

reduction methods recommended by crack propagation test standards.

The second chapter presents the material of interest, the Ni20Cr, before describing in
detail the manufacturing strategies (building orientations, rotation angles, and volumetric
energy densities) considered, as well as the experimental methods implemented throughout the
study. Experimental methods considered go from the preparation and characterization of the
specimens both initially and post-mortem, to the mechanical testing and the post-processing of

the experimental data.

The third chapter deals with the initial characterization of the specimens (density,

microhardness, microstructure...) and the tensile properties of the Ni20Cr alloy resulting from



the considered printing strategies. The relationship between the initial microstructure and the
tensile properties is discussed, to identify the most influential processing parameters and pave
the way to understand better the fracture properties.

The fourth chapter investigates the effect of the manufacturing strategies on the fracture
behavior observed during fracture testing. Profilometry analysis, fractographic images, and
post-mortem microstructure observations are presented to understand the role of the plastic
deformation, and which microstructural features are ruling the fracture behavior. Results are
correlated to both the initial and post-mortem microstructures, as well as the tensile properties.
The role of the different microstructural scales (meltpools, grains, dendrites...) on the fracture

behavior is addressed.

The fifth chapter gives an overview of the first results obtained for two side problematics
pursued during this PhD work: the first one aims to characterize the influence of the loading
rate on the fracture behavior through impact tests (Charpy), as the Ni20Cr alloy presents a
strong viscoplastic behavior, which can also be amplified at higher temperatures. The second
problematic concerns the size effects on the fracture behavior of L-PBF Ni20Cr. As L-PBF
manufacturing is associated with several interfaces observed at different scales (meltpool
boundaries, grain boundaries, dendrite walls...), this raises questions on the influence of these
interfaces on the fracture behavior and mechanisms resulting from different specimen sizes.

Both aspects are discussed to the best of the current knowledge acquired on these matters.

Finally, the sixth and last chapter summarizes the main results of the PhD research and

discusses future prospects to follow in the wake of what has been investigated so far.



CHAPTER 1:
State of the art

This first chapter introduces the general concepts of additive manufacturing, before
diving deeper into one in particular: Laser Powder Bed Fusion. The various families of alloys
concerned by this manufacturing method are presented, with a highlight on their tensile
properties. Finally, the literature results regarding their microstructure and fracture behavior are

presented.
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I. An introduction to Additive Manufacturing (AM)

Additive Manufacturing (AM) is defined by the French standard (NF E 67-001) as a
process “enabling parts to be manufactured using successive layers of material based on a

digital model” (Figure 4).

Resulting part

CAD software Slicer
Part
o
Digital part design using Conversion to .stl file Sending instructions and
CAD software (“part slicing”) manufacturing the part

Figure 4: Steps of an AM process

Figure 5: Examples of AM parts
(a) Landing gear [26] (b) Hand prosthesis [27] (c) Porsche pistons [28] (d) Food printers [29]

Due to its various assets, this manufacturing method is revolutionizing several industrial
sectors including aeronautics, medicine, automotive, and food industries, as shown in Figure 5a
to d. It is for instance a highly flexible process, enabling the design of parts with complex

geometries which would be impossible using conventional methods, without additional tooling



or assembly steps. This flexibility also limits the number of stages required to manufacture a
part, thereby reducing costs and production time. Furthermore, unlike subtractive
manufacturing where the part is produced by removing material, it generates much less waste

by using only the quantity of material required to manufacture the part.

“Additive Manufacturing” is a general term that can be subdivided into seven sub-
families, each differentiated by the method implemented to apply the layer and the material
used. They are defined by the ISO/ASTM 52900 standard [30] as follows: Binder Jetting, Direct
Energy Deposition, Material Extrusion, Material Jetting, Powder Bed Fusion (or Sintering),
Sheet Lamination, and Vat Photopolymerization (Figure 6). This list is not exhaustive, given
how fast the field is evolving. Each family of AM is generally compatible with a specific range
of materials. For example, Direct Energy Deposition will not be suitable for printing polymers
and ceramics, just like Vat Photopolymerization cannot be applied to metallic materials. For
the latter, several processes are possible, but one in particular is widely used in both industry
and academia: Powder Bed Fusion (PBF). This process was the one considered throughout this

PhD work and will be detailed in the next section.
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Figure 6: The seven AM families according to the ISO/ASTM 52900 standard [30]



II. Powder Bed Fusion (PBF)
11.1. Principle

Powder Bed Fusion (PBF) is an AM process based on the following principle: a bed of
metal powder is deposited on a plate (usually heated) and a heat source, such as an electron
beam or laser, selectively melts portions of this powder bed. The plate is then lowered, a new
bed of powder is deposited, and the process is repeated until, layer after layer, the final part is
completed. The whole process is illustrated in Figure 7. The part can then be recovered once
the whole apparatus has cooled down and the surrounding unmelted powder has been cleaned.
The unmelted powder can generally be reused after sieving. The entire process takes place in a
heated closed chamber, filled with an inert gas such as argon or in a vacuum, depending on the
heat source considered. This allows the control of the atmosphere in which the manufacturing
process takes place, and thus prevents the powder from interacting with moisture or oxygen,

which can either degrade the quality of the print or present an explosion hazard.
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Figure 7: Principle of the Powder Bed Fusion (PBF) process

PBF is the most widely used AM process nowadays for the production of metal parts in

the industrial sector, and is highly researched in the academic world [7,9,31]. It is particularly



appreciated for its reproducibility and precision in terms of part dimensions, which remain
unmatched [8]. This process can be divided into two sub-processes depending on the heat

source chosen: electron beam or laser.

11.2. Electron Beam Powder Bed Fusion (E-PBF)

Electron Beam Powder Bed Fusion (E-PBF) uses an electron gun as a heat source to
melt the powder bed. It works as follows: a filament, usually made of tungsten, is heated to
recover electrons. The electrons are then accelerated by applying a voltage, and a set of
electromagnetic lenses act as a guide to concentrate and project them onto the bed of metal
powder to fuse the powder. The powder bed is generally heated to avoid excessive thermal
gradients [8], and the chamber is kept in a vacuum to prevent the atmosphere from reacting
with the electrons or the powder.

This method is appreciated for its undeniable manufacturing speed of up to 102 m/s,
permitted by the use of coils to control the electron beam, which is therefore free of any inertia
[8]. It is quite commonly used in the aerospace and medical fields, especially for titanium,
chrome-cobalt, and nickel alloys [32,33]. However, electron beam melting requires coarser
powder (50 to 100 um) than laser melting (15 to 45 um) in order not to be too sensitive to
electrostatic effects [34], which induces poorer surface finish and lower quality precision. In
addition, it only works with a fairly restricted range of materials [32], and offers less freedom
in terms of modifying the processing parameters [8]. Therefore, Laser Powder Bed Fusion is

more appreciated and considered.

11.3. Laser Powder Bed Fusion (L-PBF)
11.3.1.  Principle

Laser Powder Bed Fusion (L-PBF) is currently the most industrially mature metal AM
process, with a growing number of machines on the market [8]. It is more specifically already
implemented in the aeronautic industry for parts certified as safe for flights [35]. As mentioned,
the heat source used is a laser, and the chamber is filled with an inert gas, such as argon or

nitrogen.



11.3.2. Key manufacturing parameters

The processing parameters have a considerable impact on the mechanical behavior of
parts produced by L-PBF, given their direct role in the formation of the various microstructures
[36-40]. They are generally optimized to produce dense parts with few defects (which are
defined in the next section), good surface finish, and good mechanical properties [41]. A large
number of studies are conducted to benefit as much as possible from this flexibility, by
obtaining microstructures directly suitable for different geometries and applications [23,42—
44].

However, determining an optimum set of parameters can be challenging, given the
interdependence between them. A large number of variables directly influential to the final
manufacturing result can be listed, but some might not be as impactful as others depending on
which ones are considered. They are therefore classified, and the most predominant ones are
called “first order’ parameters and are illustrated in Figure 8. This category includes laser power
P (W), laser speed v (mm/s), powder layer thickness t (mm), hatch spacing h (mm), and laser

beam diameter s (mm), which has a direct impact on the distance h [35].

Such a large number of variable parameters complexifies the comparison of several
combinations. A more global criterion is therefore generally considered: the energy density E.
There are three possible approaches to this parameter in the literature: linear density E; [45,46],
surface density E, [47], and volumetric density E,, [48] (also more commonly noted VED). Each
of these respectively describes the energy required to form a bead, several beads, or a material

volume. Each is expressed as follows:

P
E =2 (1
P
Es=—— (2)
P
E,=VED = (3)
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Figure 8: First order manufacturing parameters (adapted from [49])

As done in many works on the influence of processing parameters, the comparison
criterion adopted in the present study is the Volumetric Energy Density, denoted VED.
However, it is important to note that despite the practical and synthetic aspects of this
parameter, comparing two similar volumetric energy densities is not equivalent to comparing
the same set of parameters. In addition, it is not suitable for describing complex physical
phenomena such as those that can be observed in meltpools [50], and a critical eye must be kept

regarding this matter.

In addition to the parameters of the process itself, the manufacturing strategy also plays
an important role in the resulting properties, and is described as a ‘second order’ parameter
[35]. It is subdivided into two parts: the scanning strategy and the layer-stacking strategy. The
scanning strategy defines the laser path followed by the laser, while the stacking strategy
describes the angle of rotation between each layer. For both strategies, an unlimited number of
possibilities are available, and only the most commonly implemented techniques mentioned in
the literature to date are illustrated in Figure 9. For the stacking strategy, the 67° angle is
generally considered to maximize density and minimize the anisotropy effects already present
[24,38,51].
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Figure 9: Examples of manufacturing strategies (adapted from [35])
(a) Scanning strategy (path) (b) Stacking strategy (rotation angle)

Finally, other parameters can also play an important role such as the heating temperature
of the plate, which will influence the thermal gradient during solidification, the direction of the
gas flow, the substrate considered, or the geometry of the support, just to name a few. In order
to stay consistent with previous works and allow relevant comparisons, the parameters
considered in the current study are the same as those set in M. Lelievre’s PhD work on L-PBF
Ni20Cr [36].

11.3.3. L-PBF specific defects

Although promising, the L-PBF process is not exempted from the presence of defects
within the structures it produces. If an as-fabricated part that has not undergone any post-
processing is considered, microstructural defects can be divided into two main categories:
defects due to the powder, and those due to laser-material interactions during manufacturing
[8]. Other types of machine-related defects exist, such as those resulting from the poor

distribution of the powder bed by the leveling roller.



Microstructural defects caused by the powder generally depend on the process used to

obtain it, which determines its quality: granulometry, morphology, density, flowability, etc

[52]. Hence if defects are observed in the powder, they will be reflected in the manufactured

part. In particular, this can lead to the presence of oxidized particles, or porosity due to either

occluded gases or specific coating defects. If these are too large and/or irregular in shape, they

can quickly become crack initiation sites [53-55], raising once again questions on the overall

resistance to crack initiation and propagation.

Regarding the defects induced by the manufacturing process itself, several studies on

the matter carried out on various materials [8,15,56-58] have led to the creation of maps to

guide the choice of the manufacturing parameters. Generally, the main parameters of interest

are the laser power and the laser speed considered. Four areas have been identified: Keyhole,

LOF (Lack Of Fusion), Balling-up, and the ideal processing window, as illustrated in Figure

10. The associated defects are shown in Figure 11.
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Figure 10: L-PBF defects morphology according to the set of power-speed chosen

(adapted from [58] and [8])



The Keyhole domain corresponds to a case where the laser power is too high in relation
to the laser speed, causing gas to get trapped and resulting in the formation of cavities known
as "keyholes", as illustrated in Figure 11c. Conversely, the LOF (Lack Of Fusion) domain
represents the case where the laser speed is too high for a laser power that is too low: complete
fusion does not have time to occur and porosities are generated (Figure 11a). In the "balling-
up" range, the speed and power are so high that they cause particles to be ejected and deposited
on the layer (Figure 11b). The manufacturing window defined in Figure 10 therefore

corresponds to the optimum power-velocity range to limit the appearance of these defects as

much as possible, and result in the highest density achievable.
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Figure 11: Characteristic L-PBF defects for 316L alloy and pure Titanium
(adapted from [59] and [60])
(a) LOF (316L) (b) Balling-up (Titanium) (c) Keyhole (316L)



I11. An overview of the main L-PBF alloys

L-PBF is highly appreciated for the wide range of metallic materials it is compatible
with. Among them, nickel, titanium and aluminum-based alloys, as well as steels, constitute the
vast majority. The aim of this section is to summarize the main results obtained in the literature
on these materials, in order to determine whether there are any trends specific to metallic AM
materials in terms of microstructure evolution and mechanical behavior. To do so, the focus is
put on the most commonly used and investigated alloys: Ti6Al4V for titanium alloys,
AlSi10Mg for aluminum alloys and 316L for steels. As the study was carried out on a nickel-

based alloy, a wider range is considered in this case: Inconel 718, Inconel 625 and Hastelloy X.

I11.1. Microstructure of L-PBF alloys

The diverse and complex microstructure of L-PBF alloys is highly dependent on the
manufacturing process, due to high cooling rates (10°-107 K/s) and solidification rates (0.1-1
m/s) which can result in a large range of microstructures with columnar or equiaxed grains [61—
63], specific precipitation characteristics [10,63,64], high dislocation densities [65], as well as
significant residual stresses [66,67] and various types of elaboration defects [8]. In addition, the
layer-by-layer manufacturing process induces remelting of the material during the process,
resulting in microstructural characteristics specific to the process.

Two parameters govern the morphology and size of these microstructures: the
temperature gradient G, and the solidification interface velocity R. The G /R ratio determines
the morphology, while the G X R product influences the size. For L-PBF manufacturing, the
solidification structure generally remains fine, with both a columnar and cellular microstructure

as shown in Figure 12.

Despite the differences that can be observed between several alloys and printing
strategies, the L-PBF microstructure at different scales can generally be described as follows:
meltpools (meso/microscale), grains elongated along the building direction (microscale), cell
dendrites (sub-microscale) and interdendritic regions (nanoscale) (Figure 13).
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Figure 12: Map displaying the influence of the temperature gradient G and the interface velocity R
on the size and morphology of microstructures during solidification (adapted from [68] and [69])
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Figure 13: Characteristic microstructure of L-PBF 316L SS alloy (adapted from [70])
(a) Grains (b) Meltpools (c) Cellular structure (dendrites) (d) Nano-particles at the cell walls

These microstructural features are heavily influenced by the process parameters
considered, especially the “first and second” order parameters such as the laser power, the laser
speed, the scanning strategy, or the layer-stacking strategy. The literature already provides
plenty of examples regarding the influence of those parameters on the microstructure of various
well-known alloys. A set of parameters particularly interests us throughout this PhD work: the
building orientation, the scanning strategy between layers, and the VED considered.
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Figure 14: Influence of the building orientation on the microstructure of L-PBF Inconel 718 alloy
(a) ‘Horizontal’ orientation (b) ‘Vertical’ orientation (adapted from [68])

The building orientation has already been extensively investigated, demonstrating the
high anisotropy of L-PBF microstructures [19-22,68,71-74]. A common observation of the
differences between the faces respectively parallel and perpendicular to the building direction
is shown in Figure 14. Grain size and morphology are greatly impacted, with a columnar
structure along the building direction, and an equiaxed one on the face perpendicular to it. A
high difference in crystallographic texture index can also be induced for a given observation
plane due to the difference in geometry orientation, directly impacting the heat dissipation

within the specimen [19].

The rotation angle and scanning strategy also hold a significant influence on the
resulting microstructure, impacting the meltpool and grain size, morphology, and texture
[17,23-25], as shown in Figure 15. The overlapping of several melting tracks generally
generates more regular and uniform microstructure with higher texture for 0° and 90° angles,
while minimizing the contact surface between them will result in a more complex
crystallographic orientation as shown with the 67.5° angle. This is due to the influence of the
rotation angle on the temperature gradient: with successive overlapping of the melting tracks,
such as what is observed for 0° and 90° angles, the maximum temperature gradient tends to be



oriented perpendicular to the center of the meltpool boundary, inducing more unidirectional
grains. On the opposite, for an angle of 67.5° the orientation of the temperature gradient varies
constantly from one layer to another, resulting in more random grain orientations [75].

L
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Figure 15: Influence of the rotation angle on the microstructure of L-PBF 316L SS alloy
(adapted from [25])
(a, b) XY and XZ planes for a 0° angle (c, d) XY and XZ planes for a 67.5° angle
(e, f) XY and XZ planes for a 90° angle

Finally, the VED is usually mainly responsible for the resulting solidification mode
(cellular, columnar dendritic, equiaxed dendritic...) [15,17,18,76,77], as shown in Figure 16.
Within a range providing relatively dense specimens (relative density > 98%), lower VEDs
usually induce smaller meltpools, finer sub-microstructures, and more equiaxed microstructures
overall (Figure 16a, ¢ and e). On the other hand, higher VEDs generate wider and shallower
meltpools, with wider dendrites as well, and notable columnar microstructures elongated along
the building direction. However, as mentioned previously, the VED is a parameter that should
be approached with caution as different laser power-laser speed couples can result in virtually
identical VEDs, but significant differences in precipitation, grain size, morphology, or growth
direction [77]. While the observations shown in Figure 16 are representative of frequently

observed patterns, they should not be generalized.
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Figure 16: Influence of the laser power on the meltpools, dendrites and grains on L-PBF Hastelloy
X alloy (low and high laser power) (adapted from [78])
(a, b) Meltpools optical observation (c, d) Dendrites observation (e, f) grains observation

Therefore, it has been demonstrated that the key processing parameters of the current
study (building orientation, rotation angle, and VED) have a considerable influence on the
microstructure at different scales (meso, micro, and sub-micro). Hence, it is likely to be highly
influential to the mechanical behavior as well, since the two are intrinsically related. The impact
on the tensile behavior is discussed in the following section.

I11.2. Tensile behavior of L-PBF alloys

As previously demonstrated, the manufacturing parameters have a direct influence on
the microstructure, and therefore most likely the overall mechanical behavior (tensile, fatigue,
fracture...). Several studies dealing with the impact of the process parameters on the tensile
behavior have been gathered and displayed in Figure 17. The objective of this small review is
to observe whether any trend emerges in terms of tensile properties, considering the three most
commonly found tensile parameters: yield stress oyg, ultimate tensile stress oyrg, and
elongation A (at ultimate tensile stress or breaking point). Results for each alloy representative
of the main metallic L-PBF families are shown, with at least three nickel-based materials as
they relate the most to the Ni20Cr alloy investigated. The alloys considered for this study are
the following: Hastelloy X [23,76,78-80], Inconel 718 [71,81-87], Inconel 625 [88-90], 316L
[91-95], Ti6AIl4V [22,43,96-99] and AISi1l0Mg [73,100-105].



The main comparison criteria are the building orientation and the VED, which
is systematically calculated from the data available in the references. Second and third-order
parameters specific to the manufacturing strategy (rotation angle, scanning strategy, building
plate heating temperature...) are not taken into account, and are quite variable from one study
to another. No post-heat treatment is considered as well, and different tensile specimen
geometries and conditions are shown (dogbone and cylindrical, as-built or extracted from a L-
PBF bulk...). The presented results relate to two of the most commonly found specimen
building orientations: horizontal (principal axis perpendicular to the building direction)
represented by circles, and vertical (principal axis parallel to the building direction) represented
by triangles. The typical values resulting from conventional manufacturing methods (casting,
forging, etc.) are indicated by a continuous line on the plots associated with each alloy. These
reference values are provided by the ANSYS Granta Materials database, and the value
considered was always the highest within the range provided. However it is important to note
that these reference values can be subjected to discussion, as they can be quite variable between
wrought or cast alloys, and dependent on whether they were subjected to any heat treatment or

strain hardening.

This review indicates that, for a given VED, a horizontal building orientation generally
results in higher yield and ultimate tensile stresses, but lower ductility compared to a vertical
one. This trend may not be very noticeable in Figure 17, but is systematically observed for a
given study presenting both building orientations, among those listed for each alloy. The only
exceptions are Ti6Al4V and AlSil0Mg alloys, for which the conclusions are more nuanced.
This may be due to their distinctive microstructural features (grain morphologies, phases,
particles...) compared to steels and nickel-based alloys. The differences between the two
orientations are often attributed to the resulting temperature gradients, which produce distinct

textures and induce anisotropic tensile properties [106].

Although the reference values taken for conventional manufacturing can be highly
variable, the literature highlighted that yield and ultimate tensile stress values for metallic
L-PBF specimens are at least equal or superior to the values obtained with conventional
manufacturing methods. However, the elongation at ultimate tensile stress A is generally higher

in the case of conventional specimens, due to their higher ductility.
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Figure 17: Tensile properties (Yield stress ayg, Ultimate tensile stress ayrs and Elongation A)
for alloys representative of metallic L-PBF: Hastelloy X [23,76,78-80], Inconel 718 [71,81-87],
Inconel 625 [88-90], 316L [91-95], Ti6Al4V [22,43,96-99] and AlSi10Mg [73,100-105]



No specific trend can be noted for the different VEDs from this review, probably
because many other manufacturing parameters are variable and should be taken into account. It
also has been mentioned previously that the use of the VED to compare different sets of
parameters has known limits, as virtually equal VEDs with different laser power and laser speed
for instance, could result in different microstructures and mechanical properties [77]. The
literature demonstrates that the influence of the VED lies mostly on the solidification structure
generated, and on the type and proportion of defects it can induce if specimens are not fully
dense (LOF for low VEDs, and keyholes for high VEDSs). The different resulting precipitation
kinetics also highly influence the mechanical properties, and will be variable from one alloy to
another [77,107]. Finally, it can also impact the temperature gradient, and hence the texture of

the specimens [106].
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Figure 18: Influence of the rotation angle and the scanning strategy on the tensile properties of
L-PBF 316L SS alloy (adapted from [24])

Regarding the influence of the rotation angle, and the scanning strategy overall, the
strategy chosen can improve or degrade the mechanical properties as illustrated by Figure 18,
as it affects the amount and type of defects generated by the different layer overlapping
processes. A rotation angle of 67° will for instance usually improve the mechanical properties
(more dense, and less textured specimens) as opposed to one of 0°, as fewer defects are likely
to be generated between layers during the process [24]. As for the building orientation and the
VED, the scanning strategy also directly impacts the anisotropy of the tensile properties due to

its influence on the texture [106].



As hinted by the conclusions on the impact of the manufacturing parameters on the
microstructure, the tensile properties of L-PBF alloys are also highly dependent on the
processing parameters. Therefore, this raises questions about their influence on another critical

aspect of the mechanical behavior: the fracture properties.

I11.3. Fracture behavior of L-PBF alloys

Before diving deeper into the discussion on the fracture behavior provided by the
literature regarding L-PBF alloys, a brief overview of the main concepts of fracture mechanics

based on references [108] and [109] is presented below.

111.3.1. Key basics of fracture mechanics

111.3.1.1. Main concepts of fracture mechanics

Fracture mechanics aims at preventing the failure of parts or structures containing a
defect during service conditions to ensure safety. Initially, the approach was limited to elastic
materials where plastic deformation is confined to the crack tip: it is known as Linear-Elastic
Fracture Mechanics (LEFM). It was later extended to materials with significant ductile
behavior, for which plasticity is not confined to the crack tip anymore, leading to the
development of Elastic-Plastic Fracture Mechanics (EPFM). Both LEFM and EPFM are
discussed below.

MODE I MODE II MODE Il
Opening In-plane Shearing Out-of-plane Shearing

Figure 19: Primary loading modes of a cracked structure [110]

For a structure containing a crack, different loading modes occur as illustrated in Figure
19. For the following overview of the main concepts presented, only mode | (the most
damaging) is considered.



A singularity (via an initial notch or a crack) within a specimen or a structure induces
stress concentration, which results in local heterogeneity of the stress field and complex stress
states. In the case of a mode | failure observed on a specimen with a single notch and subjected
to a tensile stress, the distribution of the axial stress o,,(r, 8) depends on the material behavior,

as shown in Figure 20.
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Figure 20: Single notched specimen loaded in tension
Evolution of axial stress o, (r, 8) in the vicinity of the notch in a specimen in finite dimensions
(In blue elastic-brittle behavior, in red elastic-plastic behavior)

For a material with an elastic-brittle behavior (in blue in Figure 20), the overstress tends
towards infinity at the notch tip, and decreases to the stress value o applied to the edges of the
specimen when moving away from it. The value of this overstress is conditioned by the
geometry of the specimen, its characteristic dimensions but also the radius of curvature at the
notch tip. For a material with elastic-plastic behavior (in red in Figure 20), the overstress profile
will be clipped due to the dissipation of mechanical energy via plastic deformation mechanisms.
The plastic deformation zone is more or less extended around the crack tip depending on the
mechanical loading conditions. The extent of plastic deformation depends on the yield strength
of the material, its ductility (function of temperature), but also the thickness of the test
specimen.



For an elastic-brittle material (LEFM) loaded in mode I, Irwin [111] provided a first
solution to calculate the stress field at the vicinity of the crack tip, given by the following
formulas in plane strain conditions (in polar coordinates r and 6) :

K; 0 .6 . 30
Oxxy = > cosi(l — smism 7) (4)
K, 6 6 30
Oyy = — cosz (1 + Slnzsm7) (5)
K, 6 0 30
Oxy = mcoszmnzcos? (6)
02z = V(0xx + 0yy) (7)

With v the Poisson ratio. K; is referred as the stress intensity factor, and depends on the crack
length and loading. It is a key parameter in LEFM to characterize the stress field at the crack
tip, but also the fracture behavior of elastic-brittle materials. The previous equations enable the
determination of a critical value, noted K, called the fracture toughness of the material, and
representative of the resistance to crack initiation. It is generally expressed as follows:

K. = o\maY (8)

Where o is the applied stress, a the crack length, and Y a function of the specimen geometry
and the crack length.

Griffith considered a different approach, taking the variation of the elastic energy within
the studied structure as a criterion for crack propagation. If the elastic energy provided is
sufficient to overcome the materials resistance, crack propagation occurs. The parameter of
interest here is noted G, and called the energy release rate. Therefore, crack propagation occurs
when G reaches a critical value noted G,.. In plane strain state, G,. can be related to K, by the
following equation:

chz(l - Vz)

Ic = E (9)

With E the Young’s Modulus.



In order to determine the fracture toughness for ductile materials, a parameter
equivalent to the energy release rate G was considered: the Rice integral, denoted J [112]. This
is a concept first introduced by Rice to enable the study of isotropic metallic materials
exhibiting non-linear elastic behavior. It has then been extended to ductile materials when
subjected to monotonically increasing loading, to account for the significant plastic
deformation. This curvilinear integral is based on the principle that the value of J does not
depend on the shape of the contour chosen (Figure 21). The J-integral is expressed as follows:

L 0u
J= L(Wdy— tad5> (10)

With:

I': arbitrary contour defined around the crack tip

W' strain energy density

-

t: traction vector at a given point of the contour

u: displacement vector at a given point of the contour

dS: a length increment along the contour

Figure 21: Contour defined around the crack tip for J calculation

The main property of the J-integral is that it is independent of the contour chosen around
the crack tip. This property remains valid as long as the following conditions are respected:
time-independent process, small strains, homogeneous hyper-elastic material, and plane stress-
strain field. The parameter J allows to describe more accurately the strain and stress fields
around the crack tip for plastic materials. For elastic-brittle materials, and under plan strain
conditions, the critical value J;. for which crack initiation occurs can be related K;. and G,

using the expression below:

a2
]Ic = Glc = chz <1 - > (11)



Depending on the type of behavior encountered (brittle with small scale plasticity, or
ductile with large scale plasticity), the suitable parameter (K, G, or J) is considered to investigate
the fracture behavior of a material. The size of the plastic zone around the crack tip is therefore
a point of the utmost interest, as it determines the choice of the parameter to consider. For small
scale yielding, Irwin’s correction [111] allows to calculate the size of this plastic zone 7, and

accounts for the plasticity occurring at the crack tip:

1 (K, )2 (12)
r,=5—|—
P 2m \oyg

Where oy is the yield stress. However, it is relevant to note that the coexistence of several
phenomena complicates the study of fracture behavior and the difficulty is to use methods
(experimental and/or numerical) to dissociate the share of mechanical energy associated with

these different dissipative phenomena.

The next section presents a concise summary of the methods provided by test standards
to determine the fracture parameters of interest: the fracture toughness J;. (resistance to crack

initiation) and the tearing modulus T (resistance to crack propagation).

111.3.1.2. Test standards and influential parameters to fracture toughness

The experimental determination of the fracture toughness for plastic materials is
codified through test standards such as ISO 12135 [113], ASTM E1820 [114], or BS 7448
[115]. The guidelines provided by all three of them are considerably similar, but with different
constitutive models for the determination of the fracture parameters that might be more suitable
for some materials than others [116]. Only an overview of the test standard ISO 12135 [113],

considered in the present study as the most suitable, is presented below.

ISO 12135 test standard [113] provides several specimen geometries to carry out crack
propagation tests in order to determine a material’s fracture properties. The most common
configurations considered are Compact Tension (CT) and Single Edge Notch Bend (SENB)
specimens, shown in Figure 22. The dimensions are given to ensure a plane strain state at the

core of the specimen. The fracture toughness value J,.. is calculated from the test assuming that



the J-integral value J could be decomposed as the sum of an elastic component J,; and a plastic

component Jy; (J = Jet + Jp).
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Figure 22: lllustration of the standard specimen geometry proposed by ASTM E1820 [114]
(a) “Compact Tension” (CT) (b) “Single Edge Notch Bend” (SENB)
(In this illustration, w is the height, t the thickness, a the notch length, and P the load applied)

The monitoring of the crack extension 4a and the calculation of the parameter J at
different times of the test, allow the obtention of the main curve of interest: the resistance curve,
illustrated in Figure 23. Each phase of the curve can be associated with a physical phenomenon
during the test: the starting point of the curve corresponds to the initial sharp notch. The first
slope, called the ‘blunting phase’, is representative of the plastic deformation occurring at the
crack tip, which becomes rounder to accommodate the mechanical load before it reaches the
critical limit to initiate. The change in the curve trend corresponds to the crack initiation, while
the last phase is related to the crack propagation, stable for the material considered in this study.
The zone around the crack tip is called the Fracture Process Zone (FPZ), and gathers all the

dissipative mechanisms occurring due to both crack propagation and plastic deformation.

Two main fracture parameters can be identified from the resistance curve: the fracture
toughness denoted J,., related to the resistance to crack initiation, and the tearing modulus T,
representative of the resistance to crack propagation. The fracture toughness J;. is denoted this
way because it represents the critical / value for a mode | loading, corresponding to a load
perpendicular to the crack plane. The entire procedure for the calculation of these two

parameters is detailed in Chapter 2.
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Figure 23: Illustration of the resistance curve, and the different steps of crack propagation

The fracture toughness is not an intrinsic material parameter, hence it is essential to keep

a critical eye on two aspects in particular to assess it: the thickness of the specimen, and the

temperature (Figure 24). These two key factors can greatly affect the measured value, and

potentially lead to overestimate it if they do not comply to the test standard recommendations.

In many cases, if the thickness is too thin, the plane stress state will be predominant and the

specimen will exhibit a more ductile behavior, leading to an overestimation of the fracture

toughness. Therefore, ensuring a plane strain state is critical to obtain size-independent fracture

toughness values, which requires sufficient specimen thickness. Similarly, as the ductility of

the material increases with the temperature, the measured fracture toughness also tends to rise,

underlying the importance of conducting experiments at appropriate temperatures to get reliable

results.
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Figure 24: Influence of specimen thickness and temperature on the fracture toughness



111.3.1.3. Propagation mechanisms

A quick overview of the fracture mechanisms is given in this section, from a more
experimental point of view. It is of the utmost importance to differentiate the macroscopic and
the microscopic behaviors, as the relationship between both scales is not trivial, and can be
subjected to brittle or ductile fracture behavior independently. Relevant examples of ductile or
brittle mechanical behaviors associated with different microscopic fracture mechanisms are

provided by [108], and shown in Figure 25a (ductile-ductile), b (brittle-ductile), ¢ (ductile-
brittle) and d (brittle-brittle).
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Figure 25: Examples of associated macroscopic and microscopic behaviors (ductile or brittle)
for different alloys subjected to tensile or fracture tests (adapted from [108])
(For each case, the stress-strain curve and associated SEM images are presented)

(a) Ductile macroscopic behavior and ductile microscopic fracture mechanisms (austenitic stainless
steel at room temperature) (b) Brittle macroscopic behavior and ductile microscopic fracture
mechanisms (highly irradiated austenitic stainless steel at room temperature) (c) Ductile macroscopic
behavior and brittle microscopic fracture mechanisms (low-alloy steel at high temperature) (d) Brittle
macroscopic behavior and brittle microscopic fracture mechanisms (low-alloy steel at low
temperature)

Therefore if the material is known to have a ductile macroscopic behavior, the behavior
at the microscopic scale is not assured to be ductile as well. Among brittle or ductile fracture
mechanics, different categories exist and are presented in Figure 26. For brittle fracture, two
mechanisms can be found: transgranular cleavage (Figure 26a) and intergranular decohesion

(Figure 26b). For ductile fracture, four mechanisms have been identified: transgranular void



nucleation, growth and coalescence (Figure 26c¢), transgranular void growth and coalescence
(Figure 26d), intergranular void nucleation, growth and coalescence (Figure 26e), and ductile
shearing (Figure 26f).
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Figure 26: Brittle and ductile fracture mechanisms in metal alloys (adapted from [108])

(a) Transgranular cleavage (brittle, low-alloy steel) (b) Intergranular decohesion (brittle, stainless
steel) (c) Transgranular void nucleation, growth and coalescence (ductile, aluminum alloy) (d)
Transgranular void growth and coalescence (ductile, austenitic steel) (e) Intergranular void
nucleation, growth and coalescence (ductile, austenitic steel) (f) Ductile shearing (ductile, low-alloy
steel)



111.3.2. Fracture properties and mechanisms of L-PBF alloys

This section aims to summarize the results available in the literature on the fracture

behavior of metallic L-PBF alloys.

111.3.2.1. Fracture behavior for cyclic loading (fatigue)

The majority of studies on the fracture behavior of L-PBF alloys investigate the fatigue
crack propagation behavior [117-127]. Several aspects like the building orientation, the VED,
or stress relieving heat treatments are studied, using both unnotched or notched specimens, to
assess their influence on the fatigue crack growth. Comparison with conventional
manufacturing methods is also carried out. The Paris-Erdogan law defined in equation (13)
was used to quantify the crack propagation in these materials. In this equation, a is the crack
length, N the number of cycles, and AK the stress intensity factor range. C and m are the fitting

parameters of the law.

da
aN = C(AK) (13)

a build direction

build direction

___________

2@}31,"

————
mmmm) Fatigue crack propagation direction

Figure 27: Investigation on the fracture mechanisms occurring during
fatigue crack propagation for the L-PBF 316L SS alloy
(a) lustration of the dependence on the grain orientation and morphology [125]
(b, ¢, d) EBSD maps showing the transgranular path for different heat-treatment conditions [120]



Initial and post-mortem microstructure characterizations were performed in order to
identify the fracture mechanisms ruling the crack propagation as shown in Figure 27. Mostly
transgranular crack propagation is observed for most of the fatigue crack propagation studies
found. However, cyclic and monotonic loadings can result in very different outcomes. Few
studies have yet been carried out on the determination of fracture toughness using established

test standards, which require monotonic loadings.

111.3.2.2.  Fracture behavior for monotonic loading

As far as monotonic loading is concerned, both quasi-static and dynamic, there is a
noticeable knowledge gap in the literature regarding the fracture properties of L-PBF alloys for

industrial applications.

The studies found for a quasi-static loading (three-point bending, or compact tension...)
have attempted to investigate the influence of key processing parameters (sample building
orientation, scanning strategy...) on widely used alloys such as 316L SS [128], Inconel 718 or
625 [129,130], Hastelloy X [131], AlSi10Mg [132]... An overview of the various conclusions
highlights that the fracture behavior is highly dependent on the considered material and the
chosen processing parameters, as they directly affect the criticality of an interface for crack
propagation. Three different scales could be identified as detrimental to crack initiation and
propagation: the meltpool boundaries [129,130,132,133], the grain boundaries [130-132], and
the oxide/matrix interfaces (often located in the interdendritic region) [130,134,135]. An
illustration is given in Figure 28, with both the meltpool and grain boundaries acting as potential
crack path depending on the building orientation. However, the contribution of each of the
aforementioned microstructural features on crack propagation is yet to be investigated
thoroughly for all L-PBF alloys. The fracture mechanisms observed are often a mix between
intergranular and transgranular fractures.

The building orientation has been the most investigated parameter in these studies, yet
no definitive trend could be identified regarding the most efficient one to consider to obtain the
best resistance to crack initiation and propagation. For highly ductile alloys (316L, Hastelloy
X), the vertical building orientation results in better resistance to crack initiation and
propagation than a horizontal one. Yet the opposite is observed for less ductile alloys like
AlSil0Mg (Figure 28), where horizontal specimens are more resistant than vertical ones.



Moreover, unlike what is generally observed for conventional manufacturing methods, for
L-PBF titanium and aluminum alloys no correlation could be established between fracture
toughness and tensile properties, especially ductility [136].
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Figure 28: Example of the influence of different interfaces (grains’ and meltpools’ boundaries) on
the fracture behavior of a L-PBF AlSi1l0Mg alloy (adapted from [132,136])
(a) Resistance curve (b) Crack path for the horizontal specimen (c) Crack path for vertical specimen

For dynamic tests such as Charpy impact tests [130,134,137,138], not much difference
was noted in terms of critical interfaces (meltpool boundaries, grain boundaries, interdendritic
regions...), or fracture modes (mixed between transgranular and intergranular), as illustrated in
Figure 29. One study on 316L [134] carried out tests under both quasi-static and dynamic
loading demonstrated that no significant differences were observed on this aspect between the



two. For both studies considered, vertical specimens exhibited better resistance to crack
propagation than the horizontal ones. The fracture mode was also a mixed one between

intergranular and transgranular.
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Figure 29: Schematic illustration of the different possible crack paths identified after Charpy
impact tests performed on a L-PBF GH3536 alloy [130]
(a) Crack propagation along the grains’ and/or meltpools’ boundaries
(b) Crack propagation along the interdendritic regions

Finally, this last section concludes on the importance to characterize the fracture
behavior for a given L-PBF alloy, with a given set of manufacturing parameters, as the resulting
properties could tremendously vary from one configuration to another. It has also been
demonstrated that a correlation with tensile properties like strength or ductility was questionable
for L-PBF alloys, and hence conducting experiments following standard guidelines seems the

most suitable method to obtain reliable results and conclusions.



CHAPTER 2:
Materials, manufacturing strategies
& experimental methods

This chapter introduces the material of interest, Ni20Cr. The general properties of
conventionally produced Ni20Cr are presented, as well as literature results regarding L-PBF
Ni20Cr manufacturing, microstructure, and mechanical behavior. The manufacturing strategies

and experimental methods implemented throughout this PhD work are also detailed.
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I. Introduction to Ni20Cr alloy

I.1. General properties of conventionally manufactured Ni20Cr

The Ni20wt.%Cr (Ni20Cr) alloy, also commonly called Nichrome, is a non-magnetic
binary alloy often investigated for its remarkable properties at high temperatures: good
resistance to electrochemical corrosion [139,140], irradiation [141,142], high-temperature
oxidation [143], creep behavior [144], etc. Its high resistivity and oxidation resistance make it
a relevant choice for producing electronic components and heating elements like electric ovens,

toasters, electronic cigarettes, etc [140,145-148]. Its general properties are listed in Table 1.

Table 1: General properties of conventionnally produced Ni20Cr
(ANSYS Granta Materials database)

Young’s modulus 205-220 GPa
Yield stress 365-450 MPa
Hardness (Vickers) 160-200 HV
Density 8,3-8,5 g/lcm?®
Melting point 1390-1430°C
Electric resistivity 102-114 pQ.cm
Specific heat capacity 430-450 J/kg.K

Another asset of Ni20Cr is the fact that it is a base alloy, meaning many widely used
superalloys like Inconel alloys (718, 625, 600) or Hastelloy alloys (X, C-276) derive from it.
Conventional Ni-based alloys usually present various phases and precipitations that hinder the
understanding of the relationship between the microstructure and the mechanical behavior
[149-154]. Ni20Cr matrix-chromium content falls in the same range as those, but with a much
simpler system: it is a single-phase alloy with a single FCC structure, displaying no formation
of intermetallic compounds for the considered thermodynamic solidification conditions. Hence,
it is often considered as a model material (from a microstructural standpoint) to study coupling
mechanisms occurring in these more complex alloys [143,144]. The phase diagram of the Ni-
Cr system at equilibrium is presented in Figure 30. The red dotted line indicates the position
of Ni20Cr. For 20% of Cr in substitution in a pure Ni matrix, the only existing phase for a rapid
solidification above 500°C is a Ni solid solution, which is stable until approximately 1400°C.
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Figure 30: Phase diagram of the Ni-Cr system (adapted from [155])

1.2. Overview of L-PBF Ni20Cr

Until very recently, Ni20Cr alloy received very little attention when it comes to additive
manufacturing, with only one study available in the literature [156]. Most of the latest research
conducted on the matter was carried out by two recent PhD works [36,157]. The results obtained
in terms of optimal processing parameters, microstructure, and mechanical properties are

summarized below.

1.2.1. Manufacturing process

The first investigations on L-PBF Ni20Cr specimens were conducted by Song et al.
[156]. The laser power and laser scanning speed allowing the complete formation of dense
parts were specifically addressed. It was demonstrated that for a layer thickness of 50 um and
a hatch spacing of 40 um, complete fusion of the powder was achievable for a power of
100 W and a scanning speed between 100 and 300 mm/s. Based on this range of processing
parameters, parts relative density was estimated between 98%-99% using the Archimedes’
method. Surface roughness analyses and SEM micrographs, shown in Figure 31, exhibited that
the surface roughness increased with the scanning speed, with larger balls and splashing

occurring during the manufacturing process.
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Figure 31: Surface roughness analyses of L-PBF Ni20Cr specimens (adapted from [156])
(a, b, ¢, d) SEM micrographs of the specimens surface for 0.1, 0.2 and 0.3 m/s scanning speed
(e) Profilometry analysis for 0.1, 0.2 and 0.3 m/s scanning speed
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Figure 32: Printability map laser power versus scan speed [36]

Hug et al. and Lelievre [36,37] tested a wider range of VEDs to print dense specimens.
Only the laser speed and laser power were varied, with layer thickness and hatch spacing set at
30 and 120 pm respectively. Density measurements following the Archimedes’ principle and
porosity analyses were conducted to characterize the relative density and possible defects
associated with each VED (Figure 32 and Figure 33). Observations from both methods were in
good agreement, as well as with the literature results: lower-end VEDs generally resulted in
LOF-type defects, whereas higher-end VEDs generated keyholes. Both extreme cases increased
the specimen porosity. A processing window was established to visualize which power-speed

combination fosters the highest relative density. A range of 60 to 120 J/mm? was determined as



suitable to print dense L-PBF Ni20Cr specimens (relative density higher than 99.2%), and was
considered in the present work.
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Figure 33: Optical microscope analysis of the pores observed for different VEDs [37]

1.2.2. Microstructure

L-PBF Ni20Cr specimens exhibit the typical multi-scale microstructure of L-PBF alloys
already discussed in Chapter 1, as shown in Figure 34. Meltpools are observed at the mesoscale,
whereas grains are found at the microscale and cellular dendrites at the sub-microscale. Though
precipitation is not expected in conventional Ni20Cr generally subjected to moderate or low
cooling rates, Cr-rich nano-precipitates were observed in interdendritic walls when built by
L-PBF [158].

In the case of L-PBF microstructure, it is of the utmost importance to point out that the
morphology of each of these sub-structures highly depends on the processing parameters, in
particular the first order parameters (laser speed, power, etc.) represented by the VED. To

characterize this, Hug et al. and Lelievre [36,37] considered three different VEDs within the



range resulting in dense specimens: 60, 90 and 120 J/mm?. The rotation angle was set at 67°,
with a lasing strategy in stripes. At mesoscale, they proved that both meltpools width and depth
observed on the XZ plane increase with the VED (Figure 35a, b and c). The strip bands observed
on the XY plane, representative of the meltpools, follow the same tendency
(Figure 35d, e and f).

Meltpools Grains Cellular dendrites Interdendriticregions

Optical microscope ! SEM TEM

60 J/mm?3 90 J/mm3 120 J/mm?3

Figure 35: Meltpools morphology for different VEDs (adapted from [37])
(a, b, ¢) On the XZ plane (parallel to building direction)
(d, e, f) On the XY plane (perpendicular to the building direction)

At microscale, both grain morphology and crystallography are strongly influenced by
the VED as shown in Figure 36a, b and c. An evolution from an equiaxed to columnar
microstructure was observed for a VED ranging from 60 to 120 J/mm?3, with grains gradually



growing on both the XY and the XZ planes, and getting more elongated along the building
direction. Higher maximum intensity values are also observed at higher VEDs, also revealing
more pronounced textures. Overall, the study highlights the anisotropic nature of the Ni20Cr
L-PBF microstructure considering the differences observed in both planes in terms of grain

morphology and orientation.
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Figure 36: EBSD grain orientation maps and Pole Figures resulting from different VED values
(@) 60 I/mm? (b) 90 J/mm?(c) 120 J/mm?



1.2.3. Tensile behavior

It has been shown that the choice of process parameters does not only significantly
influence the resulting microstructure, but also the mechanical behavior. Song et al. [156]
investigated the influence of the scanning speed on the mechanical properties, showing that for
their set of parameters, tensile properties (yield and ultimate tensile stresses) increase with the

scanning speed (and therefore a decreasing VED).
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Figure 37: Engineering tensile curves of L-PBF Ni20Cr specimens
for different laser scanning speeds [156]

The same results were observed by Hug et al. and Lelievre [36,37], with in addition an
increase in ductility for higher VEDs. They also tried to correlate the yield stress evolution with
the dendrites arm spacing, as the peculiar grain geometry in L-PBF complexifies the use of the
Hall-Petch law. It was shown that a relation could be identified between the yield stress, and
the inverse of the square root of the smaller primary arm dendrite. Dendritic arm spacing size
is directly related to the cooling rate, meaning that higher cooling rate resulted in an increased

yield stress.

Joshi et al. confirmed these results by studying the microstructure of a wider range of
VEDs (46 to 230 J/mm?®) [159]. A comparison with cast & wrought materials [158] was also
carried out to analyze the differences on both the microstructure and the tensile behavior, as
shown in Figure 39. The results exhibited significant differences in terms of microstructures
and tensile behaviors between the two manufacturing processes. In this study, cast & wrought

specimens were characterized by large equiaxed grains, with a more homogeneous distribution



of the grain size and morphology, and a higher texture compared to L-PBF specimens. The
tensile behavior also indicated very different strain hardening trends and significant ductility
for cast & wrought specimens compared to their L-PBF counterparts. These differences hence
foreshadow a need to characterize the influence of the manufacturing process parameters on the
overall mechanical behavior, including the fracture properties of L-PBF Ni20Cr which has been

little studied in the literature.
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Figure 38: Comparison of the tensile properties of L-PBF Ni20Cr specimens for different VEDs
values (60, 90, and 120 J/mm?®) (adapted from [36,37])
(a) Engineering tensile curves (b) Relationship between yield stress and primary arm dendrite spacing
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II. Manufacturing strategies

During this study, samples with two sets of dimensions (lengthxheightxwidth) were
considered: 120mmx15mmx5mm for tensile specimens, and 65mmx10mmx10mm for fracture

specimens.

To account for conventional manufacturing methods, a set of samples was machined
from a 200mmx200mmx10mm cast & wrought plate provided by Innov’metor society
(France), by means of Electrical Discharge Machining (EDM). The chemical composition was
estimated by EDS (Energy Dispersive x-ray Spectroscopy) analysis and is given in Table 2. To
ensure homogeneous microstructure, machined specimens were subjected to a recrystallization
heat treatment of 1150°C for 10h.

On the other hand, L-PBF specimens were produced using a commercial Ni-20 wt.%Cr
gas atomized powder, provided by Hoganas AB company (Sweden). The feedstock was already
thoroughly investigated in previous studies [36,37]: chemical composition was obtained by
means of Inductively Coupled Plasma Spectroscopy (ICP-OES) and presented in Table 2.
Additionally, X-Ray Diffraction (XRD) was considered to analyze the presence of possible
secondary phases or impurities, as both Silicium and Aluminum were reported during feedstock
characterization. However, none was observed. Finally, particles size (~ 30-40um) and
morphology (spherical) were assessed through SEM and Laser Diffraction to assure the good
flowability of the powder.

Table 2: Chemical composition of L-PBF powder and cast & wrought plate (in wt.%)

Cr Fe Si Mn Al C o] Ni
Cast & wrought plate  19.9 1.6 - 0.9 - trace trace bal.
L-PBF powder [37] 19.9  0.0222 0.035 <0.0002 0.047 - - bal.

Figure 40a presents the general system of the SLM 125 HL machine from SLM
Solutions (Germany) used to manufacture L-PBF specimens. For this machine the powder
alimentation comes from above, as illustrated in both Figure 40a and b, which is not common
for this process. As 0, content is known to be detrimental to parts qualities and properties

during L-PBF manufacturing [160-162], the building chamber was filled with Argon to



maintain percentage below 0.1%. A 400 W Yb-fiber laser with a beam focus diameter of 60 um
was used to fuse the powder, and the Inconel building plate was preheated at 200°C in order to
minimize the residual stresses induced during the building process. To compare the different
manufacturing strategies of interest, the Volumetric Energy Density (VED), was considered

throughout this work:

P
ED = — 14
4 hvt (14)

with P the laser power, h the hatch distance, v the scanning speed and t the powder layer
thickness. Stripes pattern was chosen for the scan strategy, with 10 mm wide stripes. h and ¢t
are constants provided by SLM Solutions as the optimized values for Nickel-based alloys. All
processing parameters, listed in Table 3, were chosen according to previous work [36,37] to
produce specimens with an optimal relative density higher than 99.2%. To improve the
roughness of the specimens, an external ring with 0.22 mm border vectors was added during

L-PBF manufacturing.
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Figure 40: Presentation of the SLM 125 HL machine used to produce L-PBF specimens
(@) Mlustration of the machine system (Credit to C. Folton) (b) Photo of the processing chamber



Table 3: L-PBF manufacturing parameters (SLM 125 HL)

Volumetric energy  Laser power Hatch spacing Laser speed Layer thickness
density VED P h v t
60 J/mm? 150 W 0.12 mm 700 mm/s 0.03 mm
90 J/mm?3 300 W 0.12 mm 900 mm/s 0.03 mm

To investigate the influence of the manufacturing strategy on the microstructure and
mechanical properties of L-PBF Ni20Cr, the present work focuses on three parameters that
were previously discussed as key factors: the sample building orientation (horizontal or
vertical), the VED (60 and 90 J/Jmm?), and the rotation angle between layers (67° or 90°). All
parameters are illustrated in Figure 41. Regarding the building orientation, specimens printed
with their principal axis along the X direction are referred to as ‘horizontal’ specimens, and
those printed along the Z direction are referred to as ‘vertical’ specimens. For comparison
purposes, color-coded nomenclatures were given to each printing strategy, and are summarized
in Table 4.

(a) Vertical (b)
60J/mm3
‘z. 90J/mm3
2 Horizontal
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G777 Gz

Figure 41: Illustration of the L-PBF manufacturing strategies
(a) Horizontal and Vertical orientations (b) 60 and 90 J/mm?® VED values
(c) 67° and 90° rotation angles between layers

All in all, seven configurations were considered in this work, with six sets of printing
parameters for L-PBF specimens, and one set of cast & wrought specimens (noted C&W).

L-PBF specimens were labelled using the ‘building orientation-VED-rotation angle’ order as

follows: H9067, V9067, H9090, V9090, H6067, and V6067 (Table 4).



Table 4: Color-coded nomenclatures of all manufacturing configurations

Manufacturing oﬁ:::'?aitrilgn ( J\//nlwzraf") Rotatiz)or)l angle Nomenclature
L-PBF Horizontal 90 67 H9067
L-PBF Vertical 90 67 V9067
L-PBF Horizontal 90 90 H9090
L-PBF Vertical 90 90 V9090
L-PBF Horizontal 60 67 H6067
L-PBF Vertical 60 67 V6067

Cast & wrought - - - C&W




1. Experimental methods

I11.1. Density and porosity characterization

Though the printing parameters were chosen to achieve dense specimens [36,37], a
density analysis was carried out for each configuration to ensure that all configurations have
the same density in the present work, regardless of the manufacturing parameters. In this regard,
Archimedes’ principle was used to quantify the samples density. The Archimedes’ principle
relies on the determination of the dry and wet weight of a specimen in order to determine its
density. The dry weight m, is obtained by weighing the specimen in air, whereas the wet weight
m,, is determined by weighing the specimen immersed in distilled water. The density p was

calculated using the following formula:

(M L,
p= <md (ow pa)> + Pa (15)

_mW

with p, and p,, the densities of water and air respectively at room temperature. The shape and
dimensions of the specimens measured, corresponding to fracture test specimens, will be further

described.

Porosity analysis was also performed at the specimen core using an optical microscope,
with a magnification of 200x and a resolution of 1 pixel/um. At least two surfaces of
10mmx10mm were considered in each case, using an assembly tool to merge all the images
taken from a single surface. The porosity was calculated based on the ratio of the pores area
over the area of the zone observed. It is important to note that this technique may be sensitive

to the observation zone considered.

I11.2. Microhardness testing

To get a first glance at the influence of the manufacturing strategy on the material,
microhardness tests were carried out on at least one fracture specimen (dimensions
65mmx10mmx10mm) per configuration. For L-PBF specimens, it also allowed to assess a

possible difference induced by the significant temperature gradients during the manufacturing



process. To get a representative analysis, specimens were cut at both ends and along the
principal axis of the specimens, and each section was subjected to microhardness testing (Figure
42).

Tests were carried out using a semi-automatic PRESI HZ50-4 hardness tester with a
Vickers indenter. A load of 0.3 kgf was applied for 10 seconds. Distances between each indent
was calculated to be at least three times bigger than the indent diagonals (~300 pm) to avoid

mutual influences of the indents plastic zone [163]. All test parameters are given in Table 5.

Table 5: Microhardness test parameters

X distance between Y distance between

Indents matrix Load (kgf) Time (s) indents (Lm) indents (Lm)
8x8 0.3 10 1100 1050
5x30 0.3 10 1800 1800
(a) 8x8
p e
P 1
’I 1— >
i 5 x 30
i 8x8

Principal
axis

Figure 42: Illustration of microhardness testing
(a) Position of the indented surfaces (b) Indent example (Vickers) (¢) Hardness machine

Results were automatically analyzed by the PRESI software, using the following

formula to calculate the Vickers hardness:

_ 2F xsin(136°/2)

Hv = 9.80665 X d>2 (16)

with F the load (in N), and d (in mm) the mean value between the two indent diagonal lengths.



111.3. Tensile testing

All mechanical tests were performed using a MTS hydraulic machine equipped with a
100 KN load cell, and the repeatability of the results was ensured by considering at least five

specimens in every configuration.

Tensile tests were carried out at room temperature to assess the monotonous mechanical
properties associated with each printing strategy. Flat dogbone-shaped specimens were used, as
prescribed in the ISO 6892-1 tensile test standard [164]. Machining was done by means of
EDM, and the dimensions are given Figure 43. Tests were carried out in displacement-
controlled mode, with a displacement rate of 2 mm/min, equivalent to an average standard strain

rate of 10 s, The axial strain was measured with a blade extensometer with a 12 mm gage

length.
L=120mm
I b=8mm W =15mm
X, R=12mm
I t=5mm
) |=45mm .

Figure 43: Geometry and dimensions of tensile specimens

The Young’s modulus E, the yield stress oy, the ultimate tensile stress oyrs, and the
elongation at necking A were determined as shown in Figure 44. The ductility was also

characterized more locally by another parameter: the fracture strain &¢. The fracture strain ¢ is
approximated by measuring the ultimate section of the broken specimen Ar and using the

following equation:

Ay
& =In < x 100 17)
f

With A, the initial section of the tensile specimen.
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Figure 44: Illustration of tensile parameters identification

Additionally, the Hollomon strain hardening coefficients ny and k, were determined
from the true stress-true strain curves from the following expression:

O-t = kHEth (18)

with g, and &, respectively the true stress and true strain calculated from engineering stress and

strain values o and ¢:

o =0a(1+¢) (19)
g =In(1+¢) (20)

I11.4. Fracture testing

111.4.1. Three-point bending tests

Quasi-static fracture tests were performed using three-point bending specimens, also
known as Single-Edge Notched Bending (SENB) specimens (Figure 45a). Samples dimensions
and experimental set-up are specified in Figure 45. For fracture toughness estimation, test

standard 1SO 12135-21 [113], suitable for ductile materials loaded in opening mode I, served



as a guideline for the testing procedure. Tests were carried out using a monotonic loading in a

displacement-controlled mode, with a displacement rate of 1 mm/min.

Initial notch was machined by means of EDM, with a thread of 0.25 mm resulting in a
width of 0.33 mm. As recommended by test standards [113,114], fatigue pre-cracking was then
conducted to obtain the most critical configuration for crack initiation (Figure 45b). Pre-
cracking was performed under load control at a frequency of 20 Hz, the highest achievable,
with a constant load ratio of R = 0.1. The pre-crack length was approximated on the outer
surface of the sample by optical microscope observations, and recalibrated using post-mortem
observations. The final initial crack length a, is taken as the sum of the notch length and the

pre-crack length.

A high-speed monochromic Grasshopper® camera with a 2.3 Mpix resolution was used
to perform in-situ monitoring of the crack propagation at the surface. The acquisition frequency
was set to 20 Hz. To ease crack tip identification, the specimen surface was painted in white

prior to the test, and a high intensity light source was used to increase the image contrast.
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Figure 45: Three-point bending testing
(a) SENB specimen dimensions and experimental set-up
(b) Fatigue pre-crack (c) Post-mortem MATLAB crack monitoring

The test data were then reduced using a custom MATLAB script provided in Appendix
A, and the crack path identified by means of a thresholding-based algorithm using the recorded

digital images (Figure 45c).



Though the stress state is not homogeneous in the specimen due to the notch and crack
propagation, an estimation of the bending strain &, and stress g;, of the specimen was performed
using the formulas given by ISO 178 [165] for standard bending tests:

6w
&p = 5—2 (21)
3FS
=— 22
Op 2W t2 ( )

where W is the specimen height, S the distance between the supporting cylinders, and F the
applied load. The parameter ¢, generally corresponding to the specimen thickness, was taken
here as the length of the remaining ligament throughout the test. The bending strain &, and
stress ag;, are considered here to normalize the data and ease the comparison between the

different configurations when crack propagation occurs.

Two key parameters were considered to analyze the fracture behavior: the fracture
toughness J,., and the tearing modulus T. The fracture toughness J,. characterizes the amount
of energy per surface unit needed to initiate a crack, while the tearing modulus T is
representative of the energy per surface unit required to propagate the crack. Both are

complementary to characterize the plastic fracture behavior.

The fracture toughness value J;. (also denoted J,,) was calculated assuming that the J-
integral value J is the sum of an elastic and a plastic components, both computed iteratively

from the experimental data for each time i, according to the following formulas:

] = ]el +]pl (23)
Kin?(1—v?)
Joigy = == (24)
_ UApz(i)[ B (a(i) —a(i—l))]
]pl(l) - Bbo 1 Y bO (25)

with K the stress intensity factor for a given load, v = 0.3 the Poisson ratio, E the Young’s
modulus, n = 1.9 and y = 0.5 plastic factors specified in 1SO 12135-21 [113] for SENB



specimens. A, corresponds to the area under the load-plastic displacement curve. B is the

specimen thickness, a the crack length, and b, = W — a, the initial unbroken ligament length.
The critical J-integral value J, ., (J;.), corresponding to the fracture toughness at crack initiation,
was estimated using the compliance method described in ISO 12135-21 standard [113]. The
method implemented corresponds to the case where no experimental compliance could be
evaluated. No valid J, , value could be determined from the resistance curve J — Aa using the
standard criteria provided by both ISO 12135-21 (J,, = 3.750yrs(Aa —0.2)) [113] and ASTM
E1820 (J,, =2%0.5(gys + ayrs)(Aa —0.2)) [114]. Data could not be fitted properly during the
blunting phase, leading to significant overestimation of the fracture toughness. To get more
representative values, linear regression of the blunting phases was carried out on all resistance
curves J — Aa, and the mean value for each manufacturing configuration was taken to determine

Jo2 (J;c) values. The fracture properties are illustrated in Figure 46.

When test standard 1ISO 12135-21 [113] is considered for fracture testing, the J, , value

estimated is usually considered as valid if it does not exceed a value J;;;,; defined as follows:
. Oy
Juimie = min(B, by, ag) 10 (26)

with oy the flow stress, taken as the average of the yield stress and the ultimate tensile stress.
This value ensures that the size of the Irwin plastic zone remains small enough compared to the
specimen size. In the present work, J;;mi: IS always reached as specimen dimensions are known
as too small to comply with the plane strain conditions imposed by test standard 1SO 12135-21
[113]. Therefore, it is important to note that the J, , values presented in this study are used only

for comparison purposes, and not as design values.

The tearing modulus T [166] was also computed to better quantify the resistance to
crack propagation:

E d]
N O'YSZ da

(27)

Finally, regarding the validity of crack initiation identification at the surface of the

specimen, a heat tint was performed at 550°C for 4h on one specimen in order to observe if any



difference is noted compared to crack initiation at the core of the specimen. The three-point
bending test was stopped once crack initiation was spotted at the surface, and fatigue crack
propagation was carried out until the specimen was fully broken. Fractographic observations

were then conducted to evaluate the gap between the core and the surface of the specimen.

1 »
>
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Figure 46: Identification of fracture toughness J;. (Jo.2) and tearing modulus T

111.4.2. Impact toughness tests

Many alloys, like Inconel 718 and 316L, are characterized by a time-dependent strain
behavior, which result in the mechanical properties varying with the loading rate considered
[167-169]. The Ni20Cr alloy studied exhibits a high ductility, which plays a major role in the
quasi-static fracture tests mentioned in the previous section. It is hence of utmost interest to
analyze the possible influence of the loading rate on the fracture behavior, considering that
higher loading rates may reduce plastic deformation at the crack tip. From an industrial
standpoint, high loading rate tests like impact tests are commonly used, as experiments are
easier, faster and less expensive to conduct than quasi-static fracture tests [170].

Therefore it seems relevant to characterize the influence of the time-dependent behavior
on the fracture properties of L-PBF Ni20Cr. Charpy tests were carried out using an
instrumented Testwell PW 30/15 impact test machine with a 300 J capacity, shown in
Figure 47a and b. Specimens considered were identical to quasi-static fracture specimens

(Figure 47c), and were also pre-cracked in fatigue to get similar initial conditions. At least 5



specimens were tested for each configuration. The start angle 8 considered was 54°, and the

potential energy can be calculated using the following equation:

E, = mgL(1 — cosb) (28)

With m the mass of the hammer (13 kg), g the gravity acceleration (9.80665 m/s?), and L the
length of the pendulum arm (0.8 m). In the present case, the initial potential energy E,, for an

initial angle of 8 = 54° is 42 J.

Figure 47: Impact test apparatus
(a) Charpy pendulum hammer (b) Zoom on the instrumented hammer
(c) Striker and three-point bending specimen
(The blue arrow indicates the direction of the impact)

Due to significant oscillations induced during impact tests, data from the load-
displacement curves were filtered using the moving average method as recommended in [171].
Three parameters were identified from the impact tests: the load corresponding to the start of

the plastic behavior Fy,,

the maximum load E,,, and the corresponding maximum
displacement d,,,,,. Both E, ., and d,,,4, are associated with the crack initiation. It is important
to note that the crack initiation time is not precisely determined, due to data smoothing as well
as difficulties to observe a clear peak value. Therefore, the values obtained should only be

considered as a first approximation.



The area under the load-displacement curve represents the total fracture energy, denoted

KV. It can be decomposed as follows:

KV = KV; + KV, (29)

With KV; the energy associated with the crack initiation (calculated between d = 0 and
d = dmqy), and KV, the energy corresponding to the crack propagation (calculated between

d = d,,, 4, and the end of the test)

Fmax

A Displacemer;t

Figure 48: lllustration of the Charpy test parameters identification

In addition, dynamic J-R resistance curves were determined from experimental data,
using the method proposed by [171], and further applied on different alloys [130,172]. The

principle relies on the compliance changing rate AC/C,,; , calculated as follows:

AC  C—Cgy
Cel Cel

(30)

with C the compliance, defined as the inverse of the slope Ad/AF calculated between the
original loading point and any point on the load-displacement curve. C is assumed linear. C,; is
the initial compliance calculated from the start of the test to F,,,. During the test, a noticeable
change in compliance changing rate AC/C,; occurs and allows to the load associated to crack
initiation F;,; to be determined, as shown in Figure 49. However in the present study, the slope

change was not clear enough to determine the crack initiation precisely. Thus the estimated load



would often slightly exceed E,,,,, which is physically unlikely. Therefore, it was considered

that F,,,, is assumed as the load where crack initiation occurs, as defined previously.

The next step of the method consists in fitting the load-displacement data between Fy,,

and F,,,, by the following power law:

W (dpz)m (31)
2 \W
dpl =d— CelF (32)

where W and b, are still respectively the specimen height and initial ligament length, and F the

load. k and m are fitting parameters, and d,, is the plastic displacement calculated from the

displacement d, the load F and the elastic compliance C,; as shown above.
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Figure 49: Parameter identification with the compliance changing rate method
(adapted from [130])

Once the power law constants k and m are determined, they are used to extrapolate the
ligament values b from the load-displacement curve. The crack extension values Aa are then

derived from b, as detailed in the following equations:

Fw dp\™
B ok (W) (33)



Fwm+1
b= ’—k(dpl)m (34)
’me+1
Aa:bo—b:bo— W (35)

The dynamic fracture toughness can then be determined from the relationship proposed

by Rice et al. [173] for pure bending, corrected with the Garwood’s formula [174]:

W—ai ZUl

Ji =Jiay— 4, + BOW = a.) (36)

with U; the area under the experiment load-displacement curve between d; and d;_,. The
dynamic fracture toughness, denoted J;, is taken as the value corresponding to the load F,,,,

where crack is initiated.

111.4.3. Microbending tests

Given the key role of the interfaces between the different microstructural features
(meltpool boundaries, grain boundaries, dendrite walls, nano-oxides/matrix interface...) spread
over different scales, miniaturized fracture tests were considered as an attempt to assess their
individual influence on the fracture behavior. Considering really small specimens, and therefore
really small notches, may allow a better investigation of the interfaces observed at really small
scales (micro to sub-micro scale), compared to the macro-specimens presenting a 0.33 mm wide
initial notch. The tests presented in this section have been carried out in collaboration with a

research engineer from the GPM laboratory, Ronan HENRY.

Bending tests were carried out on micro-cantilever specimens, machined by means of a
FIB (Focused lon Beam) with notched rectangular cross-section. Two ranges of beams were
prepared as shown in Figure 50: the ‘small” beams, machined using a Gallium FIB (Helios
5UX, ThermoFisher Scientific) with BxW xL dimensions of approximately 20umx4umx4um
(Figure 50a and b), and ‘large’ beams prepared with a plasma FIB (Helios5 PFIB CXe,
ThermoFisher Scientific) with BxW XL dimensions of approximately 100umx30umx=30um



(Figure 50c and d). As achieving a high machining precision at such small scales is a complex

matter, all dimensions obtained are detailed in Table 6.

w
w
B
Figure 50: Test specimens before and after loading
(a, b) Small single bending specimens (c, d) Large single bending specimens
(e) Micro-cantilever specimen dimensions
Table 6: Dimensions of the micro-cantilever specimens obtained
Small cantilevers Large cantilevers
S1 S2 S3 S4 L1 L2 L3 L4 L5
L (um) 28.0 9.2 14.9 16.0 95 84 90 94 94
B (um) 5.0 35 2.8 3.3 22 17 29 35 34
W (um) 4.3 3.9 55 5.7 30 30 39 38 41
agy (um) 1.6 1.0 1.8 1.8 12.5 14.0 22.2 22.2 21.2

The specimens were loaded in-situ by means of a SEM (XB540, Zeiss), combined with
a nano-indentation system with a wedge tip (PI87R, Brucker). Tests were conducted in
displacement-controlled mode, at a rate chosen to correspond to a bending strain rate ¢ of

around 0.0005 s, standard for microbending tests, and calculated as follows:

§=15— (37)

In order to monitor the crack propagation directly, the specimen was placed in front of
the SEM column. A video of the test provided a continuous monitoring, but with poor image



resolution. Therefore, a three-phase step load was considered instead (Figure 51): the first phase
consisted in a 3s loading step, the second one by a 10s plateau where displacement was kept
constant, and the last was a 3s partial unloading set at 50% of the displacement of the first step
(Figure 51a).
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Figure 51: Experimental curves from microbending tests
(a) Example of applied load during specimen bending (b) Example of force-displacement curve
obtained during a micro-cantilever bending, with partial discharges clearly visible.

During every 10s plateaus, a good-resolution SEM image was taken using a secondary
electron sensor, an electron acceleration voltage of 5 kV, and an integrating noise reduction
mode, with an acquisition time of around 8s per image. The field of view encompassed the
entire specimen to observe the onset of wedge tip slippage during bending. Partial unloadings
were used to estimate specimen stiffness (Figure 51b). Thus, the data associated with the
unloadings were extracted, and a linear regression was performed on these portions of the load-
displacement curve; the compliances k; (in N/m) were thus calculated for each unloading i.
Force and displacement data were measured continuously, unlike the compliance k and the
crack extension 4a. Hence, load and displacement data were reduced to one point per step, with

force and displacement values taken in the middle of each step.

I11.5. Microstructural and fractographic analyses

The initial microstructure of the specimens was characterized using a Keyence VHX-
5000 optical digital microscope, and a JEOL 79000F Scanning Electron Microscope (SEM)
coupled with Electron BackScattered Diffraction (EBSD). Both the plane parallel (XZ) and



perpendicular (XY) to the building direction (XZ) were observed to characterize a possible

anisotropy, as shown Figure 52.

HORIZONTAL VERTICAL ‘

Figure 52: Planes of interest for microstructural characterization

For SEM-EBSD analyses, specimens were mechanically polished using SiC paper up
to 2400 grit grades, and then colloidal diamond solutions (6 to 1/4 um grades). The surface
preparation was finalized using a colloidal silica suspension (OP-U) to obtain optimal surface
quality. Steps of 0.7 and 2 um were considered for EBSD acquisitions, and all data were
processed using EDAX OIM software to obtain Inverse Pole Figures (IPF) and Pole Figures
(PF). The detection limit for grain boundaries is set at 15°, and the grain size is taken as the
equivalent diameter computed from the grain area value. Specimens were then etched using a

Struers A2 electrolyte at 10 V for 5s to allow meltpools and dendrites observation.

Figure 53: Determination of the interdendritic arm spacing distance using SEM images

The interdendritic arm spacing A was measured using images of dendrites parallel to the

observation plane, by plotting a line perpendicularly to the dendrites’ growth direction, as



shown in Figure 53. The distance measured was divided by the number of interdendritic spaces
observed.

Additionally, a few specimens were broken after fracture testing to visualize the crack
propagation at the core. Specimens surface were also examined, and the plastic deformation

was characterized using the optical microscope profilometry tool to quantify their magnitude.



CHAPTER 3:

Influence of the manufacturing
strategy on the initial microstructure
and tensile behavior

This third chapter presents the initial characterizations (density, microhardness tests,
microstructure...) and the tensile behavior resulting from the various manufacturing conditions.
The influence of the different processing parameters is discussed, as well as the relationship
between the microstructure and mechanical properties observed.

CHAPTER 3: Influence of the manufacturing strategy on the initial microstructure and

TENSTIE DENAVION ... et nre s 66
l. Initial CharaCteriZatioN..........c.ccvviieie e 67
[.1.1.  Density and poroSity analySiS .........cccceoiiiiiieiininiseiee e 67
[.1.2. MICIONArdNESS TESES .....oiveeieeiiesiieiie e siee sttt nne s 68
[.1.3. AS-DUIIL MICIOSITUCTUIES ......oviiiiiiiiieiiee e 70
1.1.3.1. Macro/mesoscale (MeItpooIS) .......ccceeveiiiiieiiiie e 70
1.1.3.2.  Meso/microscale (Grains) ........ccccvveiverieieeieerie e 73
1.1.3.3.  Sub-micro/nanoscale (dendrites and Nano-oXides) ........c.ccccvvevvevverirennenne. 77

1.2, CONCIUSION ...ttt ettt re e e e 78
Il.  Influence of the manufacturing process on tensile properties............cccceoveeennee. 79
[1.1. Influence of the manufacturing Parameters..........cccooeririienieiere e 79
[1.1.1. Building Orientation ..........cccooeiiiiiiiiiieiee e 79
[1.1.2.  ROtAtION @NQIE......oiiiiiiie e 80
0 O ¥ I USRS 81
[1.1.4.  Comparison with cast & wrought material..............ccooeviiiiininiiiie, 82

I I o1 [ o SRS 83

L. CONCIUSION <. 87



l. Initial characterization

I.1.1. Density and porosity analysis

The results from density measurements and porosity analysis are displayed in Table 7.

For L-PBF specimens, both methods show little to no difference between the different

manufacturing strategies. Only the H9067 configuration exhibits a higher surface porosity than

other printing configurations, due to an isolated more porous section. However, porosity values

remain low overall, and literature results also indicate that no significant difference should be

induced by the building orientation [85,93,175] or rotation angle [24] in terms of porosity

content, for the given VEDs [37]. All density values obtained for L-PBF specimens are close

to bulk Ni20Cr density, usually ranging between 8.3 to 8.5 g/cm? according to ANSYS Granta

Materials database. Cast & wrought specimens on the other hand exhibit lower density values,

but are proven as dense as L-PBF specimen by porosity analysis. This result can be explained

by the difference in chemical composition already noted in Chapter 2 (p. 46), which influences

the specimen’s density.

Table 7: Specimens estimated volumetric masses (density) and porosity

H9067 ~ V9067  H9090 | V9090 @ H6067 V6067 = C&W
Density 8.38 8.38 8.41 8.37 8.39 8.40 8.35
(@lcm®)  (#0.01)  (£0.02)  (#0.02)  (#0.01)  (#0.01)  (+0.01)  (40.01)
Porosity ~ 0.21 0.02 0.02 0.03 0.02 0.03 0.02
(%) (£0.32)  (40.01)  (£0.02)  (#£0.03)  (+0.01) (+£0.02)  (+0.01)

H9067

(a) V9067 (b) "Hgoso (c)

500um 500um 500um

H6067 (e) (f) c&W (g)

500um 500um 500um

Figure 54: Optical microscope observations of pores (10mmx10mm section)
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1.1.2. Microhardness tests

Figure 55 and Table 8 respectively show the microhardness maps and values of all the
specimens obtained for the different manufacturing configurations. As detailed in Chapter 2,
three sections were considered in order to be representative: two transversal sections (one at the
top and one at the bottom, in red) of 10mmx10mm, and one longitudinal section (in blue) of
roughly 55mmx10mm.
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Figure 55: Microhardness maps for each manufacturmg configuration
at the bottom, in the middle and at the top of the specimens
(The Building Direction (BD) is systematically indicated by an arrow)

Table 8: Microhardness values for each configuration
(at the bottom, in the middle and at the top of the specimens)

H9067 V9067 H9090 - H6067 V6067 -

Top 221 221 232 220 239 227 145
(HVo3)  (£13) (5) (£9) (£8) (16) (£8) (+10)
Middle 244 227 248 229 245 239 160
(HVo.3) (8) (7) (+10) (8) (7) (8) (£6)
Bottom 226 224 233 221 234 235 148

(HVo.3) (£9) (£7) (£9) (£6) (£7) (£4) (£6)




All specimens display microhardness variations due the known microstructure
inhomogeneity, and the variation of the amplitudes are similar for all. No noticeable difference
is observed between the bottom and the top surfaces, indicating an absence of gradient along
the building direction regardless of the manufacturing conditions. Therefore, no matter the
location taken for microstructural analysis, most sections observed can be considered
representative of the specimen.

As it is the largest and contains more indents, the middle-section (in blue) is considered
as the most representative one to discuss the differences between the manufacturing conditions.
As shown in Figure 55, the lowest microhardness values among L-PBF specimens are obtained
for the V9067 and V9090 configurations with around 230 HVo 3. The highest are observed for
the H6067, H9067, and H9090 configurations, with 245-250 HVq.3. Hence specimens with a
horizontal building orientation overall display higher microhardness values than vertically built
specimens. This result was already reported in the literature [86,176—178] and attributed to the
different thermal history between horizontal and vertical building orientation. Depending on
the specimen geometry considered, one may induce finer or bigger microstructures, and
therefore impact microhardness values.

The rotation angle on the other hand does not influence the microhardness values, with
similar values for both horizontal specimens (H9067, H9090) and vertical specimens (V9067,
V9090). The same result was observed with the VED for horizontal specimens (H9067, H6067),
however a slight increase was noted for vertical specimen with a VED of 60 J/mm?® (239 HV.3)
compared to 90 J/mm? (227 HVo3).

Finally regarding cast & wrought specimens, microhardness values are much below
L-PBF specimens, with 160 HVo3. This can be explained by the significant difference in
microstructure between both manufacturing strategies that has been discussed in Chapter 1, and
will be further discussed in the following sections.



1.1.3. As-built microstructures

As-built L-PBF microstructures are known to be complex and spread over several scales
(Chapter 1), hence this section focuses on offering an overview of each of them: the
macro/mesoscale (the meltpools), the meso/microscale (the grains) and the sub-
micro/nanoscale (dendrites/nano-oxides). In order to cover the microstructure inhomogeneity,
two planes are observed as well: the plane parallel to the building direction (denoted XZ), and
the plane perpendicular to the building direction (denoted XY). The objective is to characterize
every possible interface that could act as a weak bond and influence the crack path, and overall
fracture behavior.

1.1.3.1. Macro/mesoscale (meltpools)

Figure 56 presents optical microscope images of the meltpools along the XZ plane for
all the manufacturing conditions. A more in-depth characterization was already performed for
V9067 and V6067 configurations in previous studies [37,179] by considering a single scan
track to obtain accurately the width and depth of the resulting meltpools. In the present
investigation, only a qualitative approach is considered, by analyzing the overall meltpools
morphology between the different configurations. Rough width ranges are also given in
Table 9.

Regarding the influence of the processing parameters, the building orientation does not
significantly influence the meltpool size and morphology (Figure 56a, b and e, f), except for
the H9090 specimens that display narrower meltpools than the V9090 specimens (Figure 56¢
and d). In contrast, a rotation angle of 90° is associated to both deeper and narrower meltpools
compared to one of 67°, as observed in Figure 56a, ¢ and b, d. Regarding the VED, at 60 J/mm?
slightly narrower and deeper meltpools are induced compared to 90 J/mm?, even though it
appears less impactful than the rotation angle. However comments on the meltpools depth
should be taken with caution if based solely on these observations, as the overlapping and
successive remelting of the layers may distort the actual depth evolution with respect to the
processing parameters. Finally, no meltpools are observed for cast & wrought specimens due
to the difference in manufacturing methods, nevertheless Figure 569 allows a size comparison
between the visible grains and the meltpools.



Figure 56: Optical microscope observations of L-PBF and cast & wrought specimens
Meltpools observations for (a) H9067 (b) V9067 (c) H9090 (d) V9090 (e) H6067 (f) V6067
(9) Grains observations for C&W

Table 9: Influence of the manufacturing parameters on the meltpools width

H9067 V9067 H9090 - H6067 V6067

Meltpools width range

(um) (XZ plane) 50-350 50-350 50-130 50-200 50-180 50-200




The same investigation on the meltpools morphology was conducted on the XY plane,
and is shown in Figure 57. For this plane, no estimation of the bead width could be obtained,
as poor etching quality for some manufacturing conditions made the comparison more difficult
and less reliable. No significant difference is visible regarding the influence of the building
orientation, except for Figure 57c and d: the rotation of 90° between the top layer and the
previous layer is clearly visible for the H9090 specimen, whereas the presence of the previous
layer is almost completely erased for the V9090 specimen. The bead width does not seem
noticeably impacted by the rotation angle (Figure 57a, c and b, d), however a notable decrease
is observed for a lower VED (Figure 57a, e and b, f).

Figure 57: Optical microscope observations of meltpools (XY plane)
(a) H9067 (b) V9067 (c) H9090 (d) V9090 (e) H6067 (f) V6067



1.1.3.2. Meso/microscale (grains)

The SEM-EBSD observations conducted are first presented for the XZ plane: IPF and
PF maps are shown in Figure 58, and the grain sizes are given in Table 10. L-PBF specimens
are characterized by columnar grains oriented parallel to the building direction, and very
heterogeneous grain sizes (Figure 58 and Table 10). Two parameters influence the most the
grain morphology in the current study: the VED and the rotation angle. A higher VED
(90 J/mm?3) promotes a more columnar microstructure compared to a lower one (60 J/mm?)
(Figure 58a, e and b, f), whereas a rotation angle of 90° results in more unidirectional and
organized grain morphology than one of 67° (Figure 58a, ¢ and b, d). The building direction
only affects the grain size (taken as the equivalent diameter calculated from grains area) for a
VED of 90 J/mm?, with on average bigger grains for the vertical specimens (220-230 pm) and
finer ones for the horizontal ones (120-130 um). At 60 JJmm3, no difference is observed
between the two, with really fine grains for both (60-70 um). The grain size is overall really
heterogeneous, with a high number fraction of really small grains, but a high area fraction of
bigger grains (Table 10).

Regarding the crystallographic texture, the building orientation seems to hold a
noticeable influence at a VED of 90 J/mm?3, with more pronounced crystallographic texture
noted for vertically built specimens (Figure 58a, b and c, d). The maximal intensity ranges
between 5 to 10 M.R.D (Multiple Random Distribution) for a vertical orientation, and remains
below 5 for a horizontal one. A rotation angle of 67° tends to erase any preferential orientation,
with a lower crystallographic texture compared to an angle of 90° (Figure 58b and d). Vertical
configurations both display hints of clear preferential orientations that should be further
confirmed with the XY plane observations: for V9067, both (001) and (110) directions are
emerging from the Pole Figures (Figure 58b), whereas for V9090, only (001) is clearly visible
along the building direction (Figure 58d). Regarding both H9067 and H9090, no defined texture
can be identified. For a VED of 60 J/mm?, no significant difference is noted between the two
building orientations (Figure 58e and f), as well as no distinct crystallographic texture. The
maximum intensity was the lowest obtained, at 2 to 3 M.R.D.

Finally, when compared to L-PBF specimens, cast & wrought specimens display a
totally different microstructure with equiaxed grains, and several annealing twins, as shown in
Figure 58g. Significant grain size is observed with an average of 155 um (Table 10), as well as
a relatively high annealing texture at approximately 7 M.R.D.
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Table 10: Grain size (area and number fractions) for all the manufacturing conditions (XZ plane)

H9067 V9067 H9090 - H6067 V6067 -

Area 124 232 132 219 63 67 155

L fraction  (+£70) (£156) (£69) (+131) (£34) (+37) (£87)
Grain size (um)

(diameter)

Number 29 30 44 28 22 23 46
fraction  (£34)  (+46)  (446)  (+45) (+20) (+22)  (451)
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Figure 59: SEM-EBSD Inverse Pole Figures (IPF) and Pole Figures (PF) (XY plane)
() H9067 (b) V9067 (c) H9090 (d) V9090 (e) H6067 (f) V6067
(Meltpools’ borders are highlighted by the white dotted lines)

Table 11: Grain size (area and number fractions) for all the manufacturing conditions (XY plane)

H9067 V9067 H9090 - H6067 V6067

Area 62 112 102 108 47 51
Grainsize  fraction  (£45) (£83) (£56) (+£77) (+30) (+28)
(um)
(diameter)  \umber 18 24 26 24 18 20

fraction (£17) (£28) (£30) (£27) (£15) (£17)




The same microstructural analysis was conducted on the XY plane: associated IPF and
PF maps are shown in Figure 59, and the grain sizes are given in Table 11. As discussed, the
grains morphology and size is much different from the one observed on the XZ plane, due to
the anisotropic nature of the L-PBF microstructure. The laser beads and the laser direction are
easily visible on Figure 59, and highlighted in white.

For this observation plane, two grain morphologies can be observed: the first one for a
VED at 90 J/Jmm? (Figure 59a, b, ¢, and d), with rectangular grains, larger at the center of the
meltpool, and smaller at the interfaces between two meltpools. In the case of the H9090
specimens (Figure 59c), both the laser beads from the top layer and the previous layer are
visible, giving a square shape to the larger grains. The difference between H9090 and V9090
specimens show the difference in thermal history that both building orientations can generate.
For all four configurations (H9067, V9067, H9090, VV9090), the grains’ growth is perpendicular
to the laser direction. The second type of grain morphology is observed at 60 J/mm?, for which
no particular grain shape is noted, as well as no preferential grain growth (Figure 59e and f).
Smaller grains are still observed at the border between two meltpools, while the bigger grains
remain at the center. Specimens produced with a VED of 90 J/mm? present the larger grains,
with an average of 100-110 pum (still considering the equivalent diameter calculated from grains
area), except for H9067 specimens which present finer grains (~ 60 pm). A VED of 60 J/mm?
results in an average grain size of 50 um for both H6067 and V6067 configurations (Table 11).
Overall, the VED has the most influence on the grains’ size and morphology on the XY plane.
The building orientation has little influence on the grain morphology, except for a slight
decrease in the grain size. The rotation angle on the other hand impacts noticeably the grain
morphology, as an angle 90° result in a more organized grain morphology compared to 67°.

In terms of crystallographic texture, the maximum intensity value does not exceed
5 M.R.D, and is obtained for the V9090 configuration. All other manufacturing conditions fall
between 2 to 4 M.R.D, indicating the absence of substantial crystallographic texture on this
plane. Considering observations conducted on both XZ and XY planes, V9067 specimens
exhibit a GOSS {110}(001) texture (Figure 58b and Figure 59b), while V9090 is characterized
by a cubic texture {110}(001) (Figure 58d and Figure 59d). Contrary to what was observed for
the XZ plane, the crystallographic texture is here not only dependent on the VED and building
orientation, but also on the rotation angle.

For this section, no comparison with cast & wrought specimens is made as its
microstructure is independent from the plane of observation considered.



1.1.3.3. Sub-micro/nanoscale (dendrites and nano-oxides)

Figure 60 presents the SEM observations performed on all the specimens, in order to
analysis both the dendrites and nano-oxides. An estimation of the primary dendrite arm spacing
is also given in Table 12.

H9067

Figure 60: SEM dendrites and nano-oxides observation
(a, b) H9067 (c, d) VO067 (e, f) H9090 (g, h) V9090 (i, j) H6067 (k, I) V6067

Table 12: Influence of the manufacturing parameters on the primary dendrite arm spacing size

H9067 V9067 H9090 - H6067 V6067

Primary dendrite 587 544 783 853 551 547
arm spacing (nm) (£37) (£72) (£245) (£199) (£146) (£176)

The first observations tend to point out the rotation angle as the most influential
processing parameter on the dendrites. The average primary dendrite arm spacing goes from



587 nm for H9067 to 783 nm for H9090, and from 544 nm for V9067 to 853 nm for V9090
(Table 12). The heterogeneity is also much higher for an angle of 90° than for one 67° ata VED
of 90 J/mm?, reaching a standard deviation of 200-250 nm for 90° against 40-70 nm for 67°. A
set of several dendrites’ images illustrating this point are shown in Appendix B. For a 67° angle,
a VED of 60 JJmm? results in average sizes close to those obtained at 90 J/mm?, with the
exception that the heterogeneity is once again much higher (150-180 nm). However, a previous
study demonstrated that the dendrite size usually increases with an increasing VED [159]. For
all cases, the building orientation did not play a significant role, except for H9090 that displayed
a lower mean value than V9090 specimens. However, given the huge standard deviation
obtained, it is of utmost importance to remember that the representativity of the primary
dendrite arm spacing sizes presented is limited. Given the scale observed, the number of images
taken should be higher to obtain a good statistical approach. This number was limited by both
the time available to perform this analysis, and the number of dendrites observed that were
oriented parallel to the observation plane.

Regarding the presence of nano-oxides, Figure 60 shows that they were systematically
observed, regardless of the manufacturing parameters considered. Different precipitate
morphologies were also observed and are shown Appendix B. An extensive analysis of the size
and nature of these precipitates was not performed in this study, however it was already
demonstrated that they tend to increase in size with an increase in VED [159].

1.2. Conclusion

The first part of this chapter aimed at presenting an initial physical and microstructural
characterizations of the specimens for all the manufacturing methods considered in this study.

It was demonstrated that the resulting specimens are dense, and that the microstructures
presented are not dependent on the spot considered within the specimen. As expected from the
literature review, the anisotropic nature of the L-PBF microstructure was demonstrated through
the observation of both the XZ and XY planes. Characteristic lengths were given at the
macro/mesoscale (meltpools), meso/microscale (grains) and sub-micro/nanoscale (dendrites
and nano-oxides) in order to better identify which one is the most influential during post-
mortem observations for both tensile and fracture tests. The anisotropy observed at the different
scales of the microstructure also hints at possible anisotropy of the mechanical behavior.



1. Influence of the manufacturing process on tensile properties

The present section aims at characterizing the influence of the processing parameters on
the tensile properties of the specimens. Hence, tensile results presented below are centered
around one parameter at a time: the building orientation (horizontal or vertical), the rotation
angle (90° or 67°), and the VED (60 J/mm? or 90 JJmm?3). For each configuration presented, at
least five specimens were considered. The continuous lines are the experimental curves, and
the dotted lines the mean curves calculated from them. A discussion on the overall results is
provided at the end of the chapter.

11.1. Influence of the manufacturing parameters

11.1.1. Building orientation

In order to discuss the influence of the building orientation, Figure 61 presents the three
sets of parameters for which two building orientations were tested: A VED of 90 J/mm?® with a
rotation angle of 67° (Figure 61a), a VED of 90 J/mm? with an angle of 90° (Figure 61c), and
a VED of 60 J/mm?3 with an angle of 67° (Figure 61e). Figure 61b, d and f represent the zoomed-
in elastic zone of the tensile test.
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Regardless of the set of parameters considered, horizontally built specimens exhibit
higher tensile properties (Young’s modulus E, yield stress gy, and ultimate tensile stress ayrs)
than vertically built specimens. This is a result often encountered in the literature and already
discussed in Chapter 1. Vertical specimens also appear overall slightly more ductile than
horizontal specimens. Even though the microstructure analyses conducted on both H6067 and
V6067 specimens appear fairly identical, the discrepancy between both building orientations
seems the most important between them. On the opposite, the tensile properties appear less
affected when specimens are built with a VED of 90 JJmm? and a rotation angle of 90° (H9090
and V9090 specimens).

11.1.2. Rotation angle

Figure 62 presents the influence of the rotation angle (67° and 90°) on two sets of
parameters: specimens oriented horizontally and vertically. The VED is the same in both cases,
set at 90 J/mm?3. Figure 62b and d represent the zoomed-in elastic zone of the tensile tests.
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For both the horizontal and vertical building orientation, a rotation angle of 90° results
in a noticeable decrease in yield stress oy and ultimate tensile stress oy rs. The gap between
the two rotation angles is wider between H9067 and H9090 (Figure 62a) than between V9067
and V9090 (Figure 62b). On the other hand, the Young’s modulus E seems slightly less affected
no matter the set of parameters, with especially very little difference for a vertical orientation
as shown in Figure 62d. No significant influence on the ductility was noted in both cases.

11.1.3. VED

The effect of the VED is exhibited in Figure 63. In this case the rotation angle is always
67°, and only the two building orientations are considered here as well: horizontal and vertical.

Figure 63b and d represent the zoomed-in elastic zone of the tensile tests.
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As demonstrated by Figure 63a and c, the VED has very little impact on the overall
tensile properties for a given angle of 67°. A slight improvement is noted at a VED of 60 J/mm?
rather than 90 J/mm?3 for a horizontal building orientation, while the contrary occurs for a
vertical building orientation. The Young’s modulus remains the same regardless of the VED
considered as shown in Figure 63c and d. The ductility is not impacted either for a horizontal
building orientation (Figure 63c), whereas a VED of 60 J/mm?® results in higher values
compared to 90 J/mm?3 for vertically built specimens (Figure 63d).

11.1.4. Comparison with cast & wrought material
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Figure 64: Tensile properties comparison between cast & wrought specimens and L-PBF specimens
(a) Stress-Strain curves (b) Zoom-in on the elastic domain
(Only the mean curves are represented for L-PBF specimens in the elastic domain)

Finally, Figure 64 demonstrates the significant difference in tensile properties between
cast & wrought and L-PBF specimens. As shown in Figure 64a, the yield stress oy of L-PBF
specimens is at least twice as superior as the one of cast & wrought specimens. The ultimate
tensile stress o1 resulting from conventional manufacturing is equal or superior to the one of
L-PBF specimens, except for horizontal specimens that are higher by approximately 100 MPa.
On the other hand, Figure 64b exhibits a higher Young’s modulus for cast & wrought
specimens. They also exhibit a significant ductility compared to their L-PBF counterparts, and
a noticeably different strain hardening behavior. The last point can be explained by the
differences in initial dislocation structures between both [158], which influences significantly
the strain hardening mechanisms occurring during the test.



11.2. Discussion

Table 13 presents all the tensile parameters evaluated from the tensile tests data. The
four commonly found tensile parameters are presented: The Young’s Modulus E, the yield
stress ays, the ultimate tensile stress oy,rg, and the maximum elongation at necking A. The
ductility was also characterized more locally by another parameter, which is often related to
fracture properties: the fracture strain &¢. Finally, the table also presents the strain hardening
exponent n, and the strength coefficient k. They are calculated as defined in Chapter 2 using
the Hollomon law, in order to discuss the influence of the manufacturing parameters on the
strain hardening behavior of the manufacturing configurations.

Table 13: Tensile properties evaluated for all manufacturing conditions

H9067 V9067 H9090 V9090 H6067 V6067 C&W

E (GPa) 217 184 196 184 213 201 243
(£11) (+£10) (£12) (£3) (+8) (£11) (+£22)

ovs (MPa) 549 468 486 435 571 451 191
Ys (+18) (+15) (+4) (£14) (£5) (+7) (+£19)
ours(MP) 123 645 648 595 737 613 649
urs (+11) (+18) (+2) (+14) (+4) (+3) (+13)
A (% 16 19 17 20 16 25 39
) 4 @3 @) #) @) @) ()

e (%) 58 69 62 63 64 85 52
f (£4) (+7) (+2) (+7) (+2) (+4) (+2)
0.16 0.23 0.19 0.25 0.16 0.22 0.63

() (4001)  (40.03)  (£0.01)  (£002)  (£0.00)  (+0.01)  (+0.03)

1145 1149 1066 1093 1156 1060 1858

ka (MP) (126)  (£62)  (£18)  (£54)  (£10)  (£20)  (449)

The results discussed previously indicate that the three manufacturing parameters
considered could be classified from the most to the least influential to the tensile properties as
follows: the building orientation, the rotation angle and the VED. Obviously, this is a simplistic
approach, as many manufacturing configurations are missing to assure this trend no matter the
building orientation, the angle and the VED chosen. Still, quantitative values displayed in
Table 13 support that the tensile behavior is the most sensitive to the building orientation,
regardless of the rotation angle and the VED considered.



The Young’s modulus values computed from the initial slope of the tensile curves
appear systematically lower for vertical specimens with a VED of 90 J/mm?® (V9067 and
V9090). This may be explained by the more pronounced crystallographic texture observed
along the building direction compared to horizontal specimens (Figure 58). The difference
between both building orientations is less noticeable at 60 J/Jmm? for which no texture was
observed, with close Young’s modulus values for H6067 and V6067 configurations. The same
observation is made for the rotation angle and the VED, where few differences are notable in
case of similar textures between the manufacturing conditions. These results are coherent with
what was already reported in the literature [106,180], indicating that the Young’s modulus
decreases with a more pronounced texture for Ni alloys. When crystals are mainly oriented
along one direction, some directions become more or less densely packed compared to others,
leading to variations in resistance under different loading directions. This can result in an
anisotropic Young’s Modulus, as observed in the present case.
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Figure 65: Evolution of the yield stress values with the size of the dendrite arm spacing

Previous work [36] already discussed the fact that due to the complex and anisotropic
nature of microstructure of L-PBF alloys, the Hall-Petch equation defined below was not

suitable to describe the evolution of the yield stress oy:

K
Oys = Oy + ﬂ (38)

Vd

With g, a constant, Kyp the Hall-Petch slope, and the d the average grain diameter. Instead,
previous studies [37,181] suggested to consider the dendrite arm spacing as a parameter to



describe the evolution of the yield stress. Despite the significant standard deviation observed
for the interdendritic space sizes, Figure 65 exhibits an attempt made to correlate the yield stress
oy to this parameter in the present study.

Taking the mean yield stress gy and dendrite arm spacing values A for all the different
configurations, no linear trend could be observed. However, if the data are separated according
to the building orientations considered (horizontal or vertical), two laws are identified in
Figure 65. The Kyp slopes for horizontal and vertical specimens are respectively 382 MPa.um-
12 (12088 MPa.nm*/2) and 91 MPa.um 2 (2877 MPa.nm*"2). The previous K} value identified
for L-PBF Ni20Cr vertical specimens produced using different VEDs [36] was estimated at
190 MPa.um*2 (6016 MPa.nm™*?), and is plotted in Figure 65 (red dots). Regarding cast &
wrought Ni20Cr [148], K, was equal to 935 MPa.um™/2, For both studies on L-PBF Ni20Cr,
L-PBF specimens exhibit lower values than cast & wrought specimens, hinting at a reduced
strengthening effect from the dendritic cellular structures compared to the grain boundaries.
Regarding the difference between the previous work and the current one on L-PBF Ni20Cr, a
higher slope (twice as superior) was previously obtained for vertically built specimens
compared to the current one, as shown in Figure 65. However, given the scattering and the fact
that only two configurations were built vertically with a rotation angle of 67°, additional
experiments should be carried out to confirm the trends.

When it comes to ductility, the elongation at ultimate tensile stress A shows that even
though vertical specimen are overall more ductile compared to horizontal specimen, the values
remain pretty similar. However, the fracture strain &, results sheds light on the fact that the
V6067 exhibited a more intense local plastic deformation compared to all the other
configurations with 85%, against a range of 60-65% for other specimens.

Finally, Figure 66 enforces the assumption that the building orientation is the most
influential parameters, as the most notable differences in strain hardening behavior are between
horizontal and vertical specimens. Compared to horizontal ones, vertical specimens present
higher values in terms of strain hardening exponent ny, with a range of 0.16-0.19 against
0.22-0.25. The difference is less noticeable for the strength coefficient k,;, except for a VED of
60 J/mm?3 where H6067 specimens are more resistant than V6067 specimens by up to 100 MPa.
Except the previous point, the VED and the rotation angle display minimal influence on the
strain hardening parameters. Qualitative observations from Figure 64a indicating a different
strain hardening behavior for cast & wrought specimens are confirmed in Table 13, with very
different values for both the strain hardening exponent ny and the strength coefficient k.



In both cases, values resulting from conventional manufacturing are two to three times higher
than the ones from L-PBF manufacturing.
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I1l. Conclusion

This chapter investigated the initial physical and microstructural properties of as-built
Ni20Cr L-PBF specimens, as well as their tensile properties. A comparison with annealed cast
& wrought specimens was also presented to discuss the differences between AM and
conventional processes. The following conclusions were drawn:

e The resulting microstructure is highly dependent on the manufacturing parameters, for
both the planes parallel and perpendicular to the building direction.

e The building orientation mainly influences the texture, with a more pronounced texture
for vertical specimens compared to the horizontal ones. The rotation angle affects the
grain morphology: an angle of 90° produces a more unidirectional and organized
microstructure, while one of 67° tends to limit the influence of any preferential
orientation. The VED has an impact on both aspects, with bigger grains elongated along
the building direction and a higher crystallographic texture with an increasing VED.

e The tensile properties are overall mainly influenced by the building orientation, with
still slight differences depending on the rotation angle or the VED.

e Horizontal specimens generally present higher Young’s modulus, yield stress and
ultimate tensile stress values, while vertical specimen are more ductile. The strain
hardening behavior between both orientations is also different, with higher strain
hardening exponents for vertical specimens compared to their horizontal counterparts.
This could hint at different plastic deformation mechanisms occurring at the crack tip
during fracture testing.

e It was demonstrated that the yield stress could be correlated to the dendrite arm spacing
for a giving building orientation, but more investigation is yet to be made to confirm the
trends discussed in this chapter.



CHAPTER 4:
Relationship between fracture
behavior & microstructure

This fourth chapter presents the results obtained regarding the fracture behavior of the
L-PBF Ni20Cr alloy, and which were published (for the most part) in the journal of Engineering
Fracture Mechanics [182]. Test data, fractographic observations, profilometry analysis, and
post-mortem microstructure are discussed. The influence of the manufacturing process on the

trends noted is analyzed.
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|. Fracture behavior

The results from the fracture tests are shown in the following figures, with again a focus
on one manufacturing parameter at a time: the building orientation (horizontal or vertical), the
rotation angle (67° or 90°), and the VED (60 J/mm?3 or 90 J/mm?3). To limit the number of plots
discussed, only the crack extension versus time and the resistance curves are presented. The
load-displacement and stress-strain curves for all the manufacturing configurations are
presented in Appendix C. For each configuration presented, at least five specimens were
considered. The continuous lines are the experimental curves, and the dotted lines the mean

curves calculated from them.

I.1. Influence of the building orientation

Figure 67 presents the results for the sets of parameters with two different building
orientations: A VED of 90 J/Jmm? with a rotation angle of 67° (Figure 67a and b), a VED of 90
Jimm? with an angle of 90° (Figure 67c and d), and a VED of 60 JJ/mm?® with an angle of 67°
(Figure 67e and f).

At a given displacement rate (1 mm/min), the crack extension occurs at the same speed
regardless of the building direction for both (90 J/mm?3-67°) and (60 J/mm?3-67°) configurations,
as shown in Figure 67a and e. Only the (90 J/Jmm?®-90°) configuration displays a significant
speed gap, with H9090 specimens subjected to much faster crack propagation than V9090

specimens.

Despite the similar crack propagation rate for two out of three manufacturing conditions,
all resistance curves exhibit an overall better resistance to crack propagation for vertically built
specimens compared to horizontally built ones: more energy is hence needed to propagate the
crack at the same speed for (90 J/mm3-67°) and (60 J/mm?3-67°) configurations. The
(90 J/mm3-90°) set displays a significant gap between horizontal and vertical specimens
(Figure 67d). Less difference is noted for the two other sets of parameters, nevertheless
specimens built at a VED of 60 J/mm? still present a wider gap than the ones with a VED of 90
JImm?3. The manufacturing conditions can be classified from the most to the least impacted by
the building orientation as follows: (90 J/mm3-90°), (90 J/mm?3-67°), and (60 J/mm3-67°).
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Figure 67: Influence of the building orientation (horizontal and vertical) on the fracture behavior
(crack extension versus time, and resistance curve)
(a, b) VED = 90 J/mm® and Angle = 67° (c, d) VED = 90 J/mm® and Angle = 90°
(e, f) VED = 60 JJ/mm?® and Angle = 67°

1.2. Influence of the rotation angle

The influence of the rotation angle is observed for both horizontal specimens

(Figure 68a and b) and vertical specimens (Figure 68c and d) at a VED of 90 J/mm3.

For both building orientations, the rotation angle has a notable effect on both the crack

propagation speed and the overall resistance of the specimens. However, the trends obtained

for each building orientation are opposing each other: for horizontal specimens, a rotation angle

of 90° increases the crack propagation speed (Figure 68a) and hence decreases the resistance to

crack propagation of H9090 specimens compared to H9067 specimens (Figure 68b). On the

contrary, V9090 propagates the crack slower than V9067 (Figure 68c), which increases its

overall resistance (Figure 68d).
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1.3. Influence of the VED

Figure 69a, b and c, d exhibit the effect of the VED for a given rotation angle (67°) and
building orientation.

Figure 69a and ¢ show that regardless of the building orientation, the crack propagation
rate is similar at both 90 J/mm? and 60 J/mm?, though a slight increase of the mean curve is
noted for a VED of 60 J/mm?3. The difference between the two VEDs is more noticeable on the
resistance curves, with a wider gap for vertically built specimens compared to horizontally built
ones. In both cases, a VED of 60 JJ/mm?®improves the resistance to crack propagation compared
to a VED of 90 J/mm3,
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Figure 69: Influence of the VED (60 and 90 J/mm?®) on the fracture behavior
(crack extension versus time, and resistance curve)
(a, b) Angle = 67° and horizontal orientation (c, d) Angle = 67° and vertical orientation

1.4. Comparison with cast & wrought material

A comparison between L-PBF and cast & wrought specimens is done in
Figure 70a and b. For the sake of simplicity, only the mean curves of the L-PBF specimens are

displayed.

Cast & wrought specimens exhibit a tremendously better resistance to crack propagation
than L-PBF specimens, with a much slower and smaller crack propagation as shown in
Figure 70a, as well as an overall resistance far above the other configurations (Figure 70b),

especially regarding the tearing modulus.
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(a) Crack extension versus Time (b) Resistance curves
(Only the mean curves are represented for L-PBF specimens)

1.5. Discussion

Table 14 and Figure 71 present the fracture properties obtained for all the manufacturing

configurations: the fracture toughness J;., the slope % of the second phase of the resistance

curve, and the tearing modulus T calculated from it.

Table 14: Fracture properties for all the manufacturing configurations

HO067 V9067  H9090 | V9090  H6067 V6067 = C&W

315 334 252 437 402 476 503

Jic (kd/m2)

(+32) (458) (+51) (+45) (+48) (+68) (+77)

Y \pa) 167 259 152 364 199 262 810
da (+12) (+81) (+36) (+39) (+20) (+43)  (£147)
ro 120 221 126 361 130 259 5411
(+9) (+69) (+29) (+39) (+13) (+43)  (+986)

Regarding the fracture toughness, the building orientation alone is not the main factor

resulting in the biggest discrepancies between the different sets of parameters, as shown in

Figure 71a. Though a vertical building orientation results in overall better resistance to both

crack initiation and propagation compared to a horizontal one, the amplitude of the gap between

them is highly dependent on the rotation angle considered. For a VED of 90 J/mm?, an angle of



90° compared to one of 67° tends to increase the fracture toughness for a vertical orientation
(334 to 437 kJ/m?) whereas it degrades it for a horizontal one (315 to 252 kJ/m?), as shown in
Figure 71a and b. On the other hand, an angle of 67° induces smaller changes at a VED of
60 J/mm?3 between H6067 (402 kJ/m2) and V6067 (476 kJ/m2) configurations, while very little
difference is observed at a VED of 90 J/mm?® between H9067 (315 kJ/m2) and V9067
(334 kJ/m2) specimens.
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Figure 71: Fracture properties for all manufacturing configurations
(a) Fracture toughness (b) Tearing modulus

The influence of the building orientation on the tearing modulus is more noticeable, with
values two to three times higher for vertical specimens compared to horizontal ones, regardless
of the VED or rotation angle considered (Figure 71b). The gap is again wider between
specimens manufactured with an angle of 90° (H9090 and V9090). Little difference is noted
between the two rotation angles for horizontal specimens (H9067 and H9090), while an increase
of 60% was noted for an angle of 90° (V9090) rather than 67° (\V9067) for the vertical ones.
Contrary to the fracture toughness, both 60 J/mm? and 90 J/mm? VEDs result in similar tearing

modulus values.

To get a better understanding of the reasons behind the differences between the
manufacturing conditions (ductility, strength, microstructure size, morphology, texture...) a
post-mortem microstructural analysis and fractographic observations are presented in the next
section.



II. Post-mortem fractographic observations

I1.1. Fractographic observations

Post-mortem fractographic observations (optical microscope and SEM) of all the

manufacturing conditions are shown below in Figure 72.

HORIZONTAL VERTICAL

grains o meltpools  grains

I < -

BD m—

dimples

secondary > Back-scattered

Cracks electrons

Figure 72: Fractographic observations (optical microscope, SEM) of the different configurations
(@) H9067 (b) V9067 (c) H9090 (d) V9090 (e) H6067 (f) C&W (g) V6067
(Examples of dimples and secondary cracks are pointed out by the white arrows)



L-PBF specimens all experience ductile fracture, with dimple sizes (indicated by white
arrows in Figure 72) of the same order of magnitude as the grain sizes for the same observation
plane: XZ plane for horizontal specimens, and XY for vertical ones. This suggests a possible
influence from grain boundaries during crack propagation. No particle was observed inside the
dimples, likely because they systematically fell off before observations were performed.
However the dimples aspect seems to be associated with a transgranular void growth and
coalescence type of fracture. All vertical specimens (V9067, V9090, and V6067) display
dimples similar in size and morphology. Other fracture mechanisms were observed, but due to

the lack of relevance in the discussion, they are presented in Appendix D.

Cast & wrought specimens on the other hand exhibit very different fracture surfaces.
Very small dimples are present, with the presence of microparticles with a diameter of
approximately 10 um characterized with backscattered electrons (Figure 72f). In this case,
mostly intergranular void nucleation is observed. A substantial number of secondary cracks in
the plane perpendicular to the crack propagation plane are also noted, while none is found for
L-PBF specimens. These secondary cracks may act as one of the main causes for the overall
better fracture behavior of cast & wrought specimens, as propagating multiple cracks instead
of a single one requires a lot more energy and hence slows down crack propagation.

11.2. Crack path and surface profilometry

Test standards for crack propagation [113,114] usually require a plane strain state at the
core of the specimen, where the crack length is typically estimated post-mortem. However, the
crack monitoring method used in this study relies on the specimen’s outer surface observation,
which is subjected to a plane stress state. Hence it is of utmost interest to characterize the out-
of-plane plastic deformation with respect to the crack length. To do so, a profilometry study is
conducted on the outer fracture surfaces of the broken specimens to assess the plastic
deformation occurring near the crack tip, as shown in Figure 73. All crack paths identified
during crack monitoring are also plotted in Figure 74, with images of the outer surfaces

associated with each manufacturing condition.

Figure 73a shows the profiles along the compression zone, while Figure 73b displays

the profile along the tension zone. Profile analyses are done on both outer surfaces of the



specimens (painted and not painted), but as few differences are noted, only one profile is shown
for each configuration. Significant plastic deformation is observed for all specimens in the
compression zone, with no remarkable differences between them, except cast & wrought
specimens which exhibit prominent plastic deformation. These observations are in good
agreement with both the microhardness and tensile properties estimated previously. For the
profiles of the L-PBF specimens in the tension zone, only V9090 specimens undergo significant
plastic deformation, whereas barely any is visible for other printing configurations. The height
and width of the plastic zone are also really close to cast & wrought specimens, which is the

only other configuration displaying important plastic deformation in the tension zone.

Compression

Tension

(a) (b)

800 —— _—  — 300 _—  —
= 700 —_
3 = 200
2600 = 100
b o
£ 500 g o0
S ©
@ 400 B -100
o ©
% 300 @ -200
8 200 '—;_ -300
s ut
9 100 © -400
k-~ -
3 S
o o S -500

-100 -600

-4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000
Surface distance (um) Surface distance (um)

- C&W H9067 —V9067 —HS9090 — V9090 H6067 —V6067

Figure 73: Post-mortem profilometry study on the specimen’s outer surface for all configurations

(a) Local plastic deformation in compression area (b) Local plastic deformation in tension area
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More generally, not much difference can be observed between all the other sets of
parameters for L-PBF specimens. This highlights that for the V9090 manufacturing strategy,
the crack tip is associated with a greater plastic deformation compared to the others. Thus, more
energy is dissipated for plastic deformation compared to crack propagation, leading to higher
crack propagation resistance for V9090 specimens. This hypothesis is supported by the tearing
modulus values obtained in Table 14. However, the same result would be expected for V6067,
which displayed both the highest fracture strain, and tearing modulus. Yet, no explanation can

be provided as for now on this matter, and this point remains to be investigated.

More tortuous crack paths are observed for the V9090 as well (Figure 74b), supporting
the fact that the energy required to grow the crack is more significant. Overall, vertical
specimens exhibit more tortuous paths. In contrast, horizontal specimens follow a more linear
crack path, especially H9090 specimens as shown in Figure 74b, suggesting that less
mechanical energy is needed to propagate. This is in good agreement with the fracture
properties observed in Figure 70, Figure 71 and Table 14.

11.3. Discussion on the crack initiation (heat tint)

In this study, it is a known fact that the crack estimated at the surface is late compared
to the one occurring at the core of the specimens. An attempt to assess the amplitude of the
difference in crack initiation has been conducted. However, only one specimen is investigated
for this matter, due to the lack of specimens available for all manufacturing configurations. The

specimen considered belongs to the V9090 configuration.

Figure 75a and b show the moment where the three-point bending is stopped after the
visual identification of crack initiation at the surface. After a heat treatment of 4h at 550°C to
oxidize the crack front, the specimen is completely broken in fatigue, and fractographic analysis
is conducted and shown in Figure 75c.

From the fractographic analysis, the crack front at the core seems already advanced
compared to the initiation noted at the surface. However, the time difference between what is
observed at the surface and what is happening at the core may be reasonable.



This observation was already made by [129] using an acoustic device, where the crack initiation

at the surface coincided with the initiation detected.
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Figure 75: Heat tint performed on one specimen
(a) Specimen appearance at test stop (b) Load-displacement curve associated to the specimen
(c) Fractographic observation of the heat tint

This study only serves a comparative purpose between the different configurations,
hence the approximate crack initiation detection is considered sufficient. Nevertheless, it is
important to note that to serve as any design basis, the accuracy of the crack initiation detection

methods should be further worked on for the current alloy considered.



I1l. Post-mortem microstructure

To understand what is governing the crack path at the microscale, SEM observations
and EBSD analyses were performed post-mortem on the XZ plane for the three scales of
interest: macro/mesoscale (meltpools), meso/microscale (grains), and sub-micro/nanoscale

(dendrites and nano-oxides). The results are discussed below.

I11.1. Influence of the macro/mesoscale (meltpools)

Figure 76 exhibits SEM images of the meltpools (highlighted in white), and their

position with respect to the crack path for each manufacturing condition.

Figure 76: Observation of the meltpools influence on the crack propagation for the different
manufacturing configurations (meltpools are highlighted in white)



Regardless of the manufacturing parameters considered, the interfaces between the
meltpools do not influence the crack path. Therefore, in the context of this study, these

interfaces are not considered as ‘weak bonds’ that could influence the crack propagation.

I11.2. Influence of the meso/microscale (grains)

Figure 77, Figure 78 and Figure 79 offer a comparison of the post-mortem IPF maps for

the two building orientations (horizontal or vertical), but fixed VED and rotation angle.

Figure 77: Post-mortem IPF maps at the crack tip at low and high magnifications
(VED =90 J/mm? and rotation angle of 67°)
(a, b) Horizontal orientation (c, d) Vertical orientation

All IPF images reveal a competition between intergranular and transgranular fracture
modes no matter the configuration observed, as indicated by the arrows denoted ‘inter’ and
‘intra’ respectively. This mixed fracture mechanism was already mentioned in the literature by
numerous studies on L-PBF alloys [128,130,131]. For horizontal specimens fabricated with a
VED of 90 J/mm? (Figure 77a, b and Figure 78a, b), the propagation is primarily intergranular



and partially transgranular. The crack path seems to follow the grain boundaries oriented
parallel to the propagation direction, due to a pronounced morphological texture. In Figure 77b,
the crack crosses the green and blue grains, before the path seems to realign with the grain
boundaries. For vertical specimens observed in Figure 77c, d and Figure 78c, d, mainly
transgranular fracture is observed, with the crack going through the grains regardless of the
crystallographic orientation. The difference between specimens with a VED of 60 J/mm? is
much less visible as the grains are not as elongated along the building direction, erasing the

influence of the grain’s morphology on the crack path. The grains being smaller, it is also harder

to identify the principal fracture mode.
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Figure 78: Post-mortem IPF maps at the crack tip at low and high magnifications
(VED =90 J/mm?®and rotation angle of 90°)
(a, b) Horizontal orientation (c, d) Vertical orientation

As shown by both Figure 77 and Figure 78, as well as the fracture properties in
Table 14, the rotation angle emphasizes the role played by grain boundaries in the case of 90°
compared to 67°. Indeed, a higher proportion of grain boundaries aligned along the crack
propagation direction is denoted for H9090, and less for V9090, compared to H9067 and
V9067, respectively. Hence the propagation is harder for vertical specimens, resulting in higher



fracture toughness and tearing modulus compared to horizontal specimens. Overall, for a VED
of 90 J/mm?3 the morphological texture appears to hold a key role in the deviation of the crack
path when intergranular fracture occurs, as opposed to the crystallographic texture which is less
influential.

Figure 79: Post-mortem IPF maps at the crack tip at low and high magnifications
(VED = 60mm?and rotation angle of 67°)
(a, b) Horizontal orientation (c, d) Vertical orientation

On the other hand, differences between horizontal and vertical specimens produced with
a VED of 60 J/mm?® could hardly be explained thanks to post-mortem microstructure, due to the
very few differences noted between the two. The only notable difference between the two
manufacturing configurations is the tensile properties discussed in Chapter 3. Indeed V6067
specimens exhibit a much higher ductility, both globally with the elongation A, and locally with

the fracture strain &¢, than H6067 specimens.

Both H6067 and V6067 specimens (Figure 79) exhibit much more grain boundaries than
H9067 and V9067 specimens (Figure 78), which means more interfaces to cross when a



transgranular fracture occurs, and hence more energy needed to propagate the crack. Therefore
this point may explain why better fracture properties are obtained for specimens fabricated at
60 J/mm?3 compared to 90 J/mm?,

I11.3. Influence of the sub-micro/nanoscale (dendrites/nano-oxides)

Higher magnification images of the crack tip are displayed in Figure 80 to investigate
the possible effect of the interdendritic regions and nano-oxides, as they are known to be
influential to the fracture behavior [137] and might govern the crack propagation for
transgranular fracture. Different behaviors were observed at the dendritic scale, and only some
illustrative examples are presented in Figure 80. A more exhaustive overview is given in

Appendix D.

Crack propagation along the dendritic arm spacings (Figure 80e, and h) or straight
through it (Figure 80d) is commonly observed. As shown in Figure 80h, the cracks can also
propagate between two different dendrite colonies, or within the same colony indifferently.
Occasional debonding between dendrites far from the crack path can also be observed. Only
observations carried out on V9067 and H9090 specimens highlight shear bands, as observed in
Figure 80d, between two nucleation zones or near the crack path. However, further
investigations are necessary to know whether this phenomenon is specific to these
manufacturing configurations or not. These analyses suggest that nano-oxides located in the
interdendritic spaces could contribute to the crack propagation. The debonding at the
oxide/matrix interfaces has already been discussed in other studies to point out their influence
on fracture properties [128], especially nano-oxides for L-PBF Ni-based alloys [137]. In the
present case, further investigation on the size and proportion of these nano-oxides should be

done to confirm how it affects the fracture behavior of each printing configuration.

As for now, no significant differences between the different configurations is noted on

this aspect.



Figure 80: SEM observations at the crack tip for all the manufacturing configurations
(a, b) H9067 (c, d) V9067 (e, f) H9090 (g, h) V9090 (i, j) H6067 (k) V6067



I11.4. Comparison with cast & wrought material

Figure 81 presents the post-mortem IPF maps for cast & wrought specimens.

Figure 81: Post-mortem IPF maps at the crack tip at low and high magnifications
(Cast & wrought specimens)

IPF images reveal that mainly intergranular fracture is occurring for cast & wrought
specimens, with significant plastic deformation at the crack tip visible with the nuanced colors
of the grains. The crack path appears tortuous, with secondary cracks along the way. These
observations support the statement that the crack propagation appears harder for cast & wrought
specimens, with a lot of energy dissipated by the plastic deformation and the propagation of
secondary cracks. The presence of precipitates is also clearly visible everywhere on the

specimen.



V. Conclusion

In summary, the present section sheds light on the influence of the processing
parameters on the fracture behavior of L-PBF Ni20Cr. The following conclusions were
highlighted:

e As observed for the tensile behavior, the building orientation also holds an important
role in the fracture behavior, however the amplitude of the gap between vertical and

horizontal specimens is also highly dependent on the rotation angle and the VED.

e Specimens are dense enough for pores not to be detrimental to crack propagation, and

the meltpool boundaries do not seem to affect the crack path either.

e In contrast, results indicate that grain orientation, size, and morphology are the most
influential parameters on the fracture behavior for higher VEDs (elongated grains),
while the tensile properties and especially the specimen’s ductility have the most impact

for lower VEDs (smaller grains).

e Crystallographic texture and nano-oxides display a more secondary impact on the

fracture behavior, which should be further analyzed.

e The observations enabled to classify the impact of the different scales investigated on
the fracture behavior of L-PBF Ni20Cr alloy, with the fracture properties being mainly

governed by the meso/microscale and submicro/nanoscale.



CHAPTER 5:

Complementary experiments on the
Influence of the loading rate and the
specimen size on the fracture
behavior

This fifth chapter briefly presents the initial observations from both the impact and the
microbending tests, carried out to characterize the fracture behaviors for respectively a dynamic
loading, and miniaturized specimens. These investigations are still ongoing, and the results
currently under discussion. Additionally, prospects regarding the remaining work are also
discussed.
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I. Impact tests

Fracture tests performed under a quasi-static loading highlighted the role of the plastic
deformation on the fracture behavior of L-PBF Ni20Cr, with greater plastic deformation being
associated with better fracture properties as observed with V9090 specimens. Considering the
time-dependent behavior of the Ni20Cr, which presents a dependency to the loading rate,
dynamic tests are conducted to investigate the influence of the loading rate behavior on the
specimens. To do so, impact tests were performed using an instrumented Charpy pendulum.
The objective is to observe whether a dynamic loading reduces the plastic deformation
occurring, and hence alter the fracture behavior of the specimens. More generally, impact tests
are often considered for materials used in the military and defense field to understand how to
elaborate protective equipment [183-185], as well as space exploration [184] and aircraft
turbines [186,187]. Among them, Charpy tests are often considered for they are simple and
quick to perform.

This study has been initiated during the latter part of the PhD, and therefore could not
be properly completed yet. Still, the preliminary results obtained so far are deemed relevant to
discuss, and are presented below. Due to specimen’s availability as well as a lack of time, only
three L-PBF configurations were tested: H9067, V9067, and VV9090.

1.1. Preliminary results

Figure 82 presents the smoothed load-displacement curves resulting from the impact
tests for all the manufacturing conditions considered. In order to ensure a reliable comparison
between dynamic and quasi-static tests, the specimens considered have the same geometry as
their counterparts for quasi-static tests. They were also pre-cracked in fatigue using the same
method, and subjected to three-point bending loading.

The tests appear more or less reproducible depending on the manufacturing
configurations considered: H9067 (Figure 82a) and V9067 specimens (Figure 82b) display
reproducible results, while V9090 specimens (Figure 82c¢) show significant scattering. The
values for the fracture energy at initiation (KV;), during propagation (KV,), and in total (KV)

are reported in Table 15.
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Figure 82: Load-displacement curves from the impact tests for all manufacturing conditions
(a) H9067 (b) VI067 (c) V9090 (d) Superposition of all configurations

Table 15: Fracture energies determined from the impact test load-displacement curves
for all manufacturing conditions

2 6 ! °

) 11 11 9
KV, (J/cm?) (+2) (+1) (£3)

) 17 18 14
KV (J/lcm?) (+2) (+2) (+5)

Not much difference is noted in Table 15 regarding the energy required for crack
initiation. Mean values of total fracture energy KV indicate that the V9067 and H9067
configurations result in the most resistant specimens, while the V9090 configuration is the
weakest. However, given the scattering for V9090 specimens, more specimens need to be tested
in order to ensure reliable results. Indeed, the dynamic nature of the loading makes impact tests



more sensitive to minor variations, imperfections, or even any inhomogeneity within the

specimen, and hence implies a stronger statistical approach.
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Table 16: Estimation of the dynamic fracture toughness values J 4 for all the configurations

H9067 V9067 V9090
%8 113 84
Ja (kI/mm?) (+19) (+20) (+13)

The dynamic J-R curves calculated using the method described in [130,188] are shown
in Figure 84. The construction line and 0.2 mm offset lines determined from the quasi-static
curves are also plotted, to serve as first criteria to assess the dynamic fracture toughness values
Ja4- NO “blunting line” could be identified directly from the dynamic curves, as the initial phase
of the test is not linear. It is important to note that the suitable method and criteria to determine
meaningful dynamic fracture toughness and tearing modulus values from impact tests have yet
to be investigated thoroughly. Still, a first estimation of the dynamic fracture toughness values
J4 using the quasi-static blunting lines is reported in Table 16.

Using the same method as for quasi-static tests, dynamic fracture toughness values
present the same trend as discussed previously: V9090 specimens appear as the weakest, while
H9067 and V9067 specimens display a better resistance to crack initiation. Still taking these
first observations cautiously, these results could be due to the impact test allowing less energy
to be dissipated by plastic deformation, which was observed for V9090 quasi-static specimens.
Hence the results tend towards a more brittle behavior, which is consistent with the influence
of higher loading rates. The dynamic fracture toughness values are also all much lower than the
ones calculated for quasi-static tests.

1.2. Discussion and perspectives

In summary, results drawn from the preliminary results remain debatable, hence it is
still too early to make any conclusion on the observations from the impact tests. However,
several points can be discussed, opening perspectives for what remains to be done:

e Additional specimens should be tested to improve the statistical approach and bring
more reliable conclusions, as the reproducibility of the results can be questioned.

e The most relevant method to compute the dynamic fracture toughness and the tearing
modulus should be investigated, as many key points differ from the quasi-static test.



Fractographic and profilometry analyses should be conducted to identify if the fracture
mechanisms are impacted by the loading rate, as well as if the plastic deformation at the
surface is the same as the one observed during the quasi-static tests (especially for
V9090 specimens).

It would be interesting to carry out SEM and EBSD observations on the specimens to
have a better idea of the crack path, and identify the microstructural interfaces
responsible for the fracture behavior.

Only three configurations have been tested so far in this work: H9067, V9067, and
V9090. It would be of the utmost interest to investigate all the remaining manufacturing
conditions already discussed during the quasi-static tests, including cast & wrought
specimens.



II. Microbending tests

Considering the role of the microstructural interfaces highlighted in Chapter 4
(especially the grain boundaries and the oxides/matrix interface) on the fracture behavior of the
L-PBF Ni20Cr alloy, microbending specimens were considered to investigate the influence of
these interfaces at smaller scales (micro to sub-micro). However, this study also served another
purpose: investigating the fracture behavior of miniaturized specimens. Macro-scale test
standards are generally not suitable to study small-scale fracture mechanisms, like in micro-
electro-mechanical systems (MEMS), hence miniaturized fracture toughness specimens are
also exponentially studied in the literature [189-194]. In addition, the influence of the size
effect, which is the dependency of a material’s property on the measurement scale, is also a key
topic in the scientific community. Studies on conventional brittle to semi-brittle alloys have
been carried out to assess the influence of the specimen’s dimensions on fracture toughness
[194,194-196], but when considering ductile alloys, research on the matter becomes more
scarce [197]. Therefore, a small part of this PhD has been dedicated to investigating the fracture
behavior of L-PBF Ni20Cr miniaturized specimens.

The tests discussed in this section have been mainly performed and post-treated in
collaboration with a research engineer from the GPM laboratory, Ronan HENRY, to whom
most of the credit of this section goes. Contrary to the macroscopic tests presented in Chapter
4, the test standard considered in this work is ASTM E1820 [114], as this was the reference
standard in the literature regarding microbending studies [193,194,198,199].

I1.1. Preliminary results

The initial objective of the microbending tests was to assess the individual influence of
the several microstructural interfaces spread at the different scales and understand which ones
are the most critical to the fracture behavior of the L-PBF Ni20Cr alloy. Figure 85 illustrates
the three main interfaces of interest: the meltpool boundaries, the grain boundaries, and the
dendrite walls where the nano-oxides are located. Meltpools were previously demonstrated as
not very influential to the fracture behavior, and hence were not the focus of the work presented
here.

In order to investigate the influence of the microstructural features on the crack
propagation, bending tests have been conducted on micro-cantilever specimens in addition to
the three-point bending macro-specimens discussed previously in Chapter 4. In total, three



configurations were tested as illustrated in Figure 86: macroscale in red (Figure 86a and b),
mesoscale in blue (Figure 86¢ and d), and microscale in yellow (Figure 86e and f). In this case,
only one manufacturing configuration was considered: H9067. This choice was oriented by the
fact that the notch was directly parallel to the grain boundaries, which is ideal to assess the
influence of this interface.
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Figure 85: Illustration of the three main interfaces for crack propagation

Figure 86: : lllustration of the three scales of interest (before and after bending)
(a, b) Macroscale (c, d) Mesoscale (e, f) Microscale

The main challenge of analyzing the role of each interface was locating the position of
the initial notch with respect to the microstructure. The position of the notch was assessed post-
machining by performing EBSD analyses, however many difficulties were faced to obtain good
quality EBSD maps, as the precision over machining at such small scales is limited. Moreover,



Figure 87 indicates that the position of the notch is often debatable: the side view in Figure 87a

displays a notch located at a grain boundary, whereas the top view in Figure 87b shows that the
notch actually crosses several grains.
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Figure 87: EBSD maps for one meso-specimen, showing the placement of the initial notch
(a) Side view (XZ plane) (b) Top view (XY plane)

The first post-mortem observations performed on meso and micro-specimens revealed
that no matter the position of the notch with respect to the microstructure, no clear crack
propagation occurs, and only ductile tearing is observed as shown by the example provided in

Figure 88a. In addition, significant plastic deformation is noted at the crack tip as reported in
Figure 88b and c.
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Figure 88: Ductile tearing observed post-mortem for a meso-specimen
(a) SEM image of the crack tip (ductile tearing pointed by the black arrow, and slip bands pointed by
the white arrows) (b) EBSD map at the crack tip (c) Kernel Average Misorientation (KAM)
image at the crack tip



Given the difficulties to identify the position of the notch and get actual crack
propagation to identify a preferential path for both the meso and micro-specimens, another
approach was considered to compare the three configurations: analyzing the specimens
behavior and the different scales from a mechanical standpoint.
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Figure 89: Normalized load-displacement curves for the three scales considered

Figure 89 shows the normalized load-displacement curves, as the sizes of the specimens
considerably varies between the three scales. The behaviors between the meso and micro-
specimens are pretty similar, while a drop in load is observed only for macro-specimens. The
compliance plotted in Figure 90 follows the same trend, with an increase visible only for macro-
specimens, while meso and micro-specimens display no variation. However, it is important to
remind that the compliance of the macro-specimens has not been assessed experimentally due
to the absence of unloadings, and has been computed empirically using formulas provided by
the test standard ASTM E1820 [114]. Therefore, the comparison here is relevant, but still
debatable.

Due to the absence of compliance evolution, measuring the crack extension using the
compliance method is not possible for meso and micro-specimens. Instead, the same procedure
as for macroscale three-point bending tests is implemented: monitoring the crack evolution
(crack tearing) from the surface, using in-situ SEM images. However, it is important to note



that this method lacks precision due to the limited quality of the resolution and the small size

of the specimens.
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Figure 90: Compliance evolution for the three scales considered

Using ASTM E1820 [114] method, resistance curves were plotted for both meso and
micro-specimens and are displayed in Figure 91. However, these curves also exhibit no change
in trend to identify a fracture toughness value. Hence, another method is considered to identify
a J-integral value at initiation: taking the J-integral value corresponding to the maximum load
[200]. This J-integral value at initiation is noted J;,;. In the case of macro-specimens, the
resulting values are not far from the ones determined using the slope change method [182]. The
values obtained for J;,,; using this method are reported in Table 17.

Table 17: Fracture toughness values determined for the three scales considered

Macroscale Mesoscale Microscale

Specimen 1 2 3 4 5 1 2 3 4 5 1 2 3 4

Jini (KJ/mM2) | 310 | 302 | 294 | 310 | 256 | 2.19 | 1.25 | 1.75 | 2.20 | 2.47 | 0.24 | 0.14 | 0.27 | 0.50

The values computed show a significant size effect on the fracture properties, as the
fracture toughness values evaluated drastically vary for each scale considered: a fracture



toughness of approximately 295 kJ/m2 is obtained at the macroscale, against 2 kJ/m? at the
mesoscale and 0.2 kJ/m? at the microscale. The low values for the meso and micro scales are
not representative of the physical phenomena occurring, as the crack is actually very difficult
to initiate at these smaller scales.
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Figure 91: Resistance curves obtained for meso and micro specimens

In order to validate the usual method used to determine the J-integral value at initiation
[114], the criterion given by equation (39) is used. This criterion ensures that the dimensions
of the specimen considered are big enough to result in a plane strain state at the core of the
specimen.

(W —ay;B)> C ]lﬂ (39)
Oy

In this equation, W is the specimen width, a, the initial crack length, and B the thickness. oy
is the flow stress, taken as the mean value between the yield stress gy and the ultimate tensile
stress oy, and C is a coefficient which varies from 10 to 50 in the literature. In ASTM E1820
[114], itis set at 10.



In the present study, it is a well-known fact that this criterion is far from being validated,
especially considering the small dimensions of the specimens and the high ductility of Ni20Cr.
The focus of this work lies in comparing the influence of different specimen sizes. The literature
indicates that to obtain reliable fracture toughness values, C should be set at 10. This value is
related to the size of the Irwin plastic zone, and ensures that the plastic zone is sufficiently
smaller than the specimen’s size. The specimens from the macro, meso and micro scales
considered in this work are associated with mean C values of respectively 0.003, 0.03 and 8.
Except for the macro-specimens, which approach the criterion of 10, the values are significantly
below the standard. Nonetheless, this provides an opportunity to investigate the relationship
between the coefficient C and the specimen’s size. As proposed by [201], C is plotted against
the ], values in Figure 92. Results indicate that a dependence of the J, . on the parameter C
may exist, which means that the dissipated energy is a function of the specimen dimensions.
For smaller specimens (lower C values), less energy is dissipated, and as a result lower J, .
values are determined. However, these values are not representative of the reality of the
specimen, as the crack is actually not easier to initiate or propagate and is subjected to tearing
and significant plastic deformation. Therefore, this reasoning cannot be applied to describe the
physical phenomenon occurring.
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Figure 92: J;,,; value as a function of the C coefficient
(The macroscopic J;,; value is given as a reference in red)



Instead, the interest of this process is shifted to see if a coherent J. . value could still be

ini
extracted from the meso and micro scales results. Figure 92 displays a trend that could allow
the determination of a threshold value to take for C, equals here to 4.4. This could mean that
for a set value of C, the determination of the fracture toughness may be done by plotting J, . as

a function of C.

However, many points set back the discussion on this hypothesis, the first one being that
nothing assures that the trend is linear here, as not enough data has been obtained so far. The
reference value taken may not be correct as well, knowing it has been stated that the specimen’s
dimensions do not comply with the significantly larger dimensions recommended by the
standards. Additionally, it is important to note the difference in geometry between macroscopic
(three-point bending) and meso/microscopic (microcantilever) specimens, which may lead to
significant differences in behavior. In particular, it is known that there is a much higher
deformation gradient along the height of the specimen at both the meso and micro scales due to
the size reduction. This gradient can greatly impact mechanical properties like the yield stress
of the material due to the higher dislocation density induced. Finally, the method used in this
study implies successive unloadings, which may induce phenomena like irreversible evolution
of dislocation pile-ups and result in a bias during the crack propagation test [202,203]. A lot of
aspects hence remain to be investigated in order to validate the trend observed.

11.2. Discussion and perspectives

In this section, an attempt to investigate the influence of the different interfaces on the
fracture behavior of the L-PBF Ni20Cr alloy was presented. However, this initial objective was
hindered by two main issues: the difficulties to locate the position of the notch with respect to
the microstructure, and most importantly the significant plastic deformation that prevented any
actual crack propagation. However, this work opened up the discussion on the size effects on
the fracture properties of L-PBF Ni20Cr, and the possibility to determine valid fracture
toughness values from small-scale specimens. The discussion has yet to be continued, however
the following points may serve as prospects to investigate:

e Working on similar geometries at macro and meso/micro scales would be more
representative and allow a better comparison.

e Introducing intermediate specimen sizes between meso and macro-specimens to expand
the database to validate or invalidate the trend observed.



Researching a way to avoid using unloading methods to avoid any bias on the crack

propagation, by means of continuous dynamical testing [204]

Investigating cast & wrought specimens to assess if there is a difference in behavior at
the meso/microscale.



CHAPTER 6:
Conclusions & Perspectives

This PhD aimed at characterizing the influence of three main processing parameters on

the microstructure and fracture behavior of the Ni20Cr L-PBF alloy: the building orientation
(horizontal or vertical), the rotation angle (67° or 90°), and the VED (60 J/mm? or 90 J/mm?).

Another objective was also to compare the behavior of L-PBF specimens with annealed cast &

wrought specimens. Figure 93 presents a graphical overview of the different aspects

investigated in the current work. The main conclusions could be drawn from the results

presented:

Both the initial microstructure and the tensile properties are heavily influenced by all
the processing parameters, as they have a significant impact on the heat dissipation of
the specimens. The building orientation mainly influences the crystallographic texture,
with vertical specimens usually more textured than horizontal ones, while the rotation
angle affects considerably the grain morphology. The VED influences both, with more
elongated grains and higher textures associated with an increasing VED.

As a result of the microstructural features, tensile properties are also impacted, with a
major influence from the building orientation. Vertical specimens usually display lower
Young’s Modulus, yield and ultimate tensile stress values, but improved ductility
compared to horizontal specimens. They also display higher resistance to strain
hardening. The differences between the rotation angles or VEDs are however less
noticeable. A correlation between the yield stress and the inverse of the square root of
the dendritic arm spacing has been identified, with two different trends depending on

the building orientation which remain to be confirmed.

The fracture behavior is also affected by the processing parameters, with overall better
resistance to crack initiation and propagation for vertical specimens compared to
horizontal ones. The discrepancies between both building orientations are increased or

reduced depending on the rotation angle or VED considered.

The post-mortem microstructure analyses revealed that the fracture behavior is

governed by two aspects depending on the VED considered. For a VED of 90 J/mm?,



the microstructure has the most influence, in particular the grain’s size, morphology,
and orientation. Even though a mixed fracture mode between intergranular and
transgranular is observed, one can be promoted more than the other according to the
building orientation. When grains are oriented parallel to the crack propagation direction
(horizontal specimens), more grain boundaries are aligned with the crack path and the
propagation tends to be intergranular. On the contrary, for a perpendicular orientation
(vertical specimens), fewer grain boundaries are aligned with the crack path, and
transgranular propagation is promoted. More energy is dissipated for vertical
specimens, hence improving the specimen’s overall fracture resistance. This
phenomenon is accentuated by the more unidirectional grain distribution resulting from
a rotation angle of 90° compared to one of 67°. On the other hand, at a VED of
60 J/mm?, the microstructure is pretty similar for both building orientations. Therefore,
the gap between the two building orientations is associated with the tensile properties,
especially the difference in ductility. In all cases, the meltpool boundaries and the
crystallographic texture did not play a significant role. The interdendritic arm spacing
on the other hand is considered as a second-order influence on the fracture behavior, but

should be more investigated for any statement to be made.

Cast & wrought and L-PBF specimens were compared in terms of both microstructure
and mechanical properties, and exhibited very different behaviors. Contrary to the
columnar, anisotropic L-PBF microstructure, cast & wrought specimens present
equiaxed grains with twins. The tensile behavior is also different with lower yield stress
values, and a more prominent ductility and strain hardening behavior. As expected, the
fracture behavior also differed drastically, with a much higher resistance to crack
initiation and propagation, and an intergranular fracture mode. Its high ductility and
tendency to form secondary cracks are coherent with its better resistance as more energy
is dissipated during crack propagation. However, the difference in chemical
composition with L-PBF specimens is to be taken with caution when comparison

between specimens is made.
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This study opened up many prospects for future studies, as a lot of aspects remain to be
uncovered regarding the fracture behavior of Ni20Cr L-PBF alloy. A few suggestions are listed
below to pursue this work:

e An investigation of the highest VED resulting in dense specimens, 120 J/mm?, should
be carried out to get a wider panel of results regarding the microstructure and fracture

behavior.

e On asimilar note, as the key parameters improving the fracture resistance are a vertical
building orientation, a 90° angle, and a VED of 60 J/mm?3, it would be interesting to
investigate the fracture properties of this configuration to see if it can improve the
fracture behavior compared to what has been observed so far.

e As conventionally made specimens pose issues in terms of reliable comparison with
L-PBF specimens, it would be relevant to carry out a comparison with fully
recrystallized L-PBF specimens. It would be closer in chemical composition to as-built
L-PBF specimens, while presenting the typical microstructure of conventional Ni20Cr

alloy.

e The studies on both the influence of the loading rate and the size effect on the fracture
behavior are still under discussion, however considering the importance of plastic
deformation and ductility on the fracture behavior, the first results support that both

remain very relevant to pursue.

e Finally, it would be relevant to consider conducting crack propagation simulations on
Zcrack to differentiate the energy required only to propagate the crack, from the energy

dissipated by the plastic deformation occurring around the crack tip.
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APPENDIX A
MATLAB code for three-point
bending post-processing

This appendix presents the custom MATLAB script created in order to post-process the
experimental data from the three-point bending tests. The initial script was created by Hugo
BRIATTA during his master internship in 2019, and has been completed and improved
throughout this PhD.

The post-processing consists of several steps: the first one is to collect, filter, and sort
the experimental data in order to ease the data processing. The image processing parameters are
then adjusted by the user to obtain the most accurate thresholding without undesired artifacts,
to get the best image quality for crack propagation monitoring. The specimen’s shape is
automatically detected to locate the crack tip, as well as its dimensions. Each image is then
analyzed, starting from the last to the first image taken during the test, and the crack tip is
spotted on each image. The crack path is then recreated, and the overall crack extension
calculated. From this point, all the parameters and curves of interest presented in this work are

respectively computed and plotted.

% CRACK PROPAGATION ANALYSIS PROGRAM (for 3-point bending test)
% Creators : Hugo BRIATTA, Sélia BENMABROUK

% Parameters initialization
precracking = true;
autothresh = false;
thresh = 0;

auto0Z = true;
Lcursorpourcentage
Hcursorpourcentage 0.2;
topOZpourcentage = 0.10;
heightOZpourcentage = 0.6;
widthOZpourcentage = 0.5;
proxiX = 20;

proxiY = 50;

[ I |

0.01004;
0.01012;
0.06501;

ve]
i nu



span 0.04;
aini = 0.005;
aP = 0.00165;
a0 = aini+aP;
bo = W-a0;

sig¥S = 549;

sigUTS = 723;

sigV = (sigYS+sigUTS)/2;
E = 217992;

nu = 0.3;

Npl_ISO =
Gpl ISO

1]
[

disp('Select the data file:');

[datafile,datafolder] = uigetfile('*.dat', 'Select the data file:');

specimenID = datafile(1l:end-4);
disp([ 'Data file of specimen '
cd(datafolder)

disp(' "); disp('Select the first image taken:');

[imagefile] = uigetfile('*.*', 'Select the first image taken:');

specimenID ' has been selected.'])

)

[imagefilelast] = uigetfile('*.*', 'Select the last image taken:');

imageID = imagefile(1l:end-11);
disp(['Image ' imageID ' has been selected.']);

fid = fopen(strcat((imageID), '.csv'));

imagedata = textscan(fid, '%s %s %s', 'Delimiter’,
fclose('all');
imagelist(:,1)

str2double(strrep(imagedata{3}, ',
imagelist(:,1) imagelist(:,1)-imagelist(1,1);
imagelist(:,2) str2double(imagedata{1})+1;
nbimage = size(imagelist,1);

if isfolder(['Results_' specimenID])

delete([ 'Results_' specimenID '\*']);
else

mkdir(datafolder,['Results_' specimenID]);
end

if repairtest ==

openfile = fopen([datafolder strcat(specimenID,
else

openfile = fopen([datafolder strcat(specimenlD,
end
frewind(openfile);
if repairtest ==

data = textscan(openfile, '%s %s
', 'HeaderLines',0, '"MultipleDelimsAsOne',1);
else

data = textscan(openfile, '%s %S
', '"HeaderLines',8, '"MultipleDelimsAsOne’',1);

)

L

,', 'headerLines', 1);

' final.dat')]);

f.dat’)]1);

%S

%s','Delimiter’,’

%s','Delimiter’,"



end

fclose(openfile);

disp(:,1) = str2double(strrep(data{1},',"',"'."));
disp(:,2) = str2double(strrep(data{2},',"',"'."))*(-0.001);

load(:,1) = str2double(strrep(data{1},',"',"'."));
load(:,2) = str2double(strrep(data{3},',"',"'."))*(-1000);
temp(:,1) = str2double(strrep(data{1},',',"'."));
temp(:,2) = str2double(strrep(data{4},',',"'."));
m=1;
while m <= size(imagelist,1)
imagelist(m,1) = imagelist(m,1)-(imagelist(size(imagelist,1),1)-

load(size(load,1),1));
if imagelist(m,1) < ©
imagelist(m,:) = [];
m = m-1;
end
m = m+l;
end
numfirstimage = imagelist(1,2);
numlastimage = imagelist(size(imagelist,1),2);
nbimage = size(imagelist,1);

[heightimage,lengthimage] = size(testimageB);

cursorX = floor(Lcursorpourcentage*lengthimage);

cursorY = 1;

if autoO0Z == true
while (testimageB(cursorY,cursorX) == 1) && (cursorY < heightimage)

cursorY = cursorY+l;

end
topleft

cursory;

cursorX = floor((1-Lcursorpourcentage)*lengthimage);

cursorY = 1;

while (testimageB(cursorY,cursorX)) == 1 & (cursorY < heightimage)
cursorY = cursorY+1l;

end

topright = cursorY;

topspecimen = floor(mean(topleft,topright));

cursorX = floor(Lcursorpourcentage*lengthimage);

cursorY = topleft;

while (testimageB(cursorY,cursorX)) == 0 && (cursorY < heightimage)
cursorY = cursorY+l;

end

bottomleft = cursorY;

cursorX = floor((1-Lcursorpourcentage)*lengthimage);

cursorY = topright;

while (testimageB(cursorY,cursorX) == @) && (cursorY < heightimage)
cursorY = cursorY+1l;

end

bottomright = cursorY;

bottomspecimen = floor(mean(bottomleft,bottomright));

Wpix = bottomspecimen-topspecimen;



height0Z = heightOZpourcentage*Wpix;
widthOZ = widthOZpourcentage*Wpix;

cursorX = floor(Lcursorpourcentage*lengthimage);

cursoryY = floor(topspecimen+(1-(Hcursorpourcentage+0.2))*(bottomspecimen-

topspecimen));
while (testimageB(cursorY,cursorX) == 0) && (cursorX < lengthimage)
cursorX = cursorx+l;
end
topleftnotch = cursorX;
cursorX = floor(Lcursorpourcentage*lengthimage);

cursorY = floor(topspecimen+(1-(Hcursorpourcentage))*(bottomspecimen -

topspecimen));
while (testimageB(cursorY,cursorX) == @) && (cursorX < lengthimage)
cursorX = cursorX+l;
end
bottomleftnotch = cursorX;
leftnotch = floor(mean(topleftnotch,bottomleftnotch));

cursorX = topleftnotch;

cursorY = floor(topspecimen+(1-(Hcursorpourcentage+0.2))*(bottomspecimen-

topspecimen));
while (testimageB(cursorY,cursorX) == 1) & & (cursorX < lengthimage)
cursorX = cursorX+l;
end
toprightnotch = cursorX;
cursorX = bottomleftnotch;

cursorY = floor(topspecimen+(1-(Hcursorpourcentage))*(bottomspecimen -

topspecimen));
while (testimageB(cursorY,cursorX) == 1) && (cursorX < lengthimage)
cursorX = cursorX+l;
end
bottomrightnotch = cursorX;
rightnotch = floor(mean(toprightnotch,bottomrightnotch));
middlenotch = leftnotch+floor((rightnotch-leftnotch)/2);

imshow(testimageB);

hold on

axis on

scatter(floor((1-
Lcursorpourcentage)*lengthimage),bottomright, 'b", 'LineWidth"',2)

scatter(floor(Lcursorpourcentage*lengthimage),bottomleft, 'm', 'LineWidth',2)

scatter(floor((1-Lcursorpourcentage)*lengthimage),topright, 'c', 'LineWidth"',2)

scatter(floor(Lcursorpourcentage*lengthimage),topleft, 'y', 'LineWidth',2)

scatter(bottomrightnotch,floor(topspecimen+(1-
(Hcursorpourcentage))*(bottomspecimen-topspecimen)), 'b', 'LineWidth"',2)

scatter(bottomleftnotch, floor(topspecimen+(1-

(Hcursorpourcentage))*(bottomspecimen-topspecimen)), 'm', "LineWidth',2)
scatter(toprightnotch,floor(topspecimen+(1-
(Hcursorpourcentage+0.2))*(bottomspecimen-topspecimen)), 'c', 'LineWidth',2)
scatter(topleftnotch,floor(topspecimen+(1-
(Hcursorpourcentage+0.2))*(bottomspecimen-topspecimen)), 'y, 'LineWidth',2)
yline(topspecimen, '--r', 'LineWidth',2);
yline(bottomspecimen, '--r', 'LineWidth"',2);
xline(leftnotch, '--g', 'LineWidth',2);
xline(rightnotch, '--g', 'LineWidth"',2);
plot(middlenotch,topspecimen+(1-
(Hcursorpourcentage+0.1) ) *Wpix, 'r*', "LineWidth',2);

title('Positions'' determination: top, bottom, left edge, right edge & middle');



disp(' '); disp('Check the positions determined.'); disp('If OK press enter,
else press Ctrl+C and adjust parameters again.');

numfig = numfig+1;

numfigstr=num2str(numfig);

saveas(gcf, ['Results_' specimenID '\' numfigstr
“.png'l);

close all

_Positions_' specimenID

imshow(testimageB);

title('Observation Zone (0Z)');

hold on

axis on

rectangle('Position',[(middlenotch-

width0z/2), (topspecimen+topOZpourcentage*Wpix),width0z/2,height0z],...

'EdgeColor', 'b',...
"LineWidth', 2,...
'LineStyle','-");

rectangle('Position’',[middlenotch, (topspecimen+topOZpourcentage*Wpix),width0z/2,he
ightoz],...
'EdgeColor', 'b',...
'LineWidth', 2,...
'LineStyle','-");
disp(' '); disp('Check the Observation Zone determined.'); disp('If OK press
enter, else press Ctrl+C and adjust parameters again.');
numfig = numfig+1;
numfigstr=num2str(numfig);
saveas(gcf, ['Results_ ' specimenID '\' numfigstr
".png'l1);
close all

_ObservationZone_ ' specimenID

else
imshow(testimageB);
hold on
axis on
disp(' "); disp('Click on the specimen''s top and press Enter.');
[~,topspecimen] = getpts;
disp(' "); disp('Click on the specimen''s bottom and press Enter.');
[~,bottomspecimen] = getpts;
disp(' '); disp('Click on notch''s left edge and press Enter.');
[leftnotch,~] = getpts;
disp(' '); disp('Click on notch''s right edge and press Enter.');
[rightnotch,~] = getpts;
middlenotch = leftnotch+floor((rightnotch-leftnotch)/2);
Wpix = bottomspecimen-topspecimen;
heightO0Z = heightOZpourcentage*Wpix;
widthOZ = widthOZpourcentage*Wpix;

imshow(testimageB);

hold on

axis on

scatter(rightnotch,floor(topspecimen+(1-(Hcursorpourcentage))*(bottomspecimen-
topspecimen)), 'b', 'LineWidth',2)

scatter(leftnotch, floor(topspecimen+(1-(Hcursorpourcentage))*(bottomspecimen-
topspecimen)), 'm', 'LineWidth',2)

yline(topspecimen, '--r', 'LineWidth',2);

yline(bottomspecimen, '--r', 'LineWidth',2);

xline(leftnotch, '--g', 'LineWidth',2);

xline(rightnotch, '--g', 'LineWidth',2);



plot(middlenotch,topspecimen+(1-
(Hcursorpourcentage+0.1) ) *Wpix, 'r*', "'LineWidth',2);

title('Positions'' determination: top, bottom, left edge, right edge & middle');

disp(' '); disp('Check the positions determined.'); disp('If OK press enter,
else press Ctrl+C and adjust parameters again.');

numfig = numfig+1;

numfigstr=num2str(numfig);

saveas(gcf, ['Results_' specimenID '\' numfigstr ' Positions_
".png'l);

close all

specimenID

imshow(testimageB);

title('Observation Zone (0Z)");

hold on

axis on

rectangle('Position’',[(middlenotch-

width0z/2),topspecimen+topOZpourcentage*Wpix,width0z/2,height0z],...

'EdgeColor', 'b',...
'LineWidth', 2,...
"LineStyle','-");

rectangle('Position’,[middlenotch,topspecimen+topOZpourcentage*Wpix,width0z/2,heig
htoz], ...
'EdgeColor', 'b',...
'LineWidth"', 2,...
'LineStyle','-");
disp(' '); disp('Check the Observation Zone determined.'); disp('If OK press
enter, else press Ctrl+C and adjust parameters again.');
numfig = numfig+1;
numfigstr=num2str(numfig);

saveas(gcf, [ 'Results_' specimenID '\' numfigstr '_ObservationZone_' specimenID
t.png'1);
close all
end
= = = = o o o e e
%% IMAGE PROCESSING (CRACK PROPAGATION ANALYSIS)

n = numlastimage;

n_idx = nbimage;

nlist = zeros(nbimage,1);
crackposX = zeros(nbimage,1);
crackposY = zeros(nbimage,1);

while (n >= numfirstimage)

if (n-1) < 10

imagename = strcat(imagelD, '-000', int2str(n-1), ' 0.tif');
elseif (n-1) < 1e@

imagename = strcat(imageID, '-00', int2str(n-1), ' 0.tif');
elseif (n-1) < 1000

imagename = strcat(imagelD, '-0', int2str(n-1), ' 0.tif');
else

imagename = strcat(imageID, '-', int2str(n-1), ' _0.tif');
end
image = imread(imagename);

if autothresh == true



imageB = 1-imbinarize(image);
else
imageB = 1-imbinarize(image,thresh);
end
image0OZ =
imageB(round(topspecimen+topOZpourcentage*Wpix) :round(topspecimen+topOZpourcentage
*Wpix+height0Z), round((middlenotch-
round(width0z)/2)):round((middlenotch+round(width0z/2))));
imshow(image0z);

found = false;
for i=1:size(image0zZ,1)
for j=1:size(image0Z,2)
if image0z(i,j) == 1
if n == numlastimage
crackposY(n_idx) = i;
crackposX(n_idx) Js
found = true;
elseif (n<numlastimage) && (abs(i-crackposY(n_idx+1))<proxiY) &&
(abs(j-crackposX(n_idx+1))<proxiX) && crackposY(n_idx+1)<=i
crackposY(n_idx) = i;
crackposX(n_idx) = j;
found = true;
end

end

if found == true
break

end

end
if found == true

break
end
end

if found == false
fprintf('\n Error, not possible to determinate the next position of the crack
tip');
fprintf('\n Try to change the parameters \n');
return;
end

squarelength = 4;

f = figure(l);

imshow(image0Zz);

hold on

rectangle('Position', [crackposX(n_idx)-squarelength,crackposY(n_idx)-

squarelength,squarelength*2,squarelength*2],...

'EdgeColor', 'r',...
'LineWidth', 1,...
"LineStyle',"'-") ;

frame = getframe(f);

im{n_idx} = frame2im(frame);

status = 100*(nbimage-n_idx)/nbimage;

clc

sprintf('Analyse en cours...%0.2f %%',status)
sprintf('Image n°...%d"',n)

nlist(n_idx) = n;

n =n-1;



n_idx = n_idx-1;
end
status = 100*(nbimage-n_idx)/nbimage;
clc
sprintf('Analyse en cours...%0.2f %%',status)
sprintf('Image n°...%d"',n)
close all

crackposX_m = zeros(nbimage,1);

crackposY_m = zeros(nbimage,1);

for n=1:length(crackposX)
crackposX_m(n,1) = (crackposX(n)-crackposX(1))*(W/Wpix);
crackposY_m(n,1) -(crackposY(n)-crackposY(1))*(W/Wpix);

end

imagelistnew = zeros(nbimage,2);
m=1;
n=1;
while (n <= size(nlist,1)) && (m <= size(imagelist,1))
if imagelist(m,2)== nlist(n)
imagelistnew(n,:) = imagelist(m,:);
n = n+l;
end
m = m+l;
end
export = zeros(nbimage,5);
atot_precleaning = a®;

for n=1:size(crackposX_m,1)

if n~=1
atot_precleaning = atot_precleaning + ((crackposX_m(n)-crackposX_m(n-
1)).”~2+(crackposY_m(n)-crackposY_m(n-1)).72).70.5;
end

export(n,1)= imagelistnew(n,1);
export(n,2)= imagelistnew(n,2);
export(n,3) = atot_precleaning;
export(n,4) crackposY_m(n)+a@;
export(n,5) bo-crackposY_m(n);

end

a_precleaning = export(:,4);

for i=1:size(export,1)
if export(i,4)-export(1,4) < aP
export(i,4) = ao;
export(i,5) = W-export(i,4);

else
export(i,4) = export(i,4)-aP;
export(i,5) = W-export(i,4);
end

a = export(:,4);
b = export(:,5);



j=1;
for i=1:size(export,1)
while (j <= size(load,1)) && (load(j,1) <= export(i,1))
a_data(j,1:4) = export(i,1:4);
b_data(j,1) = export(i,5);
Jjo=3+1;
end
end
crackpropag¥Y = crackposY_m;

loadimage = zeros(nbimage,4);
dispimage = zeros(nbimage,4);
j = nbimage;
for i=size(load,1):-1:1
if (i == size(load,1)) && (j >= 1)
loadimage(j,1:2) = a_data(i,1:2);

dispimage(j,1:2) = a_data(i,1:2);
loadimage(j,3:4) = load(i,:);
dispimage(j,3:4) = disp(i,:);
j=173-1

elseif (a_data(i,2) ~= a_data(i+1,2)) && (j >= 1)
loadimage(j,1:2) = a_data(i,1:2);
dispimage(j,1:2) = a_data(i,1:2);
loadimage(j,3:4) = load(i,:);
dispimage(j,3:4) = disp(i,:);
j=131

end

end

for i=1:size(crackposX_m,1)
f = figure(1);
hold on
plot(crackposX m(1:i,1)*10”3,crackposY_m(1:i,1)*10"3, " ':rs', 'LineWidth',1)
title('Crack path")
xlabel('x position (mm)")
ylabel('y position (mm)")
axis equal
frame = getframe(f);
img{i} = frame2im(frame);
grid on
grid minor
box on;
end
numfig = numfig+l;
numfigstr=num2str(numfig);
saveas(f, ['Results_' specimenID '\' numfigstr '_CrackPath_' specimenID
box off;

-png'1);

m = length(im);

numfig = numfig+l;

numfig2 = numfig+2;

numfigstr=num2str(numfig);

numfigstr2=num2str(numfig2);

for n=1:m
[image,mapi]
[graph,mapg]
if n ==

imwrite(image,mapi,[ 'Results_ specimenID '\' numfigstr ' CrackGif_ '
specimenID '.gif'], 'gif', 'LoopCount',Inf, 'DelayTime',gifspeed);

rgb2ind(im{n},32);
rgb2ind(img{n},32);



imwrite(graph,mapg,[ 'Results_' specimenID '\' numfigstr2

specimenID '.gif'],'gif', 'LoopCount',Inf, 'DelayTime',gifspeed);
else
imwrite(image,mapi, [ 'Results_' specimenID '\' numfigstr
specimenID '.gif'],'gif', 'WriteMode', "append', 'DelayTime',gifspeed);

imwrite(graph,mapg,[ 'Results_ specimenID '\' numfigstr2
specimenID '.gif'],'gif', 'WriteMode', 'append', 'DelayTime’',gifspeed);
end

status = 100*(n/m);

clc

sprintf('.gif file exportation... %0.2f %%',status)
end
close all

alldata = cat(2,export,loadimage,dispimage);

if precracking == false

noduplicate = cat(2,export,loadimage,dispimage);
else

noduplicate = alldata;
end

firstvalue = noduplicate(1,:);
noduplicate(any(diff(noduplicate(:,4))==0,2),:)=[];
noduplicate(l,:) = firstvalue;

export_nodup = noduplicate(:,1:5);

loadimage_nodup = noduplicate(:,6:9);
dispimage_nodup = noduplicate(:,10:13);

a_nodup = export_nodup(:,4);
crackextension = zeros(size(a_nodup,1),1);
for i=1:size(a_nodup,1)
crackextension(i,1) = a_nodup(i,1)-a_nodup(1,1);
end
b_nodup = W-a_nodup;
aW = a_nodup/W;

Fig = figure();

numfig = numfig+l;

numfigstr=num2str(numfig);

hold on

plot(disp(:,2),load(:,2),":0", 'Color',[0, ©.4470, 0.7410],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0, ©.4470, 0.7410])

title('Load-Displacement")

xlabel('Displacement (m)")

xlim([disp(1,2) inf])

ylabel('Load (N)")

ylim([load(1,2) inf])

grid on

box on;

_PropagGif_'

' CrackGif_'

_PropagGif_'



saveas(Fig, ['Results_' specimenID '\' numfigstr ' LoadDisplacement_

“.png'1);
box off;

specimenlID

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
hold on
plot(loadimage_nodup(:,1),loadimage_nodup(:,4)," :0', 'Color',[0.4660, 0.6740,
0.1880],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, ©, 0],...
"LineWidth',e.5,...
'MarkerFaceColor',[0.4660, 0.6740, ©.1880])
title('Load-time")
xlabel('Time (s)')
x1lim([min(loadimage_nodup(:,1)) max(loadimage_nodup(:,1))*(1+0.1)])
ylabel('Load (N)")
ylim([min(loadimage nodup(:,4)) max(loadimage_nodup(:,4))*(1+0.1)])
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr ' LoadEvolution_
“.png'l1);
box off;
close all

specimenID

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
hold on
plot(loadimage_nodup(:,1),a_nodup*10~3,':0', " 'Color',[0, ©.75, ©.75],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0, ©.75, 0.75])
title('Crack propagation')
xlabel('Time (s)')
xlim([loadimage_nodup(1,1) inf])
ylabel('Crack propagation (mm)")
ylim([a_nodup(1)*10~3 inf])
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr '_CrackPropagation_' specimenID
topng'l);
box off;

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
plot(crackextension*1023,loadimage nodup(:,4), ':0', 'Color',[0 ©.4470 0.7410],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[© ©.4470 0.7410])
hold on
title('Load-Crack extension')



xlabel('Crack extension \Deltaa(Y) (mm)")
xlim([min(crackextension*1073) max(crackextension*103)])

ylabel('Load (N)")

ylim([min(loadimage_nodup(:,4)) max(loadimage_nodup(:,4))*(1+0.1)])
grid on

box on;

saveas(Fig, ['Results_' specimenID '\' numfigstr ' LoadCrackExtension_'
".png'l);

box off;

close all

strain = zeros(size(load,1),2);

stress = zeros(size(load,1),2);

strain_notch_cst = zeros(size(load,1),2);
stress_notch_cst = zeros(size(load,1),2);
strain_notch_var = zeros(size(load,1),2);
stress_notch_var = zeros(size(load,1),2);
stress_notch_img = zeros(size(loadimage,1),2);
strain_notch_img = zeros(size(loadimage,1),2);
strain_notch_nodup = zeros(size(loadimage_nodup,1),2);
stress_notch_nodup = zeros(size(loadimage_nodup,1),2);

strain(:,1) = load(:,1);

stress(:,1) = load(:,1);

strain_notch_cst(:,1) = load(:,1);
stress_notch_cst(:,1) = load(:,1);
strain_notch_var(:,1) = load(:,1);
stress_notch_var(:,1) = load(:,1);
stress_notch_img(:,1) = loadimage(:,3);
strain_notch_img(:,1) = loadimage(:,3);
strain_notch_nodup(:,1) = loadimage_nodup(:,3);
stress_notch_nodup(:,1) = loadimage_nodup(:,3);

strain(:,2)
stress(:,2)
strain_notch_cst(:,2)
stress_notch_cst(:,2)
for i=1:size(load,1)

strain_notch_var(i,2)

stress_notch_var(i,2)

(6*disp(:,2)*W)/(span~2)*100;
(3*load(:,2)*span)/(2*B*(W.~2)*(10"6));
(6*disp(:,2)*b0@)/(span~2)*100;
(3*load(:,2)*span)/(2*B*(b0.72)*(10"6));

(6*disp(i,2)*b_data(i,1))/(span~2)*100;

end
strain_notch_var_arch = strain_notch_var;

corr = 9;
for i=2:size(load,1)
if (strain_notch_var(i,2) - strain_notch_var(i-1,2)) < o
corr = strain_notch_var(i-1,2)-strain_notch_var(i,2);
strain_notch_var(i,2) = strain_notch_var(i-1,2);
strain_notch_var(i+l:end,2) = strain_notch_var(i+l:end,2) + corr;

end
end
count_img = 1;
count_nodup = 1;
i=1;
while i <= size(load,1)
if strain_notch_var(i,1) == strain_notch_img(count_img,1)

strain_notch_img(count_img,2) = strain_notch_var(i,2);

specimenID

(3*load(i,2)*span)/(2*B*(b_data(i,1)"2)*(10"6));



stress_notch_img(count_img,2) = stress_notch_var(i,2);
count_img = count_img+1;

end

if strain_notch_var(i,1) == strain_notch_nodup(count_nodup,1)
strain_notch_nodup(count_nodup,2) = strain_notch_var(i,2);
stress_notch_nodup(count_nodup,2) = stress_notch_var(i,2);
count_nodup = count_nodup+1;

end

i = i+1;

end

Fig = figure();
numfig = numfig+1;
numfigstr=num2str(numfig);
hold on
plot(strain(:,2),stress(:,2),"':0"',"'Color',[0.6350, 0.0780, 0.1840],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
"LineWidth',e.5,...
'MarkerFaceColor',[0.6350, 0.0780, 0.1840])
title('Stress-Strain (no notch)')
xlabel('Strain (%)")
x1lim([strain(1,2) inf])
ylabel('Stress (MPa)")
ylim([stress(1,2) inf])

grid on

box on;

saveas(Fig, ['Results_' specimenID '\' numfigstr ' StrainStress_' specimenID
".png'l1);

box off;

Fig = figure();

numfig = numfig+l;

numfigstr=num2str(numfig);

hold on

plot(strain_notch_cst(:,2),stress_notch_cst(:,2), " ':0", 'Color',[0.6350, 0.0780,

0.1840], ...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',@.5,...
'MarkerFaceColor',[0.6350, ©.0780, 0.18490])
title('Stress-Strain (notch cst)')
xlabel('Strain (%)")
xlim([strain(1,2) inf])
ylabel('Stress (MPa)")
ylim([stress(1,2) inf])
grid on
box on;
saveas(Fig, ['Results_
".png'1);
box off;

specimenID '\' numfigstr ' StrainStressNotchCst_' specimenID

Fig = figure();

numfig = numfig+l;
numfigstr=num2str(numfig);
hold on



plot(strain_notch_var_arch(:,2),stress_notch_var(:,2),"':0',"'Color',[0.6350,
0.0780, 0.1840],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
"LineWidth',e.5,...
'MarkerFaceColor',[0.6350, ©.0780, ©0.18490])
title('Stress-Strain (notch var) - before correction')
xlabel('Strain (%)")
x1lim([strain(1,2) inf])
ylabel('Stress (MPa)")
ylim([stress(1,2) inf])
grid on
box on;
saveas(Fig, ['Results_
“.png'l);
box off;

specimenID '\' numfigstr ' StrainStressNotchVar_' specimenID

Fig = figure();

numfig = numfig+l;

numfigstr=num2str(numfig);

hold on

plot(strain_notch_var(:,2),stress_notch_var(:,2),':0', 'Color',[0.6350, 0.0780,
0.18407,...

'LineWidth',1,...

'MarkerSize',5,...

'MarkerEdgeColor',[0, ©, 0],...

'LineWidth',0.5,...

'MarkerFaceColor',[0.6350, ©.0780, 0.18490])
title('Stress-Strain (notch var) - with correction')
xlabel('Strain (%)")
xlim([strain(1,2) inf])
ylabel('Stress (MPa)")
ylim([stress(1,2) inf])

grid on

box on;

saveas(Fig, ['Results_' specimenID '\' numfigstr ' StrainStressNotchVarCorr_'
specimenID '.png']);

box off;

Fig = figure();

numfig = numfig+l;

numfigstr=num2str(numfig);

hold on

plot(strain_notch_img(:,2),stress_notch_img(:,2), ':0', 'Color',[0.6350, 0.0780,
0.18401], ...

'LineWidth',1,...

'MarkerSize',5,...

'MarkerEdgeColor',[0, 0, 0],...

'LineWidth',0.5,...

'MarkerFaceColor',[0.6350, 0.0780, 0.1840])
title('Stress-Strain (notch var-img) - after correction')
xlabel('Strain (%)")
xlim([strain(1,2) inf])
ylabel('Stress (MPa)"')
ylim([stress(1,2) inf])
grid on
box on;



saveas(Fig, ['Results_' specimenID '\' numfigstr ' _StrainStressnNotchVarImg '
specimenID '.png']);
box off;

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
hold on
plot(strain_notch_nodup(:,2),stress_notch_nodup(:,2)," ':0', 'Color',[0.6350, ©.0780,
0.18407,...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, ©, 0],...
"LineWidth',e.5,...
'MarkerFaceColor',[0.6350, ©.0780, 0.1849])
title('Stress-Strain (notch var-img and nodup)')
xlabel('Strain (%)")
xlim([strain(1,2) inf])
ylabel('Stress (MPa)")
ylim([stress(1,2) inf])

grid on

box on;

saveas(Fig, ['Results_' specimenID '\' numfigstr ' _StrainStressNotchVarImgNodup '
specimenID '.png']);

box off;

for i=1:size(aW,1)

faw_Is0(i,1) = (3*(aW(1)~(1/2))*(1.99-aW(1)*(1-aW(1))*(2.15-
3.93*aW(1)+2. 7*(aw(1)A2))))/(2*(1+2*aw(1)) ((1-aW(1))~(3/2)));

K_IS0(i,1) = (((loadimage_nodup(i,4)*span)/(B*W~(3/2)))*faW_ISO(i,1))*10~(-6);
end

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
hold on
plot(loadimage_nodup(:,1),K_ISO,':0', 'Color',[0.9290 0.6940 0.1250],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0.9290 0.6940 0.1250])
title('Stress Intensity Factor K (ISO)')
xlabel('Time (s)")
x1lim([min(loadimage_nodup(:,1)) max(loadimage_nodup(:,1))*(1+0.1)])
ylabel( 'K (MPaVm)")
ylim([min(K_ISO) max(K_ISO)*(1+0.1)])
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr ' StressIntensityFactorISO_
specimenID '.png'l);
box off;
close all

Fig = figure();

numfig = numfig+l;

numfigstr=num2str(numfig);

hold on

plot(loadimage_nodup(:,1),faw_ISO, " ':0','Color',[0.9290, ©.6940, 0.1250],...



'LineWidth',1, ...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0.9290, 0.6940, 0.1250])
title( 'Geometric factor faW evolution (ISO)')
xlabel('Time (s)')
x1lim([min(loadimage_nodup(:,1)) max(loadimage_nodup(:,1))*(1+0.1)])
ylabel('faW (-)")
grid on
box on;
saveas(Fig, [ "Results ' specimenID '\' numfigstr ' _GeometricFactorfaWISO ‘
specimenID '.png']l);
box off;
close all

C_ISO = C_ASTM*(1-nu”2);
dispimagepl_ISO = zeros(size(a_nodup,1),1);

for i=1:size(C_ISO,1)
dispimagepl 1S0(i,1) = dispimage_nodup(i,4)-loadimage nodup(i,4)*C_ISO(i,1);
end

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
plot(dispimage_nodup(:,3),C_ISO, " ':0', " 'Color',[0.4940 0.1840 0.5560],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',@.5,...
'"MarkerFaceColor',[0.4940 0.1840 0.5560])
hold on
title('Compliance variation (ISO)')
xlabel('time (s)')
xlim([disp(1,2) inf])
ylabel('Compliance (m/N)")
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr
topng'l);
box off;

_Compliance_ISO_' specimenID

Atot_ISO = zeros(size(a_nodup,1),1);
Apl_ISO = zeros(size(a_nodup,1),1);

for i=1:size(Apl_ISO,1)
if i ==
Atot_ISO(i,1)= @;
Apl_ISO(i,1) = ©;
else
Atot_ISO(i,1) = Atot _ISO(i-1,1) + (dispimage _nodup(i,4)-dispimage_nodup(i-
1,4))*((loadimage_nodup(i-1,4)+loadimage_nodup(i,4))/2);
Apl 1S0(i,1) = Atot_ISO(i,1) - (loadimage_nodup(i,4))~2*C_IS0(i,1)/2;
end
end

Fig = figure();
numfig = numfig+l;



numfigstr=num2str(numfig);
hold on
plot(loadimage_nodup(:,1),Apl IS0, ':0','Color',[0.3010 ©.7450 0.9330],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0.3010 ©.7450 ©.9330])
title('Plastic area value evolution (ISO)')
xlabel('Time (s)")
x1lim([min(loadimage_nodup(:,1)) max(loadimage nodup(:,1))*(1+0.1)])
ylabel('Area (N.m)")
ylim([min(Apl_ISO) max(Apl_ISO)*(1+0.1)])
grid on
box on;
saveas(Fig, ['Results_ ' specimenID '\' numfigstr ' PlasticAreaISO_' specimenID
".png'1);
box off;
close all

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);
numfig = numfig+l;
numfigstr=num2str(numfig);
hold on
plot(dispimagepl IS0, loadimage_nodup(:,4), ':0', 'Color',[0.3010, 0.7450, 0.9330], ...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',@.5,...
'MarkerFaceColor',[0.3010, 0.7450, 0.9330])
title('Load-Plastic displacement (ISO)')
xlabel('Plastic displacement (m)")
x1lim([min(dispimagepl ASTM) max(dispimagepl ASTM)*(1+0.1)])
ylabel('Load (N)")
ylim([min(loadimage_nodup(:,4)) max(loadimage_nodup(:,4))*(1+0.1)])
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr
specimenID '.png'l);
box off;
close all

_Load-PlasticDisplacementISO_

for i=1:size(K_ISO,1)

Jel IS0(i,1) = ((K_ISO(i,1)72)*(1-(nu”2)))/E;

if i==1

Ipl_IS0(i,1) = O;

else

Jpl_1S0(i,1) = ((Npl_ISO/b_nodup(1,1))*(Apl_ISO(i,1)/B))*(1-
(Gpl_IS0*(a_nodup(i,1)-a_nodup(i-1,1))/b_nodup(1,1)));

end
end
Jel_ISO
JIpl_ISO

Jel_IS0*10"3;
Ipl_IS0*16"(-3);

Fig = figure();
numfig = numfig+l;
numfigstr=num2str(numfig);



hold on
plot(a_nodup*10~3,Jel ISO,':0','Color',[0 0.4470 0.7410],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
"LineWidth',e.5,...
'MarkerFaceColor',[0 0.4470 0.7410])
plot(a_nodup*10+3,3Jpl IS0, ':0', 'Color',[0.8500, ©.3250, 0.0980], ...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'LineWidth',0.5,...
'MarkerFaceColor',[0.8500, ©.3250, ©.0980])
legend('Jel','Jpl','Location’, "southeast")
title('Jel and Jpl contribution comparison (ISO)')
xlabel('Crack length a(Y) (mm)")
x1lim([min(a_nodup*10~3) max(a_nodup*1073)])
ylabel('J (k3/m2)")
ylim([min(cat(1,Jel _IS0,Jpl ISO)) max(cat(l,Jel ISO,Jpl IS0))])
grid on
box on;
saveas(Fig, ['Results_' specimenID '\' numfigstr '_JelJplContributionISO_'
specimenID '.png'l);
box off;
close all

J_1s0(:,1)
J_IS0(:,2)

loadimage_nodup(:,1);
Jel ISO + Jpl_ISO;

Fig = figure();
plot(crackextension*10~3,J_ISO(:,2),':0"','Color',[0.6350, 0.0780, 0.1840],...
'LineWidth',1,...
'MarkerSize',5,...
'MarkerEdgeColor',[0, 0, 0],...
'"LineWidth',e.5,...
'MarkerFaceColor',[0.6350, 0.0780, 0.1840])
hold on
plot(linspace(@,crackextension(end,1))*1073,1linspace(0,crackextension(end,1))*10"3
*(3.75*sigUTS), 'k:")
plot(linspace(@,crackextension(end,1))*1073+0.1,linspace(0,crackextension(end,1))*
1073*(3.75*sigUTS), "k--")
plot(linspace(@,crackextension(end,1))*1073+0.2,linspace(0,crackextension(end,1))*
1073%(3.75%sigUTS), 'k ')
plot(linspace(®,crackextension(end,1))*10”3+2,linspace(0,crackextension(end,1))*10
A3*(3.75*sigUTS), 'k")
legend( 'Resistance curve', 'C-line','C-1ine 0.1lmm', 'C-1line
0.2mm', "Location', "'southeast"')
title('Resistance curve (ISO)')
xlabel('Crack extension \Deltaa(Y) (mm)')
xlim([min(crackextension*1073) max(crackextension(end,1)*1073)])
ylabel('J (k3/m2)")
ylim([min(J_IS0(:,2)) max(J_ISO(:,2))*(1+0.1)])

grid on

box on;

saveas(Fig, ['Results_' specimenID '\' numfigstr ' ResistanceCurvePropag ISO '
specimenID '.png'l);

box off;

close all



APPENDIX B

Dendrite and nano-oxide observations

This appendix provides a more detailed analysis of two features observed at the sub-
micro/nanoscale: the dendrites and the nano-oxides.

As discussed in Chapter 3, the dendrite structures resulting from the different
manufacturing conditions exhibit more or less scatter in terms of size distribution. Figure 94
illustrates this phenomenon by presenting four representative images extracted from each
dataset, all taken on a single surface. The influence of the manufacturing parameters on the
dendrites can be classified into three categories of processing parameters: 90 J/mm? and 67°
(H9067 and VV9067), 90 J/mm? and 90° (H9090 and VV9090), and 60 J/mm?® and 67° (H6067 and
V6067). Dendrites from H9067 and V9067 specimens are subjected to minimal variations, with
sizes relatively uniform. On the other hand, H9090 and V9090 specimens display very
heterogeneous sizes, going from very fine to very coarse dendrites. H6067 and V6067
specimens exhibit some scatter, but the amplitude falls in between the two configurations
previously mentioned. The mean sizes have already been discussed, with the smallest dendrites
for H6067 and V6067 specimens, and the biggest for H9090 and V9090 specimens. However,
due to the small scale of these observations, which were also performed on a single specimen
each time, further investigation is necessary to improve the statistical approach. This would be
of the utmost importance to improve the reliability of the study on the relationship between
dendrite size and yield stress.

Figure 95 presents a set of three images from each dataset obtained on the nano-oxides
for each manufacturing condition. The unexpected presence of nano-oxides was already
partially characterized by previous PhD works on L-PBF Ni20Cr [36,157]. These studies
highlight that nano-oxides are located within interdendritic walls, and are Cr-rich particles.
While it initially seems that a VED of 90 J/mm? results in bigger nano-oxides than a VED of
60 J/mm?, previous discussion for a broader range of VEDs indicated that this trend was not
statistically confirmed [36] and requires a larger dataset to be representative. Overall, the nano-
oxides display a heterogeneous distribution in size, location, and shape regardless of the

manufacturing conditions, particularly with specimens produced with a VED of 90 J/mm?. Two



shapes are commonly observed as shown in Figure 96: circular precipitates (Figure 96a) and

“blocky” precipitates (Figure 96b).

I. Dendrites observations
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Figure 94: Dendrites SEM images for all the manufacturing conditions



I1.Nano-oxides observations
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Figure 95: Nano-oxides SEM images for all the manufacturing conditions
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Figure 96: SEM images of the two types of precipitates observed
(a) Circular interdendritic precipitates (pointed by blue arrows)

(b) “Blocky” interdendritic precipitates (pointed by red arrows)



APPENDIX C

Three-point bending Load-Displacement &
Stress-Strain curves

This appendix exhibits the load-displacement (Figure 97) and stress-strain (Figure 98)
curves resulting from the three-point bending tests. The objective of this section is to give an
idea of the little scattering observed for all the conditions tested. For each manufacturing
configuration, at least 5 specimens were considered. The experimental curves are plotted in

continuous lines, and the mean curves in dotted lines.



I. Load-Displacement curves
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Figure 97: Load-Displacement curves for all manufacturing configurations
(@) H9067 (b) V9067 (c) H9090 (d) V9090 (e) H6067 (f) V6067 (g) C (h) Mean curves
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Figure 98: Stress-Strain curves for all manufacturing configurations
(a) H9067 (b) VI067 (c) H9090 (d) V9090 (e) H6067 (f) V6067 (g) C (h) Mean curves



APPENDIX D
Post-mortem observations

This appendix reports a more exhaustive set of post-mortem images obtained for each
manufacturing configuration. Figure 99 and Figure 100 display fractographic observations
carried out on both cast & wrought and L-PBF specimens, whereas Figure 101 shows fracture
mechanisms observed near the crack tip, after etching was performed to reveal dendrites. This
aims at showing the diversity of the observations obtained at smaller scales (10 um scalebar

and below), and the fracture mechanisms observed.
I. Fractographic observations

The fractographic observations obtained for all the specimens tested are displayed in
both Figure 99 (L-PBF specimens) and Figure 100 (cast & wrought specimens).

L-PBF specimens overall exhibited the same fracture mechanisms, all of them
consisting of ductile fracture mechanisms. The most obvious mechanism identified is
transgranular void growth and coalescence, with the presence of several dimples all over the
specimens’ fracture surfaces as in Figure 99c. Plane slips were also observed, as shown in
Figure 991 and m. Nonetheless, some fracture mechanisms are still yet to be clearly identified
in the fractographic images due to the complexity of the fracture surfaces.

Cast & wrought specimens on the other hand, presented in Figure 100, were
characterized by clear brittle fracture mechanisms, with mechanisms that are yet to be clearly
identified at smaller scales (Figure 100a and b). However, it was already shown in Figure 72f
that intergranular decohesion was also widely observed. Ductile transgranular void nucleation,
growth, and coalescence was also identified in Figure 100c, with oxides clearly visible inside
the dimples.



Figure 99: Fractographic images from all the L-PBF printing strategies



Figure 100: Fractographic images from cast & wrought specimens

I1.Post-mortem observations at the crack tip

Figure 101 presents in more details the diversity of the post-mortem fracture
mechanisms observed at the crack tip.

As already discussed in Chapter 4, different behaviors can be observed at the dendritic
scale, with crack propagation along the dendritic arm spacings (Figure 101a, c...), straight
through it (Figure 101e), between two different dendrite colonies (Figure 101f), or within the
same colony (Figure 101j)... The presence of slip bands was also noticed (Figure 101e and h).
Figure 101 highlights how several fracture surfaces have been observed for many specimens,
making it difficult to clearly associate one mechanism with one printing strategy yet. These
observations are highly dependent on the quality of the surface preparation, and may need more
time and specimens to classify thoroughly the fracture mechanisms with respect to the
processing parameters considered.



Figure 101: Fracture mechanisms observed at the sub-microscale



NOMENCLATURE

a Crack length
A Elongation to ultimate tensile stress
Ay Initial section of the tensile specimen
Af Ultimate section of the broken tensile specimen
Ap Area under the load-plastic displacement curve
AM Additive Manufacturing
b, Initial unbroken ligament
B Specimen thickness
c Fitting parameter of the Pa_ris _Iaw or Compliance or
Jiimiz Criterion
Ce Elastic compliance
CT Compact Tension
d Mean value between two diagonal length for microhardness
Amax Maximum displacement
dp Plastic displacement
ds Length increment along the contour
e Powder thickness
E Young’s Modulus or Energy Density
E; Linear energy density
E, Initial potential energy
E Surface energy density
E, Volume energy density
E-PBF Electron Beam Powder Bed Fusion
EPFM Elasto-Plastic Fracture Mechanics
EBSD Electron Back-Scattered Diffraction
F Load
Fini Load associated with crack initiation
F,y Load associated with the start of the plastic behavior
Frnax Maximum load
FIB Focused lon Beam
FPZ Fracture Process Zone
G Strain energy release rate or Thermal gradient
Gie Fracture toughness (LEFM)
h Hatch spacing
HV Vickers hardness
IPF Inverse Pole Figure
] Rice Integral
Jet Elastic component of the J-integral




Jic!Jo2 Fracture toughness (at an offset of 0.2 mm)
Jrimit Limit value for the fracture toughness
It Plastic component of the J-integral
k Power law constant or compliance
Kyp Hall-Petch coefficient (or slope)
ky Strength coefficient from the Hollomon law
k; Compliance for a given unloading time i
K Stress intensity factor
K, Stress intensity factor for mode I loading
K. Fracture toughness (LEFM)
KV Total fracture energy
KV; Fracture energy for crack initiation
KV, Fracture energy for crack propagation
L Length (of the pendulum or microcantilever)
LEFM Linear Elastic Fracture Mechanics
LOF Lack Of Fusion
L-PBF Laser Powder Bed Fusion
m Fitting parameter of the Paris law or Power law constant
my Dry weight
m,, Wet weight
MEMS Micro-electro-mechanical systems
M.R.D Multiple Random Distribution
ny Strain hardening exponent from the Hollomon law
N Number of cycles
P Laser power
PBF Powder Bed Fusion
PF Pole Figure
VED Volumetric Energy Density
r Polar coordinate (radial distance)
T Irwin plastic zone size
R Solidification interface velocity or Load ratio
s Laser beam diameter
S Distance between the supporting rolls
SEM Scanning Electron Microscope
SENB Single Edge Notch Bend

Specimen thickness or Remaining ligament during the test

Traction vector at a given point of the contour

Tearing modulus

Displacement vector at a given point of the contour

Area under the load-displacement curve

Laser speed




w Specimen height or Strain energy density
Y Function of the specimen geometry and crack length
o Engineering stress or Applied stress
ot True stress
oy Bending stress
0 Component of the stress tensor
o Intrinsic yield stress
Oys Yield stress
outs Ultimate tensile stress
Oy Flow stress (mean value of oy and ayrs)
Aa Crack extension
AC Compliance variation
Ad Displacement variation
AF Load variation
AK Stress intensity factor variation
n Plastic factor given by ISO 12135-21
p Volumetric mass (density)
Pa Air density
Pw Water density
€ Engineering strain
o True strain
&p Bending strain
€ Strain rate
v Poisson ratio
Y Plastic factor given by ISO 12135-21
r Arbitrary contour defined around the crack tip
) Charpy pendulum angle or Polar coordinate (angle)




Investigation of the influence of the process parameters on the
microstructure and fracture behavior of a Ni20wt.%Cr alloy
produced by Laser Powder Bed Fusion

Résumé

Le comportement a rupture d’alliages base-nickel conventionnels (coulés, forgés...) est
depuis longtemps étudié dans le cadre du dimensionnement des structures. Cependant, les
microstructures complexes issues des procédes de fabrication additive métallique induisent des
comportement mécaniques différents, compliquant la transposition des savoir-faire. Afin de
contribuer & mieux comprendre les mécanismes de rupture issus de ces procédés, ces travaux
de thése s’intéressent au comportement a rupture de 1’alliage Ni20wt.%Cr produit par Fusion
Laser sur Lit de Poudre. L’influence de trois parametres de fabrication est étudiée : I’orientation
de fabrication (horizontale ou verticale), 1’angle entre les couches de lasage (67° ou 90°), et la
densité d’énergie volumique (60 J/mm?® ou 90 J/Jmm?3). Des essais de propagation de fissure sont
réalisés afin de déterminer et comparer les propriétés a rupture (ténacité et module de déchirure)
de chaque stratégie de fabrication. Les microstructures initiale et post-mortem sont analysées
pour identifier les mécanismes a rupture. Les résultats indiquent que la propagation de fissure
est majoritairement pilotée a 1’échelle microscopique, avec un role important de 1’orientation,
la morphologie et la taille des grains. La ductilité devient également un paramétre fondamental
lorsque les caractéristiques microstructurales sont similaires entre deux configurations de
fabrication.

Mots-clés : Fabrication additive, Ni20Cr, Propriétés a rupture, Microstructure

Abstract

The fracture behavior of conventional nickel-based alloys (cast, wrought...) has been
studied for decades for structural design purposes. However, the complex microstructure
induced by metallic additive manufacturing processes results in different mechanical behaviors,
which hinders the use of existing knowledge. To better understand the fracture mechanisms
associated with these processes, this PhD research investigates the fracture behavior of a
Ni20wt.%Cr alloy produced by Laser Powder Bed Fusion. The influence of three
manufacturing parameters is studied: the building orientation (horizontal or vertical), the
rotation angle between layers (67° or 90°), and the volumetric energy density (60 J/mm?3 or 90
JImm?). Crack propagation tests are conducted to determine and compare the fracture properties
(fracture toughness and tearing modulus) of each printing strategy. Initial and post-mortem
microstructures are analyzed to identify the fracture mechanisms. Results demonstrate that the
crack propagation is mainly governed at the microscale, with a strong influence from the grain’s
orientation, morphology, and size. Ductility also becomes a key parameter when few
differences are noted between the microstructural features of two given printing strategies.
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