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Summary

This doctoral thesis presents a comprehensive investigation into the
microstructural and mechanical properties of steels processed using the additive
manufacturing (AM) technique known as Laser Directed Energy Deposition (L-
DED), using as raw materials powders or wires. The primary objectives were to
develop the main process parameters to fabricate effective objects with different
types of steels and to repair industrial tools. The present thesis begins by providing
a thorough technological background, explaining the processes involving different
feedstocks, and trying to establish a metallurgical foundation for the steel alloys
studied.

The subsequent chapters are organized based on the specific steel studied, each
chapter delving into the material properties and characterization, into the main
process parameters optimization, and then into the post heat treatment effects.

Beginning with stainless steel 316L (Chapter 2), the study progressed from
characterizing the powder employed in the L-DED process to optimizing the main
process parameters of the system employed to obtain bulk dense samples. Detailed
analyses of the microstructure and mechanical properties of the bulk 316L samples
fabricated by L-DED were conducted. Investigations into different deposition
strategies were also undertaken, focusing on understanding the impact of heat
accumulation. A factor screening approach was employed, measuring multiple
responses concerning various factors and covariates. The chapter dedicated to
stainless steel 316L concluded in determining also the optimal process window for
another L-DED system with the starting material in wires.

It was found that the optimized process parameters using a Laserdyne 430 by
Prima Additive with 2 mm laser spot diameter utilize a specific volumetric energy
density of 133.3 J/mm? ensuring the production of fully dense, crack-free
specimens. The microstructural analysis exhibited a typical AM microstructure



with micro-segregation and some Mn/Si oxide inclusions. The microhardness
exhibited a decrease towards the top of the samples due to reduced cooling rates,
with a mean value of 203 HV.

Processing 316L stainless steel wire with the LAWS 250 system by Liburdi,
which utilizes a 0.3 mm laser spot diameter and has a fixed wire feeding position,
revealed the main process parameters for all feeding directions. However,
challenges emerged with the wire feeding system, resulting in issues such as
porosity and misalignment during subsequent track depositions. The following
experimental chapter (Chapter 3) delved into hot work tool steels, in particular the
W360 steel (from Bohler), to be processed through Laserdyne 430 system. This
segment commenced with characterizing the starting powder, followed by the
optimization of the main process parameters. Heat treatments were then applied to
the as-built L-DED samples of W360, leading to discussions on microstructural
evolution of the as-built, as-quenched, and hardened W360 samples. Optimized
parameters yielded a specific volumetric energy density of 82.1 J/mm? for samples
with 99.85% relative density. The as-built W360 sample exhibited a typical AM
microstructure, characterized by a cellular-dendritic pattern with small carbides
observed in the intercellular regions. The effect of post processing heat treatment
was also investigated. Post-quenching, the samples displayed the typical
microstructure of hot work tool steels, consisting of small martensite laths and
carbides. After three consecutive tempering cycles on the quenched samples
microstructure exhibited a tempered martensite matrix with grown Mo-rich
carbides. The as-built sample demonstrated a mean microhardness of 642 HV,
while as-quenched sample had 744 HV and tempered samples showed 634 HV
microhardness.

Chapter 4 was then focused on the 18Ni-300 maraging steel, again in powder
form. The exploration commenced with characterizing the initial powder,
proceeded to optimize the main process parameters, and culminated in a detailed
analysis of the microstructural and mechanical properties of the samples fabricated
by L-DED using a LAWS 250 system with 0.3 mm laser spot diameter. Optimized
parameters yielded a specific volumetric energy density of 121.9 J/mm? for building
samples with 99.62% relative density. The as-built 18Ni-300 samples revealed a
typical AM microstructure with a cellular-dendritic pattern comprising both
equiaxed and columnar dendrites together with the Ti-rich black nanoparticles. The
mean microhardness value of as-built 18Ni-300 sample was 331 HV.

The final chapter, Chapter 5, focused on studies involving the application of L-
DED in repair processes, starting from powders and using Laserdyne 430 system.
A thorough investigation of D2 tool steel was conducted to comprehend its



behaviour in the L-DED process used as a substrate. Once understood, the
deposition of W360 on the D2 steel substrate was executed to investigate the
feasibility of the repairing process by L-DED. The initial worn industrial blade,
made of D2 cold work tool steel in a hardened state, featured large carbides
dispersed within the martensitic matrix, presenting challenges for repair attempts.
Through an annealing process, the microhardness of the D2 substrates decreased,
facilitating successful welding on annealed D2 substrates. Subsequently, crack-
free, nearly fully dense W360 samples were deposited onto annealed D2 steel
substrates, indicating promising results for repair applications. Optical micrographs
revealed a typical AM microstructure, and EDS analysis indicated Cr and V-rich
carbides. However, microhardness measurements highlighted the need for
adjustments in the heat treatment process for W360 steel to achieve the desired
microhardness, emphasizing the importance of careful consideration and
optimization of repair process parameters.

In summary, these findings underscore the significance of careful consideration
and optimization of the repair process parameters to ensure successful and durable
repairs of industrial components made in tool steels.
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Chapter 1

Introduction

1.1 Additive manufacturing

Additive Manufacturing (AM), also known as 3D printing, is a groundbreaking
manufacturing process that enables the creation of complex three-dimensional
objects by adding material layer by layer. Unlike traditional subtractive
manufacturing methods, which involve cutting or shaping materials, AM builds
objects from the ground up, offering unparalleled design freedom and
customization. The development of AM technologies can be traced back to the
1980s when the first AM processes were introduced. Initially, the focus was
primarily on prototyping applications, but over time, the capabilities expanded to
include functional part production [1], [2], [3]. Major milestones in the
development of AM technologies include the invention of Stereolithography (SLA)
by Charles W. Hull in 1983 and the introduction of Selective Laser Sintering (SLS)
by Carl Deckard and Joseph Beaman in the late 1980s. As the technology advanced,
it gradually encompassed a wide range of materials, applications, and processes,
enabling the creation of complex geometries and intricate structures [1], [4].
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Figure 1.1 AM vs. subtractive manufacturing. a) In subtractive
manufacturing, a block of material is processed by material-removing machines
according to digital design before obtaining the final 3D object together with a
large amount of residual material. b) In AM, a starting material (powder, liquid,
filament, etc.) is processed by a 3D-printing machine, which deposits just the
required amount of material in layer-by-layer fashion before the final 3D object is
obtained. The amount of residual material left over after the process is
significantly lower than that resulting from subtractive manufacturing [5].
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AM offers several unique benefits that contribute to its growing popularity
across industries. It provides unprecedented design freedom, allowing for the
creation of highly complex geometries and intricate internal structures that are
challenging or impossible to produce with traditional manufacturing methods. This
freedom enables designers to optimize parts for performance, lightweighting, and
customization, leading to improved functionality and efficiency [6], [7]. In contrast
to traditional manufacturing, which often involves significant material wastage due
to its subtractive nature, AM is an additive process that utilizes only the required
amount of material. This reduction in waste not only minimizes environmental
impact but also improves material efficiency (Fig. 1.1). Furthermore, unused or
excess material from one build can be reused for subsequent builds, maximizing
resource utilization [8], [9], [10], [11]. Moreover, AM streamlines the
manufacturing process by eliminating the need for complex tooling, reducing setup
time, and enabling rapid iteration and prototyping. This agility translates into
shorter lead times and reduced costs for product development. Additionally, AM
facilitates on-demand production, eliminating the need for large inventories and
enabling just-in-time manufacturing [3], [7]. Another captivating benefit of AM is
its ability to customize and personalize on a mass scale. It empowers the production
of unique, one-of-a-kind products tailored to specific customer requirements,
preferences, or medical needs. This capability has significant implications for
industries such as healthcare, automotive, and consumer goods, where personalized
products are in high demand [2], [8], [12], [13]. Furthermore, AM has the potential
to revolutionize supply chains by enabling localized production. Instead of relying
solely on centralized manufacturing facilities and long-distance shipping, AM
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allows for distributed manufacturing closer to the point of demand. This
localization can reduce logistics costs, shorten delivery times, and enhance
sustainability by minimizing transportation-related emissions [1], [14], [15].

The ISO/ASTM 52900 standard provides a comprehensive classification
system for AM processes and specifies the terms and definitions used in the field.
The standard, titled "Additive manufacturing - General principles - Terminology"
aims to establish a consistent and unified framework for describing and categorizing
AM technologies. AM processes are classified into seven techniques based on their
fundamental characteristics and principles as illustrated in Fig 1.2 [16]: Material
Extrusion (ME), Vat Photopolymerization (VPP), Powder Bed Fusion (PBF),
Material Jetting (MJ), Binder Jetting (BJ), Sheet Lamination (SL), and Directed
Energy Deposition (DED). Within the AM domain, a wide range of materials can
be processed, including polymers, ceramics, composites, and metals. With a focus
on metal AM, the ISO/ASTM 52900 standard recognizes two metal fusion-based
technologies: DED and PBF [1], [12], [16], [17].

Material
Extrusion

Material
Jetting

Additive

Manufacturing
Vat Directed
Photopoly- Energy
merization Deposition

Powder Sheet
Bed Fusion Lamination

Figure 1.2 AM techniques.

PBF processes involve the selective fusion of a material powder bed using a
focused heat source, typically a laser or an electron beam, through proper lenses
and mirrors in a scanning systems. The ISO/ASTM 52900 standard further
classifies PBF into two subcategories: PBF with Laser Energy Sources (PBF-LE)
and PBF with Electron Beam Energy Sources (PBF-EB). PBF-LE techniques, such
as Selective Laser Melting (SLM) and Selective Laser Sintering (SLS), utilize a
laser to selectively melt or sinter the powdered material. On the other hand, PBF-
EB techniques, such as Electron Beam Melting (EBM), employ an electron beam
as the energy source to selectively melt the powdered material [1], [12], [16], [17],
[18], [19].

DED is a metal fusion-based AM technology that involves the layer-by-layer
deposition of material using a focused energy source, such as a laser or an electron



beam. The process entails melting metal powder or wire and precisely depositing it
onto a substrate or previously deposited layers. DED enables the fabrication of
large-scale, near-net-shape parts and the addition of features to existing components
[1],[12], [16], [20], [21], [22].

1.1.1 Directed Energy Deposition

DED is a metal fusion-based AM technology that has gained significant
attention in recent years. It offers unique capabilities for fabricating complex metal
parts with a high degree of design freedom and customization. DED is a versatile
process that can be used with various feedstock materials and heat sources,
providing flexibility in material selection and process parameters [1], [20].

The development of DED technology can be traced back to the early days of
AM. It emerged as an extension of traditional welding processes and has since
evolved into a sophisticated AM technique. The initial applications of DED were
focused on repair and cladding operations in industries such as aerospace,
automotive, and oil and gas [23], [24]. However, advancements in hardware,
software, and material science have expanded the scope of DED to include the
fabrication of fully functional parts, making it an attractive option for various
industries, including aerospace, defence, and tooling [6], [15], [25], without the
limitations of the building chamber dimensions, like in PBF.

In the DED systems, material in either powder or wire form is fed into a focused
thermal energy source (e.g., laser or electron beam, electric arc), where it is melted
using a protective atmosphere and subsequently deposited onto the substrate or
previously deposited material. The deposition head, consisting of the heat source
and material feeding system, can be moved in a 2D pattern according to a CAD
model; as the deposition head is scanned along this pattern, the molten deposited
material rapidly solidifies and bonds with the substrate or previously deposited
material. After scanning one layer, the deposition head is moved up (or the substrate
is moved down) and deposition of the subsequent layer begins. Due to the layer-by-
layer deposition process used in DED, the resulting parts frequently exhibit non-
uniform microstructures and properties [26], [27]. This non-uniformity arises due
to the complex thermal history experienced by the manufactured samples. A cross-
section of a DED sample along the building direction can be divided into four
schematic zones (Fig. 1.3). Beginning from the substrate material, the initial zone
is referred to as the "not affected zone." Close to the first deposited layer, there is
the "heat-affected zone." The third zone comprises "tempered metal,"
corresponding to the primary deposited part. The top layer of the sample,
corresponding to the last deposited layer, forms the "non-tempered metal" zone
[28], [29]. During the process, the first layer is generally deposited on a cold
substrate at ambient temperature, leading to rapid cooling due to heat dissipation.
With each subsequent layer deposition, the heat from the energy source to the
solidifying material traverses through the previously deposited layers into the
substrate, creating an intrinsic heat treatment (IHT) effect. However, the final layer
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deposited does not undergo this reheating process, and consequently, it exhibits a
microstructure characteristic of the as-built material [30], [31], [32]. Therefore, to
achieve a uniform microstructure and, consequently, uniform mechanical properties
in bulk samples produced by L-DED, post-processing heat treatments (HT) are
commonly employed [33], [34].

Non-tempered metal —————————1>

Tempered metal
Z

Heat affected zone

Deposited
layers

Build direction

Not affected zone

Figure 1.3 Schematical representation of four zones with different thermal
history.

DED configurations with powder material feedstock utilize a laser as the
thermal energy source, while DED systems using wire feedstock utilize an electric
or plasma arc, a laser, or an electron beam as the thermal energy source like
indicated in Fig. 1.4 [1], [20].

Lasersource Heat source

‘Wire feeder

\

Laser beam Laser/electron beam

or electric/plasma arc

Melt pool
Powder stream

Depositedmaterial ** Melt pool Deposited material Wire

%//)////// ) Subumate %//)////// D) Sibstnate

Figure 1.4 Schematic of DED systems employing a) laser with powder
feedstock; b) laser/electron beam/plasma or electric arc with wire feedstock.

DED offers several advantages compared to other metal AM technologies.
Firstly, it is well-suited for large-scale fabrication and repair of metal components.
Its ability to deposit material layer by layer allows for the creation of large and
complex parts without the need for extensive post-processing or assembly.
Additionally, it is widely used for the repair and restoration of high-value metal
components, such as turbine blades and aerospace structures, enabling cost-
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effective repairs without the need to replace entire components. [20], [21]. Also, it
typically offers high deposition rates, making it efficient for producing parts with
reduced build times. This is especially beneficial for industries that require rapid
production and short lead times [20], [35]. DED is compatible with a wide range of
metal feedstock materials, including various alloys and even dissimilar materials.
Multiple material deposition simultaneously or sequentially enables the fabrication
of functionally graded structures, metal matrix composites, and the integration of
dissimilar materials in a single part. This flexibility allows for the fabrication of
parts with tailored material properties for specific applications [20], [36], [37], [38].
Compared to PBF, it allows incorporation of real-time monitoring and control
systems, allowing for adjustments to be made during fabrication to ensure quality
and accuracy. This capability helps in achieving consistent and reliable results [20],
[39]. Also, DED systems can be configured with multi-axis capabilities, allowing
for more complex geometries to be fabricated without the need for additional
support structures [40]. And, since DED is an additive process, it minimizes
material waste, utilizing only the required amount of feedstock material. This
efficiency contributes to reduced material costs and lower environmental impact,
especially using a wire feedstock [20], [35], [41], [42].

DED utilizes various heat sources each heat source offers unique advantages
and finds applications in different industries [20], [27]. Laser-based DED employs
high-power lasers, such as CO; lasers or fiber lasers, to generate intense heat that
melts the feedstock material [36], [43], [44]. In electron beam-based DED, a
focused beam of high-energy electrons is used as the heat source. The electron beam
is generated in a vacuum chamber and directed onto the workpiece's surface [20],
[45], [46]. Plasma arc-based DED utilizes a high-temperature plasma arc for
material melting and deposition. The plasma arc is formed by ionizing a gas using
a high-frequency electric field [20], [42], [47]. Electric arc-based DED involves the
formation of an electric arc between an electrode and the workpiece, creating a
high-temperature plasma [42], [47]. Comparison of different heat sources in some
specifications is given in Table 1.1. The cold spray-based DED utilizes a supersonic
jet of solid-state particles accelerated by compressed gas to deposit material onto
the workpiece. Unlike other heat-based DED processes, cold spray DED does not
involve melting the feedstock material. Instead, it relies on the kinetic energy of
particles to form a strong bond with the substrate. Cold spray DED is valued for its
ability to process temperature-sensitive materials and for reducing the heat-affected
zone [48], [49].

Table 1.1 Comparison of different heat sources in DED [50], [51]. Build
volume refers to the relative size of components that can be processed by the subject
process. Detail resolution refers to the ability of the process to create small features.
Deposition rate refers to the rate at which a given mass of product can be produced.
Coupling efficiency refers to the efficiency of energy transfer from the energy
source to the substrate, and Potential for contamination refers to the potential to
entrain dirt, gas, and other possible contaminants within the part.



Heat source Build Detail Deposition Coupling Potential for

volume resolution rate efficiency contamination
Laser 3 2 2 1 3
Electron beam 4 1 3 4 4
Plasma/electric 3 1 3 4 2

arc

* Comment: 1 is the lowest, and 4 is the highest.

Among these heat source options, laser is the most studied one, and the only
one with opportunity of being used for both, powder and wire feedstock.

1.1.2 Laser Directed Energy Deposition

Laser Directed Energy Deposition (L-DED), also known as Laser Metal
Deposition (LMD) or Laser Engineered Net Shaping (LENS), is a metal AM
process that utilizes a high-power laser as the heat source to melt and fuse metal
powders or wires onto a substrate [1], [20], [36]. L-DED operates based on the
principle of focused laser energy melting metal powders or wires as they are
deposited onto a substrate or previously laid layers. All L-DED systems consist of
axis control system, laser system, and material feeding system [1], [20].

Axis control system plays a crucial role in achieving precise and accurate
fabrication of complex three-dimensional parts [51], [52]. The axis control system
is responsible for controlling the movement of the deposition head, an integrated
laser head with material feeding system, and/or the workpiece during the DED
process. It ensures that the material is deposited at the correct location with the
desired dimensions and geometries [51]. Machines typically have a multi-axis
control system, which includes at least three linear axes (X, Y, and Z) and often
additional rotary axes (A, B, and C). The linear axes control the movement of the
deposition nozzle or the workpiece along the X, Y, and Z directions, while the
rotary axes allow for rotational movement around X, Y, and Z axis, enabling
fabrication on complex curved surfaces without need for supporting structures. The
axis control system is governed by a Computer Numerical Control (CNC) system.
The CNC system interprets the digital design data from the computer-aided design
(CAD) software and generates precise toolpaths for the deposition process [53].
Modern DED systems often incorporate real-time monitoring and feedback
mechanisms. Sensors are used to monitor the position of the deposition nozzle or
the workpiece during the process. The feedback data is continuously fed back to the
CNC system, allowing it to make adjustments in real-time if any deviations from
the desired path are detected [39], [54]. The real-time monitoring and feedback
mechanisms utilized for controlling the layer height during the deposition process
help in overcoming typical deposition problems like overgrowing and
undergrowing of the build part (Fig. 1.5). Layer height refers to the thickness of
each individual layer of material deposited on the workpiece. Precise control of the



layer height is essential to achieve the desired dimensional accuracy and mechanical
properties of the final part [24], [55].

Laser beam

Focus lens
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(a) Case 1 (b) Case 2 (c) Case 3
Figure 1.5 Effects of relationship between Z-axis increment and layer
thickness in L-DED process: a) optimized working distance; b) too great distance;
¢) too short distance [55].

The laser system is a critical component that provides the high-energy source
necessary for melting and fusing metal powders or wires during the AM process. It
plays a key role in determining the quality, efficiency, and capabilities of the L-
DED process [56], [57]. There are several types of lasers utilized, the choice of laser
type depends on factors such as the material being processed, and the specific
application. The choice of laser type will have different laser wavelength, therefore
different energy absorption for different materials (Fig. 1.6). Some common types
of lasers used in L-DED are fiber, CO2, Nd:YAG, and diode lasers [56], [58]. They
usually employ a high-power laser source, which generates a concentrated and
intense beam of light. The laser power can range from few hundred watts to several
kilowatts, depending on the specific application and the material being processed.
Higher laser power allows for faster melting rates and higher deposition rates,
contributing to increased productivity in L-DED [56], [59].

Layer
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Figure 1.6 Theoretical absorption as a function of wavelength for a range of
common metals [60].

The material feeding process is also a crucial aspect of AM technologies [61].
The system involves supplying the material feedstock to the deposition zone where
the laser melts and fuses the material to build up the desired part [12], [20], [23],
[62]. Material feeding in L-DED is carefully controlled to ensure the precise
deposition of layers and to achieve the final product without defects with the desired
properties[24]. For L-DED, the material feedstock can be in the form of metal
powder or wire [20], [62]. Depending on the feedstock type, two configurations of
L-DED are recognized: L-DED with powder feedstock (L-DED-P) and L-DED
with wire feedstock (L-DED-W) [1], [20].

1.1.3 Laser Directed Energy Deposition with Powder Feedstock

As the name suggests, L-DED-P is an AM technique that utilizes a laser beam
to melt and fuse metal powder particles, enabling the construction of three-
dimensional components [1], [20]. In this process, a powder delivery system
supplies the metal powder to the deposition zone [23]. The metal powder is fed into
the laser beam through one or more powder nozzles through powder/gas feeding
lines with the carrier gas stream, typically consisting of an inert gas such as nitrogen
or, even more preferably, argon (Fig. 1.7) [23], [63]. External powder feeders
contain one or more powder hoppers connected to a continuous delivery system,
which includes a rotating disk that determines the amount of powder delivered to
the carrier gas [64]. The stream of pressurized inert gas fluidizes and carries the
metallic powder to the laser spot [61].
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Figure 1.7 Schematic of L-DED-P deposition head.

The interaction between the laser and the powder typically takes place within a
time range of 0.2 to 8 milliseconds [65]. As the particles are exposed to the laser
beam, they undergo rapid heating [66]. The degree of temperature elevation
depends on their specific position within the powder stream and in relation to the
laser beam. This dependence arises from both the distribution of powder
concentration and the power distribution of the laser beam, following a Gaussian
function [67]. Additionally, factors such as particle size, particle velocity, and the
flow of the carrier/shielding gas contribute to the elevation of powder temperature
[23]. For example, Peyre et al. conducted calculations that yielded a maximum
temperature of 1350 K for particles with a diameter of 25 um and 900 K for particles
with a diameter of 45 pm in the case of Ti-6Al-4V, under identical conditions at the
centre of the powder stream [68]. Moreover, the design of the powder stream flow
is intended to intersect with the laser at the focal plane of the laser through the
special design and positioning of the nozzles (Fig 1.7) [23]. The shape of the powder
stream, the distribution of laser intensity, the speed of the powder, and the
distribution of maximum powder temperature are all significantly influenced by the
feeding angle, which is determined by the design of the nozzle(s) [23], [69]. As a
result, certain particles experience melting while still in flight, while others undergo
heating close to the melting temperature just before entering the melt pool [66],
[70].

In the laser-powder systems, the absorption of the laser energy, or in other
words energy efficiency is mostly depending on the powder material and the type
of laser utilized (e.g. wavelength), like already explained and illustrated in Fig. 1.6
[23], [56], [58]. Apart from the type of laser and material, the energy efficiency also
depends on surface preparation and temperature. The energy efficiency usually
ranges from 0.15 and 0.50 [71]. Unocic and DuPont [72] experimentally measured
using a Seebeck envelope calorimeter energy efficiency for a continuous wave
Nd:YAG laser of H13 tool steel and was shown to range between 0.30 and 0.50.
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Another efficiency in laser-powder systems is powder catchment efficiency that
is defined as the ratio of the deposition rate to the powder feeding rate [35]. This
parameter refers to the ability of the DED system to effectively capture and utilize
the powder particles that are carried toward the substrate during the deposition
process [73]. Proper powder catching ensures that a high percentage of the fed
powder particles are successfully deposited onto the intended substrate, minimizing
wastage, and optimizing material usage [23]. Several factors like process
parameters, gas flow, powder properties, and machine configuration influence
powder catching efficiency [35], [74]. The choice of process parameters, such as
laser power, scan speed, and powder feed rate, impact powder catching efficiency,
higher power produces larger melt pool size, hence increases the efficiency [14],
[23]. While with higher scan speeds the efficiency decreases, as well as for higher
powder feed rates [35], [75]. The direction and velocity of the carrier and shielding
gas flow, play a role in guiding the powder particles toward the melt pool. Proper
gas flow control is essential to direct the particles effectively and prevent them from
escaping the deposition area by ensuring certain particle velocity which determines
the interaction time between particles and the laser beam [66], [70], [73], [76]. The
size, shape, and flowability of the powder particles can influence how they interact
with the laser or energy source and how effectively they adhere to the substrate
[23], [74], [77], [78]. The machine configuration in terms of nozzle design, laser
type and laser spot also significantly influence the powder catching efficiency. The
design of the nozzle through which the powder is delivered into the melt pool affects
the trajectory and distribution of powder particles [23], [69]. The laser type coupled
with the material used have better energy efficiency, resulting in better powder
catching efficiency and larger laser spots result in larger melt pool sizes [56], [58],
[79].

1.1.4 Laser Directed Energy Deposition with Wire Feedstock

In L-DED with wire feedstock (L-DED-W), a continuous metal wire is fed into
the deposition zone through a nozzle. The focused laser beam is then applied to the
point where the wire intersects with the substrate or previously deposited material
(Fig 1.8). The heat generated by the laser melts the wire, which fuses with the
underlying material to form a solidified layer. Wire feedstock offers higher
deposition rates compared to powder-based systems and in the case of wire feeding,
the volume of the deposited material is always the volume of the fed wire, so there
is 100% feedstock capture efficiency (except a little “splatter” from the melt pool)

[1].
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Figure 1.8 Schematic of L-DED-W.

In L-DED-W process is also sensitive to the interactions between laser beam
and wire. Findings from laser-powder interactions are not necessarily applicable to
laser-wire interactions. Apart from laser power, scan speed and wire feed rate, there
are some other parameters that influence the interactions between laser beam and
wire, such as angle between laser beam and wire, wire tip position relative to the
melt pool, and feed direction [51].

Back feed

Figure 1.9 Schematic representation of different wire feeding directions
relative to the motion of the deposition head (shown by red arrow): (a) front feed
in which the deposition head travel direction is opposite to the direction of the
wire feed, (b) back feed in which the deposition head travel direction is in the
same direction as the wire feed, and (c) side feed in which the deposition head
travel direction is orthogonal to the direction of the wire feed.

The direction in which the wire is fed into the melt pool can affect the molten
metal transfer and deposition characteristics. Front feeding (Fig. 1.9 (a)), where the
wire is fed into the melt pool in the opposite direction to the deposition head travel
direction, is the preferable feeding configuration. It provides stable wire melting
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and smooth depositions, allowing better wire-melt pool interactions, improved
metallurgical bonding, and a reduced probability of defects [41], [80], [81]. Back
feeding (Fig. 1.9 (b)), where the deposition head travel direction aligns with the
wire feed direction, poses challenges due to wire obstruction and interference with
the laser beam. It can cause issues such as wire stubbing, lack of fusion, or poor
bead formation, leading to increased porosity and reduced part quality [41], [80].
Side feeding (Fig. 1.9 (¢)), where the deposition head travel direction is orthogonal
to the wire feed direction, presents challenges related to wire stability, positioning,
and control. The wire may experience lateral deflection or misalignment, affecting
the accuracy and consistency of deposition, especially if wire feeding is high. Side
feeding can result in irregular bead profiles, increased spatter, and potential lack of
fusion. To overcome the challenges associated with different wire feed directions
in L-DED-W, adjusting laser power, scan speed, and wire feed rate for each feed
direction can optimize process stability and deposition characteristics [41], [80].
Fine-tuning these parameters can help overcome specific challenges associated with
each feed direction, ensuring proper wire melting and adequate material deposition
[51], [82].

1.2 Steels

Iron (Fe) is a chemical element with the atomic number 26 and is one of the
most abundant metals, making about 5% of the Earth’s crust. It is a transition metal
belonging to the d-block of the periodic table. Iron has been used by humans for
thousands of years and plays a vital role in various aspects of everyday life,
industry, and technology. Pure iron is a ferromagnetic, silvery-grey metal with a
density of 7.87 g/cm?. It has a melting point of 1.538 °C and a boiling point of 2.862
°C . It is prone to oxidation, leading to the formation of iron oxide, commonly
known as rust, when exposed to moisture and oxygen. Iron can exist in various
oxidation states, the most common being +2 and +3. In the nature it is primarily
found in the form of iron ores, such as hematite (Fe.O3) and magnetite (Fe3O4), as
well as in various iron-bearing minerals. These ores are mined and processed the
most commonly through the blast furnace to extract iron in its metallic form [83].

The pure iron can exist in three allotropes naturally in bulk form, body-centered
cubic (bcc, o-iron, ferrite), face-centered cubic (fcc, y-iron, austenite), and
hexagonal close-packed (hpc, e-iron) which is existing only in high pressure
conditions, like illustrated in the phase diagram of pure iron in Fig 1.10 [83]. The
d-iron that can be observed in the Fig. 1.10 is only a high temperature o-iron,
therefore not an actual allotrope.
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Figure 1.10 The phase diagram for pure iron [84].
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The a-iron phase is the stable form of iron at temperatures below 910 °C and
has a bee crystal structure, which means that the iron atoms are arranged in a three-
dimensional cubic lattice with iron atoms at each corner of the cube and one atom
in the centre, like indicated in the Fig 1.11 (a). The bce structure of alpha iron results
in a relatively open and less densely packed arrangement of atoms compared to
other iron phases. The a-iron exists at temperatures below the Curie temperature of
770 °C and remains stable until it undergoes a phase transformation to the gamma
iron phase (austenite) at temperatures above the Az transformation temperature of
910 °C. It is relatively soft, ductile, and easily deformed, exhibiting good
formability, and can be easily worked into various shapes through processes like
forging, rolling, or stamping. At temperatures below the Curie temperature, alpha
iron is ferromagnetic, meaning it can be magnetized. It exhibits a spontaneous
magnetic field and can retain magnetization even after the external magnetic field
is removed. It is not commonly used in its pure form due to its relatively low
strength and hardness. However, it serves as a foundational phase in the production
of various iron-based alloys, including carbon steels. The addition of carbon and
other alloying elements to alpha iron can enhance its mechanical properties and
make it suitable for specific applications in industries such as construction,
automotive, and manufacturing [83].

The y-iron phase is the iron stable form of iron at elevated temperatures and has
a face-centered cubic (fcc) crystal structure, which means that the iron atoms are
arranged in a three-dimensional cubic lattice with iron atoms at each corner of the
cube and one atom in the centre of each face, like illustrated in Fig 1.11 (b). The
fce structure of gamma iron results in a more closely packed arrangement of atoms
compared to the alpha iron phase. It exists at temperatures above the Acs;
transformation temperature of 910 °C and remains stable until it undergoes a phase
transformation to the a-iron phase at temperatures below the Aci transformation
temperature of 770 °C. The phase transformation between y-iron (austenite) and o-
iron (ferrite) is an important phenomenon in iron and steel metallurgy. Heat
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treatment processes such as quenching and tempering can control the
transformation and result in desired microstructures and properties in iron and steel
alloys. The y-iron phase has higher strength and hardness compared to the a-iron
phase, and it exhibits improved mechanical properties such as increased tensile
strength and hardness. The fcc crystal structure of y-iron allows for greater
resistance to deformation compared to the bcc structure of alpha iron. The y-iron
phase, particularly in the form of austenite, finds extensive use in various
applications. Austenitic stainless steels, which contain high amounts of y-iron,
exhibit excellent corrosion resistance, high ductility, and good formability. They
are widely used in industries such as food processing, chemical processing,
automotive, and construction [83].

In the context of practical metallurgy and iron alloys, the focus is mainly on the
stable forms of iron, namely ferrite (a-iron and 8-iron) and austenite (y-iron) [83].
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Figure 1.11 Crystal lattices of: a) body-centered cubic and b) face-centered
cubic [85].

The majority of steels rely on just two allotropes, a and y. Like already stated,
bec ferrite, at ambient pressure, is stable up to 910 °C (Acs), when it transforms into
the fcc austenite. With further heating it transforms back to ferrite at 1390 °C (Acs).
The high-temperature ferrite is traditionally labelled 6, although it is no different in
crystal structure from o. The d-ferrite remains stable until reaching the melting
temperature of 1536 °C [83].

In Fig 1.12, the phase changes in the mean volume per atom of iron as a function
of temperature are illustrated. It is important to observe that during the y- to a-
transformation, there is an approximate 1 to 3% change in atomic volume. This
volume change can result in the generation of internal stresses during the
transformation process. Also, it can be observed that o and o ferrite are the part of
the same function confirming the bcc crystal structure [83].
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structures of iron at ambient pressure [86].

The introduction of carbon into iron is sufficient to create what we commonly
refer to as steel. However, steel is a broad term encompassing a vast array of
complex compositions. Even a minor concentration of carbon, for instance, 0.1-0.2
in weight percentage (% wt.) or roughly 0.5—-1.0 in atomic percentage (% at.), has
a profound strengthening effect on ferritic iron. This phenomenon has been
recognized for over 2500 years, as blacksmiths of old understood that iron heated
in a charcoal fire readily absorbed carbon through solid-state diffusion.
Nevertheless, the intricate processes through which carbon assimilation transforms
a relatively soft metal into an exceptionally robust and often tough alloy have only
been comprehensively explored in recent times [87].

Steels represent a class of alloys primarily cantered around iron (Fe) as the base
metal, with carbon (C) serving as the principal alloying element. They find
widespread use across various industries due to their exceptional mechanical
properties, adaptability, and cost-effectiveness. Steels deliver an impressive blend
of strength, resilience, malleability, and weldability, making them indispensable in
applications spanning from structural components to automotive parts, machinery,
tools, and consumer goods [87].

In addition to carbon, steel may incorporate variable quantities of other alloying
elements like manganese (Mn), silicon (Si), chromium (Cr), nickel (Ni),
molybdenum (Mo), vanadium (V), and numerous others. These alloying elements
are introduced to confer specific properties upon the steel. This categorization can
be further delineated based on the steel's chemical composition, microstructure, and
attributes, resulting in classifications such as carbon steel, alloy steel, stainless steel,
and tool steel [87], [88].

Among the given classifications in the following sections focus will be given
to austenitic stainless steels, tool steels, and maraging steels which are classified as
ultra-low carbon steels.
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1.2.1 Stainless steels

Stainless steels are a family of iron-based alloys celebrated for their corrosion
resistance, achieved through the strategic addition of chromium, constituting a
minimum of 10.5% of the alloy's weight. This critical chromium threshold forms a
protective oxide layer on the steel's surface, rendering it impervious to rust
formation even in humid, unpolluted environments, thus earning the illustrious
moniker "stainless." The core of stainless steel's corrosion resistance lies in its
ability to self-heal via a thin resilient surface passive film. Remarkably, this passive
film can mend itself when subjected to various environmental challenges, making
stainless steels immensely versatile [89], [90], [91].

Within the stainless steel family, we find a variety of alloying combinations
tailored to specific needs. The austenitic grades, such as Fe—Cr—Ni and Fe—Cr—Ni—
Mn-N, are affectionately remembered by their former AISI type numbers,
encompassing the 300 and 200 series, respectively. Meanwhile, the Fe—Cr grades
display martensitic properties at lower chromium levels and ferritic characteristics
at higher levels, earning their place in the 400 series. Stainless steels exhibit further
diversity through duplex grades, offering a balanced composition comprising
roughly 50% austenite and 50% ferrite, and precipitation hardening grades,
predominantly martensitic in nature, tailored for applications demanding higher
strength. The stainless steel family encompasses around 180 distinct alloys, each
meticulously crafted to bolster resistance against a plethora of corrosion types (Fig
1.13) [90], [91].

NFCrFe Superduplex
Slloys 303.303Se stainless steels
Superferritic + Pl
i i Add S or Se
stainless steels Aii?:t;nwcgo{goﬁi'gﬁ for machinability Adyr, Ni, Mo, N
Add Cr Mo temperature environments

Duplex
stainless

steels

309, 310,314, 330

347 No Ni, . (
Add Nb +Ta ferritic Ad:lgn‘;;‘g Wi Jadacr, fo,N
10 reduce oxidation resistance, lower Ni
sensitization ] _, for strength
AET 304 Add Gu.Ti Al Precuplta_non
321 to reduce lower Nifor __|  hardening
sensitization Fe-19Cr-10Ni precipitation stainless
hardening steels

N\

: AN
Hﬁdd Mo 'tf” Add Mn and N, lower Ni
304L Lower C PIEing fesisarce for higher strength
to
316L)%* reduce 316 201, 202

31701 BB Rl Add more Mo for
pitting resistance Add Mo, N
: i Low-S, high-N
i AddNi, Mo, N No Ni addition !
Superaustenitic for CoHGRIN lower Cr, grades: 4565S,
stainless steels resistance martensitic 2418 MoN, Rex 734

403,410, 420

Figure 1.13 Stainless steel alloys composition and properties [90].
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Among the most renowned stainless steel grades type 304 (UNS Number
S30400) is often encountered, an austenitic variety containing 18-20 % wt.
chromium and 8-12 % wt. nickel. Furthermore, grade type 316 (UNS S31603), also
often encountered, is austenitic stainless steel with 16-18 % wt. chromium, 10-14
% wt. nickel, and 2-4 % wt. of molybdenum [90], [91].

Austenitic stainless steels, characterized by their excellent corrosion resistance
and high-temperature stability, typically comprise 18 to 30 % wt. chromium, 8 to
20 % wt. nickel, and 0.03 to 0.1 % wt. carbon. At 800 °C, carbon's solubility limit
is around 0.05 % wt., which increases to 0.5 % wt. at 1100 °C. Therefore, subjecting
austenitic steels to solution treatment within the range of 1050 °C to 1150 °C
dissolves all carbon into the matrix. Rapid cooling from this temperature range
results in a supersaturated austenite solid solution at room temperature (Fig 1.14)
[89], [91].
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Figure 1.14 Calculated effect of carbon on the phase diagram for 18Cr-8Ni
steel. 01 and 0., stand for M23C¢ and M7C;3 respectively [89].

However, slow cooling or reheating within the range of 550 °C to 800 °C
triggers the precipitation of carbon from the solution, typically in the form of
chromium-rich carbides like M23Cs, even when the steel's carbon content is very
low (< 0.05 % wt.). These carbides tend to nucleate at the grain boundaries of the
austenitic structure, affecting mechanical properties and corrosion resistance. The
onset of intergranular corrosion is notable in these regions, where the surface oxide-
film becomes chromium-depleted and anodic compared to its surroundings. This
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can lead to severe intergranular corrosion and even steel disintegration. The lattice
parameter of M23Cs is approximately three times that of austenite, making it easily
identifiable via electron diffraction patterns. The critical temperature range for
chromium carbide nucleation and growth is 500 °C to 850 °C. Consequently, any
process that allows slow passage through this range renders the steel susceptible to
intergranular corrosion. Welding, in particular, creates these conditions in the heat-
affected zone, leading to localized corrosion in specific chemical environments.
Various strategies exist to reduce or eliminate M23Cs formation and its associated
intergranular corrosion risk, termed stabilization: solution treatment, carbon content
reduction, control of M23Cs kinetics, strong carbide-forming elements, and grain
boundary engineering. To counter grain boundary corrosion, certain austenitic steel
grades, such as 304 and 316, are manufactured with low carbon content (<0.03 %
wt.) and designated 304L and 316L [89], [91].

The austenitic steels do not exhibit remarkable strength or ductility. Typically,
they possess a 0.2 % proof strength of around 250 MPa and a tensile strength
ranging between 500 and 600 MPa. These properties highlight the significant work-
hardening capacity of these steels, rendering their processing more challenging than
that of mild steel. However, it's crucial to note that stainless steels find their
exceptional utility in their other properties, particularly their corrosion resistance
[89], [91].

1.2.2. Tool steels

Tool steels, widely employed in tooling components, must withstand high loads
repeatedly without wear or deformation. Their choice becomes paramount when
tools operate at high temperatures, balancing toughness, wear resistance, and
resistance against temperature-induced softening. Tool steel properties emanate
from alloying additions to plain carbon steel. These alloying elements enhance steel
properties across four principal categories [92], [93]:

1. wear resistance

il.  toughness or strength
iii.  hardenability, hardness accuracy, and hardening safety
iv.  high-temperature hardness or “red hardness”

Carbon content in tool steels typically ranges from 0.4 % to 1.5 % wt., and
they're meticulously formulated under stringent conditions to yield desired quality.
The carbides in their structure play a pivotal role in defining tool steel attributes.
Prominent alloying elements that induce carbide formation in tool steel include
tungsten, chromium, vanadium, and molybdenum. Adjusting the carbide phase
composition and characteristics can alter the hardening properties, such as critical
temperature, carbide solution during heating, grain enlargement when heated,
hardenability, and resultant products upon cooling. These changes also affect the
formation of martensite and the retention of austenite the martensite start
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temperature (Ms) and the martensite finish temperature (My) during cooling, along
with tempering property adaptations during reheating [92], [93].

The stability of carbides can be ranked in decreasing order, as depicted in Table
1.2. More stable carbides avidly combine with carbon and can pre-empt elements
lower in the table when present in multi-alloy steel. These stable carbides also
display superior hardness and wear resistance. However, dissolving these stable
carbides into the matrix requires prolonged heating at higher temperatures. This
increases the steel's resistance to grain growth and promotes the presence of harder,
wear-resistant carbides in the hardened steel matrix [92], [93].

Table 1.2 Stability of carbides arranged in the order of decreasing carbide
stability [93].

Titanium MC
é M¢C
'.é Tungsten M,C
s M23Cs
s MeC
fl) Molybdenum M,C
= M23Cs
S Vanadium MC
O M-Cs
2 Chromium M>3Cs
g M;C
= Manganese M;C
Iron M;C

Alloying elements can be divided into two primary groups based on their
influence on the critical austenite formation temperature. Ferrite formers, the first
group, elevate this temperature, encompassing elements like titanium, vanadium,
molybdenum, silicon, tungsten, and chromium. The second group, austenite
formers, expand the austenite range by decreasing its formation temperature. This
group includes carbon, nitrogen, nickel, manganese, copper, and cobalt [92], [93],
[94].

Concerning the influence of alloying elements on the Mg and Mr temperatures
for martensite transformation: except for cobalt and aluminum, all elements reduce
the martensite start temperature, resulting in increased retained austenite. Carbon is
notably potent in reducing the Ms temperature and elevating retained austenite.
Barring cobalt, every alloying element in tool steels, including carbon, typically
expands the isothermal transformation curve. This increases hardenability, reducing
the need for aggressive quenching. However, the undissolved carbides' presence is
a consideration, as strong carbide-forming elements can sequester carbon, impeding
its dissolution in the austenite matrix. This might lead to lower carbon concentration
in the austenite, potentially reducing isothermal transformation times [92], [93].

Tempering, an essential final stage in tool steel's heat treatment, precipitates
dissolved carbides in a refined dispersion, enhancing toughness and achieving the
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targeted hardness level. Two primary reactions typify secondary hardening in tool
steel [92], [93]:

1. Transformation of the retained austenite present in all un-tempered
steels. In low and medium-alloy steels, this austenite either becomes
bainite or partially stabilizes at minor tempering temperatures. In high-
alloy steels, this austenite persists up to 427-538 °C (800-1000 °F),
when a conditioning reaction begins, turning the austenite to martensite
upon cooling.

2. Precipitation of sub-microscopic carbides, mainly between 482—538 °C
(900-1000 °F).

It's vital to understand that carbide-forming elements' effect during tempering
depends on the preceding hardening heat. For instance, tungsten, molybdenum, and
vanadium play critical roles in precipitating carbides during tempering. To witness
this rehardening effect, these elements should be in substantial concentrations.
Conversely, chromium reduces the softening rate during tempering without
triggering genuine secondary hardening. Cobalt enhances the effects of tungsten
and molybdenum, elevating secondary hardening and heat resistance. The
tempering curve of carbide-rich steels can be significantly modulated by the
hardening phase, influencing the dissolved carbon and alloy quantities available for
precipitation during tempering [92], [93].

Historically, various tool and die steels have been developed to tailor properties
for specific applications. They broadly fall into six categories: high-speed steels,
carbon tool steels, low-alloy tool steels, special purpose tool steels, cold work tool
steels, and hot work tool steels. Each category has further subdivisions based on
various factors like alloying elements, heat treatment methods, and inherent
properties. [92], [93], [94].

High-speed steels, distinguished for their ability to preserve hardness at
elevated temperatures, are predominantly employed in the manufacture of cutting
tools, including drills, end mills, and taps. These steels are predominantly composed
of W, Mo, Co, and V. Their capacity to maintain hardness under high-temperature
conditions facilitates increased cutting speeds. Carbon tool steels, with their
primary hardening attribute being their C content, are relatively cost-effective and
are suitable for crafting tools like knives, razors, and woodworking implements.
However, improper tempering can render them brittle. Low-alloy tool steels,
containing minimal alloying elements, are engineered to strike a balance between
toughness, wear resistance, and hardness. These steels offer superior hardenability
compared to carbon tool steels and are ideal for applications demanding wear
resistance where the use of high-alloy steels would be cost-prohibitive. Special
purpose tool steels cater to specific applications or display distinct characteristics.
For instance, while some are formulated to offer abrasion resistance, others are
designed to thwart softening at high temperatures. These steels might incorporate
elements such as Si, S, or Se to bestow unique properties. Cold work tool steels,
aptly named, are tailored for tools operating at ambient temperatures, typical
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examples being tools used for stamping, cutting, or forming. These steels are
renowned for their wear resistance, dimensional stability post heat treatment, and
robustness. Tool steels from the D, A, and O groups are categorized under this type.
Lastly, hot work tool steels are designed to endure high temperatures and are
integral for processes like forging, die casting, and extrusion. Their salient features
include resistance to thermal fatigue and abrasion, in addition to sustaining hardness
under elevated temperature conditions [92], [93], [94].

1.2.3. Maraging steels

Maraging steels belong to a unique category of ultra-high-strength steels.
Unlike conventional steels, they undergo a distinctive hardening process that
doesn't rely on carbon. Instead, their strength arises from the precipitation of
intermetallic compounds at a temperature of approximately 480 °C (900 °F). The
term "maraging" is a fusion of "martensite" and "age hardening", which highlights
the aging of a low-carbon, Fe-Ni martensite matrix. Commercial maraging steels
are designed to achieve specific yield strengths between 1030 to 2420 MPa Some
experimental variants have even reported yield strengths as high as 3450 MPa [94].
Characterized by an extremely low C content, no more than 0.03 % wt., maraging
steels also contain significant amounts of Ni, between 17-19 % wt. Other
constituents include Co (8-12 % wt.), Mo (3—5 % wt.), T1 (0.2-1.8 % wt.), and Al
(0.1-0.15 %wt.). This specific composition aims to prevent the formation of
titanium carbide (TiC) precipitates, which can significantly diminish impact
strength, ductility, and toughness. Nevertheless, the high alloy content, particularly
Co, means that maraging steel carries a higher cost [94], [95].
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Figure 1.15 Phase diagram related to Fe — Ni system [96].

The production of maraging steel involves a process termed austenitizing,
where the steel is heated to around 850 °C, falling within the austenite phase region
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(Fig 1.15). Following this, it undergoes a gradual air cooling to foster a martensitic
microstructure. Generally, slow cooling of hypoeutectic steel from the austenite
phase results in the formation of ferrite and pearlite. In contrast, rapid cooling
methods, like quenching in water or oil, are employed to form martensite. However,
due to maraging steel's elevated Ni content, martensite formation occurs even
during slow cooling, thereby inhibiting ferrite and pearlite formation. This resulting
martensitic structure is softer than its counterpart in conventional carbon steels,
which is beneficial as it offers greater ductility and toughness without requiring
tempering [95].
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Figure 1.16 Effect of ageing temperature on the strength and ductility [95].

Post-quenching, maraging steel experiences a strengthening stage through
thermal ageing, a prerequisite for its use in aircraft components. The steel
undergoes heat treatment at 480—500 °C for several hours, facilitating the formation
of hard precipitates dispersed within the softer martensitic matrix. The primary
types of these precipitates are NisMo, Ni3Ti, NizAl, and FeaMo, appearing in high
volumes due to the alloy-rich composition of the steel. Its negligible C content
ensures an almost complete absence of carbide precipitation. Co, a key element in
maraging steel, plays diverse roles. It not only limits the solubility of Mo, thereby
increasing the volume of Mo-rich precipitates, but also ensures even dispersion of
these precipitates throughout the martensitic matrix, consequently reducing the
ageing time required for optimal hardness. Precipitates in maraging steel serve to
limit dislocation movement, thereby strengthening the material through
precipitation hardening. Fig 1.16 illustrates how the ageing temperature impacts the
tensile strength and ductility of maraging steel. Age-hardening at the optimal
temperature range of 480—500 °C over a span of several hours allows the steel to
approach a yield strength of around 2000 MPa while still maintaining commendable
ductility and toughness. Nonetheless, over-ageing may lead to reduced strength due
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to precipitate enlargement and the martensite's decomposition, causing its reversion
to austenite [95].

1.3 Additive manufacturing of steels

AM has evolved to incorporate a variety of metallic systems, encompassing
Ti alloys, Ni-based superalloys, Al alloys, and notably, steels. While steels now
constitute roughly a third of all metal AM-related publications, it could be stated
that they remain underrepresented given that they form nearly 80 % of all metallic
components used in engineering. The environmental footprint of AM is a topic of
ongoing debate. However, there's potential for it to reduce greenhouse gas
emissions, particularly when producing intricately shaped steel parts. This approach
could bypass the emissions associated with less efficient conventional production
techniques. Beyond its ecological promise, AM brings an unmatched level of design
versatility, enabling the creation of intricate geometries or lightweight, hollow
structures that would challenge traditional manufacturing methods. With steel's
inherent recyclability, AM's significance extends to the circular economy. It
presents an opportunity to manufacture high-value items from recycled powders
and reintegrate AM by-products into new creations [97].

AM offers a unique capability by constructing materials layer by layer, each
with a thickness of a few tens to thousand of microns. This approach facilitates the
creation of location-specific microstructures, possessing tailored mechanical [98],
[99] and corrosion properties [100] that remain challenging, if not unfeasible, via
conventional manufacturing techniques. Therefore, it is essential to understand the
microstructural evolution during AM. The thermal history experienced by metals
in AM is different from traditional manufacturing processes. Microstructures in AM
are the result of rapid solidification rates (dT/dt: 103-10% K/s)1 [101], with values
in the range 10° to 10* K/s for L-DED processes, high thermal gradients (dT/dx:
10°~107 K/m), and thermal fluctuations due to the sequential melting and deposition
of consecutive multiple layers [18], [27], [97], [102], [103]. The evolution of key
microstructural features, including solidification morphology, segregation, cells,
grain structure (size and shape), crystallographic texture, microstructure stability,
secondary phases, defects, and inclusions, is influenced by the above mentioned
thermal aspects. In AM microstructures, subgrains are solidification cells with
orientations very similar to one another, defined by the segregation of alloying
elements and the accumulation of dislocations at their boundaries [104].

To date, a range of steels have been successfully processed using L-DED
technology. Commonly studied AM materials include alloy steels, carbon steels,
stainless steels, and tool steels[36]. Among carbon and alloy steels, recent studies
have reported processing grades such as 18Ni300 (M300), AerMet100, AISI 4140,
4340, 34CrNiMo6, 24CrNiMo, 12CrNi2, 12CrNi2Y, 50Cr6Ni2Y, and Fe-9Cr
using L-DED technology [105], [106], [107], [108], [109], [110], [111], [112],
[113], [114], [115]. For tool steels, research on grades like H13, D2, M4, M2, and
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W360 is available in scientific literature [31], [116], [117], [118], [119]. In the
group of stainless steels, AISI 316L, 304L, and 420 are frequently cited [120],
[121], [122]. Additionally, studies on duplex and precipitation-hardening stainless
steel grades such as DSS 2205, SAF2507, 15-5 PH, 17-4 PH, among others, have
also been published [123], [124], [125], [126].

1.3.1. Stainless steel 3161 by L-DED

In recent years, the application of AM technologies to stainless steels has
surged, primarily due to their robust mechanical properties. These steels are well-
suited for diverse applications spanning industries such as automotive, aerospace,
and petrochemicals [127], [128], [129]. Among these, AISI 316L steel stands out
as the most extensively processed and researched. Its popularity can be attributed
to its excellent weldability and corrosion resistance [120].

The 316L stainless steels is in a composition range where solidification can
occur either with a primary (8-) ferritic phase or with a primary austenitic (y) phase
[104]. The primary solidification phase in case of 316L is austenite, as expected
from the Schaeffler diagram, Fig 1.17 [120], [130]. In L-DED processing of 316L
stainless steel, it is indeed observed that in the regions along the borders of the
solidification cells (i.e. in the intercellular regions), the micro segregation during
solidification leads to an enrichment in the ferrite stabilising elements Cr and Mo
[130], [131]. Additionally, grains are elongated in the direction of thermocapillary
convection within the melt pool and areas of heat sink [29]. Regions with elongated
grains, ranging between 200—400 um, consist of fine equiaxed and elongated cells,
each approximately 5 um in size [130].
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Figure 1.17 Schaeffler constitution diagram showing the location of the
composition of the AISI 316L stainless steel (red circle) [120], [130].

Mechanical properties serve as critical measures of the quality of an AM
process, with hardness and tensile properties typically utilized as principal
performance indicators for AM components. Industrially, tensile samples are
commonly constructed alongside AM components to confirm the integrity of the
building process. Consequently, there has been extensive research into the
mechanical properties of AM materials. Numerous studies and analyses focused on
the tensile strength and hardness of as-built DED AISI 316L samples, fabricated
under varying building or post-processing conditions [120]. The quality of
components in DED building is largely contingent on key parameters like laser
power, scan speed, and powder feeding rate. Establishing the optimal amalgamation
of these process parameters is crucial not only for attaining dense samples but also
for fostering the development of the desired microstructure and mechanical
properties [120], [132], [133]. The relationship between building direction and
tensile properties is also important in assessing the mechanical attributes of AM
samples. The stress—strain curve is influenced by the anisotropy of the
microstructure and the existence of certain defects [103]. Therefore, a broad range
of mechanical property results is observed. However, in general, the hardness of
parts produced by L-DED is higher than that of parts produced by traditional
conventional technologies [120]. Reported values start from 190 HV, as indicated
by Ma et al. [103], which is 20 HV higher than a cast 316L sample [134], extending
up to 370 HV as reported by Zhang et al. [135]. In the literature, the yield strength
(oy) of L-DED produced samples ranges from 300 to 610 MPa [103], [135],
ultimate tensile strength (cuts) from 536 to 900 MPa [135], [136], and elongation
to fracture (&r) from 4 to 46 % [135], [136].

In AM, as-built components commonly exhibit high residual stresses, attributed
to the complex thermal history experienced during fabrication. Therefore,
specialized post-heat treatments are essential, serving to mitigate internal stresses
and harmonize microstructures. Nevertheless, there has been a limited exploration

into the impact of stress-relieving or annealing heat treatments on the properties of
L-DED AISI 316L [120].

1.3.2. Hot work tool steel by L-DED

Only some grades of tool steels have successfully processed by L-DED [104].
Typically, tool steels are high-alloyed carbon steels, with the majority having an
equivalent carbon content exceeding 0.50 %, as per European standard EN 1011-2
Method A, Eq. 1 [137]. According to welding literature, steels possessing an
equivalent carbon content above 0.7 % are considered challenging to weld or non-
weldable, owing to their tendency to form martensite during cooling, subsequently
increasing the risk of cold cracking. Such cracking is associated with alterations in
the specific volume throughout the solid-phase transformation [138], [139], [140],
[141].

26



%Mn + %CTr+%Mo +%V + %Cu+%Ni
5 15

(1) CE = %C +

When it comes to hot work tool steels, those most extensively studied within
the AM domain are chromium-molybdenum steels, with the AISI H13 (1.2344,
X40CrMoV5-1) grade standing out notably [104]. Although H13 steel exhibits a
relatively high processability indicator equivalent carbon content of 2.14 % wt., as
per Eq. 1. The exceptional combination of hardness, toughness, thermal shock
resistance, and wear resistance is what makes H13 so interesting [93].

In the as-built condition of H13 produced by L-DED, the microstructure is
characterized by solidification cells and dendrites, accompanied by a martensitic
phase, and retains austenite within the interdendritic regions. This cellular
microstructure arises due to micro-segregation throughout the solidification process
and is rich in alloying elements such as Cr, Mo, V, and C [142]. Specifically, the
enrichment of carbon stabilizes the austenite to room temperature [32], [143]. The
sizes of these cells vary from 2 to 30 pm, primarily depending on the sample
position and the energy applied [32], [104]. Additionally, carbide precipitates,
predominantly located in the interdendritic region, may form during the ITH. The
majority of identified carbides are of the MC-type, supplemented by a minor
presence of M7Cs carbides [104], [119], [144].

Numerous studies have documented the mechanical behaviour of hot work tool
steel H13 fabricated by DED. In the case of material produced by L-DED in an as-
built condition, the hardness is found to be between 550 and 660 HV [104], [142],
[145], with the ours approximating 2000 MPa and the &f varying from 5 to 6 %.
These values parallel those of quenched and tempered wrought material, indicative
of its in-situ tempered state [104].

When it comes to the tool steels the heat treatments are extremely important for
tuning of their mechanical properties. Usual post-heat treatments are performed in
order to decompose the retained austenite at the temperatures above 500 °C, to erase
the cellular solidification microstructure by heating above 700 °C [31], [32], [139].
Another post-heat treatment often performed is to obtain microstructure and
mechanical properties similar to conventionally produced material by austenitizing
followed by quenching and tempering cycles [31], [32], [104], [139], [146]. Also,
some innovative post-heat treatments like high pressure heat treatments are
investigated and utilized [147] Apart from the post-heat treatments it is important
to mention the ITH that has significant influence on properties of as-build samples
[104]. H13 produced via DED exhibits a martensitic microstructure, with some
presence of retained austenite. The martensite found is tempered due to the ITH
from the heat input during the process [31]. This tempering effect becomes evident
when comparing the hardness of the top layer, which did not experience ITH, to the
lower layers that undergo IHT [104], [148].

1.3.3. Maraging steel by L-DED

In the group of maraging steels, the most widely used alloy in AM is 18Ni-300
(1.2709, X3NiCoMoTi 18-9-5) [88], [106], [149], [150], [151], [152].
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When compared with conventionally manufactured (wrought) maraging steels,
typically almost entirely martensitic, those produced by DED exhibit a significantly
different microstructure [88], [104]. In samples produced by DED cellular/dendritic
solidification microstructure appears with cell sizes around 5 pm [88], [151], [152].
It is also reported that the prior austenite grains in DED-produced samples are
relatively large, reaching up to 1 mm in diameter. Within these solidification
microstructures, blocks of martensite laths predominantly inhabit individual
solidification cells, often, but not invariably, bounded by retained austenite along
cell peripheries [88], [104]. This retained austenite results from the enrichment of
alloying elements in the interdendritic (intercellular) regions due to micro-
segregation during solidification. The accumulation of Ni stabilizes the austenite to
room temperature [88], [152]. As a result, maraging steels fabricated through DED
contain a significant amount of austenite, ranging between 6 and 11%, depending
on the specific processing conditions utilized [88], [104].

In literature, the microhardness of as-build 18Ni-300 maraging steel by L-DED
has been reported to be around 350 HV, while the tensile properties. While no
literature that has reported tensile properties of as-built samples by L-DED [88],
[149]. In order to give some idea about tensile properties of as-built AM 18Ni-300
samples values for L-PBF produced samples are reported. The cuts approximating
1150 MPa and the &r varying from 5 to 13 % [104].

The steel undergoes heat treatment at 480—500 °C for several hours, facilitating
the formation of hard precipitates dispersed within the softer martensitic matrix.
However, the cellular as-built microstructure is maintained at typical aging
temperatures. When exposed to higher aging temperatures, such as 600 °C,
considerable austenite reversion occurs [104], [153]. After a solution treatment,
generally conducted between 815 and 840 °C, where the steel reaches a fully
austenitic phase, the cellular microstructure is completely dissolved. It is then
succeeded by a completely martensitic, but coarser microstructure upon quenching,
resulting in a reduction in hardness and strength relative to the as-built state [104],
[154]. Furthermore, there is evidence of the initial stages of precipitation in L-DED-
produced material, leading to elevated hardness. This phenomenon is linked to the
repetitive reheating of the material with the addition of new tracks and layers, a
condition known as ITHT [88], [104].

1.4 Research objectives

Trying to summarize, in this thesis the primary aim was to demonstrate the
capability of the L-DED technology both for creating 3D objects in steels and for
repairing industrial tools in steels, using two different systems with powder feeding,
and one system with wire feeding. To achieve these goals, multiple research sub-
objectives were established. The first sub-objective was to comprehend the L-DED
process of steels using powders or wires as feedstock. This involved investigating
the use of the well known stainless steel 316L as the primary material, first
analysing the characteristics of the starting 316L powder and optimizing the L-DED
main process parameters using predicting models to produce defect-free samples.
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The machine employed is a Laserdyne 430 by Prima Additive with 2 mm laser spot
diameter. Subsequently, a microstructural and mechanical characterization was
conducted to gain insights into material properties and behaviour. Furthermore, the
influence of heat accumulation during the L-DED process on microstructural and
mechanical properties was explored through various deposition strategies. For the
second sub-objective, the utilization of L-DED with 316L wires feedstock was
explored, beginning with the optimization of process parameters for L-DED. The
machine used is a LAWS 250 by Liburdi with 0.3 mm laser spot diameter and fixed
wire feeding position. This led to further aims, such as investigating the effects of
different feeding directions on melt pool shape, microstructure, and mechanical
properties.

A third sub-objective was to process, for the first time to the authors’
knowledge by L-DED using Laserdyne 430 system, the W360 hot work tool steel
provided by Bohler. Bulk samples were successfully deposited, and then their
microstructural and mechanical properties were analysed in different conditions: as
built, and after a heat treatment involving austenitizing, quenching, and tempering
to assess the evolution of microstructure in each step.

The fourth sub-objective was to optimize the main process parameters of the L-
DED system LAWS 250 for the 18Ni-300 maraging steel in powder. The
exploration commenced with characterizing the initial powder, proceeded to
optimize the main process parameters, and culminated in a detailed analysis of the
microstructural and mechanical properties of the samples.

The last sub-objective was related to the use of L-DED technology to repair
tool steels. The L-DED from Prima Additive, Laserdyne 430, with the laser spot
diameter of 2.0 mm was used for the repair of D2 tool steel blades with the W360
hot work tool steel . Initial objectives included investigating the starting D2 material
and optimizing main process parameters for W360 steel.
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Chapter 2

AISI 316L by DED

In this chapter, the data obtained from experimental investigations conducted
regarding stainless steel 316L processed by L-DED from powders (L-DED-P) and
L-DED from wires (L-DED-W) are presented in six main sub-chapters, defined as
follows:

e Powders for L-DED-P

e Process parameters optimization for L-DED-P

e Microstructural analysis of samples by L-DED-P

e [-DED-P deposition strategy — influence of heat accumulation
e Factor screening for multiple responses in L-DED-P

e Effects of wire feeding direction and main process parameters in L-
DED-W

2.1 Powders for L-DED-P

In this study, a commercially available gas-atomized pre-alloyed AISI 316L
stainless steel powder, provided by Oerlikon (Freienbach, Switzerland), was
utilized for AM sample production through L-DED. The powder chemical
composition, detailed in Table 2.1, remained consistent throughout the
experiments. All the measurements and analyses performed on powder samples are
detailed in Appendix B.1. The particle size distribution of the powder exhibited a
unimodal and Gaussian pattern, with D10 at 49.2 um, D50 at 60.9 pum, and D90 at
74.6 um, as depicted in Fig 2.1. Notably, this distribution fall within the lower
spectrum, deviating from the conventional range of 50-150 um typically used in L-
DED processes. Fig. 2.2 (a) presents a SEM micrograph of the as-received powder,
revealing predominantly spherical particles. However, the micrograph also unveils
the presence of various defects: satellites (Fig. 2.2 (b)), agglomerates (Fig. 2.2 (c)),
and elongated particles (Fig. 2.2 (d)). The occurrence of satellite particles is
common in gas atomized powders, affecting powder flow behaviour. These
particles are formed due to differences in droplet velocities, sizes, and cooling times
during the atomization process. Larger droplets often split into smaller ones with
varying speeds, with smaller droplets cooling more rapidly. These smaller droplets
may collide with larger ones and adhere on their surface, forming satellites[155].
Additionally, irregular powder particles, including agglomerates and elongated
shapes, significantly influence powder flowability [155], [156], [157]. During
atomization, if a droplet is in a low-velocity gas field or experiences minimal
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relative velocity between the gas and the droplet, it doesn't fragment but can deform.
Upon reaching the solidification point, the droplet retains this irregular shape [155].

Table 2.1 Standard and nominal chemical composition of AISI 316L stainless

steel powder.
wt.% C Fe Cr Ni Mo  Mn P S Si N

Standard | 0.03  Bal. 16.0- 10.0- 2.00- 2.00 0.045 0.03 0.75 0.1
18.0 14.0 3.00

Nominal | <0.01 65.72 17.34 12.55 2.34 1.40 0.012 <0.01 0.49 0.08
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Figure 2.1 AISI 316L powder particle size distributions in the as received
condition: the dotted blue curve corresponds to the distribution in volume, while
the red curve to the cumulative volume distribution.
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Figure 2.2 SEM micrographs of a) AISI 316L powder in the as received
condition, and magnifications showing b) a particle with smaller satellites, ¢) an
agglomerate particle, and d) an elongated powder particle.

Given the identified particle types in the powder batch, evaluating the powder's
bulk properties became imperative. The powder exhibited excellent flow properties:
in Table 2.2 the values of a Hall flow meter measurement, a compressibility index
(CI), a Hausner ratio (HR) together with the apparent density (dapp) and the tapped
density (0wp) are reported.

Table 2.2 Flow properties of 316L powder.

Property Value
Hall flow meter measurement | 14 s/50g
CI ' 8.3%

HR 1 1.09

Sapp | 4.52 g/em’
Stap 1 4.93 g/em®

The powder true density was assessed, revealing a measurement of 7.896 g/cm?
at 20.0 °C. This prompted further evaluation for potential internal porosity because
in the literature the density of stainless steel 316L is taken to be 7.98 g/cm? [158],
[159]. Image analyses of OM micrographs of the powder cross-section confirmed
the presence of internal porosity (Fig 2.3 (a)). During gas atomization, most of the
bubbles within the molten metal droplets escape. In case a bubble does not escape
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it becomes a pore (Fig 2.3 (b)). This phenomenon can be attributed to the spinning
of the molten droplets exhibiting a high swirl velocity that generates centrifugal
force, maintaining low-density gas at the droplet centre, leading to the formation of
hollow powder. This phenomenon is schematically illustrated in Fig 2.3 (c). Hollow
powder particles can either retain closed porosity (Fig 2.3 (b)) or develop openings
if the metal crust breaks, as shown in Fig. 2.3 (d), which might not be apparent from
true density measurements. The internal porosity of 316L powder was quantified
and found to be 1.3 %.

PN
A

Trapped gas Metal droplet e

Figure 2.3 a) OM micrograph of powder cross section, b) OM micrograph
with higher magnification of powder particle with trapped gas porosity, c)
schematic of hollow powder particle with swirl spin indicated, d) SEM
micrograph of hollow powder particle with open porosity.

An in-depth examination of SEM micrographs of the as-received 316L powder
revealed the presence of distinctive darker areas, suspected to be oxides (Fig. 2.4).
A large amount of similar dark spots on the powder particles was found by Saboori
et al. on recycled powder [160]. Their study on the effect of powder recycling on
L-DED-fabricated AISI 316L parts indicated differences in mechanical properties
between components constructed with fresh and recycled powders. Parts produced
with recycled powder exhibited significantly reduced elongation values, primarily
due to inclusions of large non-metallic phases in DED samples. The powder
analysed in this thesis displayed few oxide inclusions on its surface (Fig 2.4), as
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confirmed by EDS spot analysis performed on darker and surrounding areas, as
shown in Fig 2.4. The results are summarized in the Table of Fig 2.4. Furthermore,
LECO analysis was employed on the powder sample to quantify the levels of
oxygen and nitrogen present. To discern variations in oxygen levels between the
as-received fresh powder and the used powder, a parallel analysis was conducted
post-use. The findings of the LECO analysis are tabulated in Table 2.3, illustrating
a fivefold increase in oxygen levels in the used powder, while nitrogen levels
remained consistent pre- and post-use, aligning with the data in Table 2.1 for
chemical composition. This increase in oxygen levels in the used powder results
from particles undergoing partial heating during the L-DED process. Once they exit
the zone of reduced oxygen content, created by the implementation of inert
shielding gas, oxidation rapidly occurs.

Point 1 Point 2

3.98 65.49
16.70 17.79
0.56 12.23
0.38 2.38
41.73 1.42
15.39 0.60
2 sum |0 21.11 /

Figure 2.4 SEM micrograph used for EDS point analysis with table of results
reported in % in wt.

Table 2.3 Results of LECO analysis for 316L powder before and after use.
wt. % | Before use | After use

Oxygen 0.0344 + 0.0025 0.163 = 0.006
Nitrogen 0.0733 £ 0.0003 0.0826 + 0.0002

This comprehensive powder characterization provides essential insights for
understanding subsequent L-DED-P investigations.

2.2 Process parameters optimization for L-DED-P

The L-DED system employed in this study was the Laserdyne 430 by Prima
Additive, detailed in Appendix B.2.1. To ensure the production of dense and crack-
free L-DED samples, a meticulous multi-step approach, outlined in Appendix A —
Experimental Procedure, was followed. Single tracks (STs) measuring 40 mm in
length were deposited on a 316L substrate using the methodology described in
Appendix A.l. The design of the experiment (DoE) encompassed a range of
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parameters including laser power (P) and scan speed (v) for the fixed powder feed
rate (Qp) for the initial process window, as summarized in Table 2.4. The O, was
fixed at 8 g/min based on the previous experiences on using Laserdyne 430 with
2.0 mm laser spot diameter, providing an optimal layer growth of around 0.5 mm.
Table 2.4 Process parameter ranges and steps used for deposition of STs for

DoE #1, DoE #l1 DoE #2 DoE #3
DoE #2 and

Range Ste Range Ste Range Ste
DoE #3 g p g p g p

Power [W] | 500 —1000 100 700 — 900 40 780 - 820 20

Scan speed | 600 — 800 50 600 — 700 25 600 — 650 25
[mm/min]
Powder feed | 8 / 8 / 8 /

[g/min]
The STs were then examined following the procedure described in Appendix

A.1. The results are summarised in Fig 2.5 in which dilution is plotted over aspect
ratio (AR) with some selected examples of OM micrographs showing extremes and
acceptable cross-section geometries.

The STs with 500 W were
not plotted — low
penetration in substrate >
dilution values too high

o g S |
W, v =650 mm/min,

Q, =8 g/min
\ L )
r
L]
p_..._. ..............
" ¢
¥ P F S—
T s
(1] il
P=1000 W, v = 700 mm/min, 3 4 5 6 7 8 9 P =900 W, v = 800 mm/min,
Q, =8 g/min AR Q, =8 g/min

Figure 2.5 Diagram summarizing the dilution over AR with selection criteria
lines with selected OM micrographs of STs representing different extremes and
acceptable melt pool geometry.

The results of this initial DoE, depicted in Fig 2.5, showcased a distinct pattern.
STs built with a laser power of 500 W exhibited minimal substrate penetration,
leading to extremely high dilution values. An example of these tracks having an
insufficient penetration is illustrated in top-left OM micrograph in Fig. 2.5. Using
these building parameters could lead to weak metallurgical bonding. STs deposited
at 600 W demonstrated improved but still inadequate substrate penetration, failing
to achieve the desired dilution values around 1.0. Conversely, STs created with
higher power settings exhibited excessive penetration, evident from dilution values
below 0.75. Ultimately, an acceptable process window was identified, with STs
generated at laser power levels between 700 and 900 W, scan speeds between 600
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and 700 mm/min, and O, set at 8.0 g/min, resulting in dilution values of 1.0 + 0.25.
These parameters formed the basis for the second DoE, outlined in Table 6 under
the "DoE #2" column.
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Figure 2.6 Diagrams showing: a) the linear energy density over linear mass
deposition density for DoE #1 with marked in green STs in acceptable melt pool
geometry from Fig. 2.5 and a process window for the DoE #2; b) results of cross-
section analysis of STs from DoE #2 with green criteria lines at dilution values of
0.95 and 1.05; c) the linear energy density over linear mass deposition density for
DoE #2 with accepted STs from Fig. 2.6 (b) marked with filled marker 2.5 and a

process window for the DoE #3.

In Fig. 2.6 (a), the linear energy density and linear mass deposition density for
each set of parameters from DoE #1 and DoE #2 are plotted. Additionally, the sets
of parameters that had dilution values in the accepted range (Fig. 2.5) are marked
in green, highlighting the decision to create a second process window within the
values reported in Table 2.4. The results of DoE #2 are presented in Fig. 2.6 (b),
showing the dilution over AR. The criteria for DoE #2 were selected to be a dilution
of 1.0 £ 0.05. Fig. 2.6 (c) illustrates where the accepted STs geometries fall,
explaining the selection of the process parameters for DoE #3, which are reported
in Table 2.4 under the “DoE #3” column. Additionally, OM micrographs of DoE
#3 STs’ cross-sections are shown in Fig. 2.7.
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Q, =8 Power [W] <+ - selected set
g/min 780 800 820

600

Dil=1.02; AR = 5.94 | Dil.= 1.00: AR= 5.32 | Dil.=0.96; AR = 5.85

Dil.=1.05;AR =5.85 | Dil.=1.02; AR = 5.56 | Dil.=0.98; AR =5.39

Scan speed [mm/min]

‘:g‘ 5
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Dil=1.05;AR = 6.45 | Dil.=1.04; AR =5.43 | Dil=1.01: AR = 5.69

Figure 2.7 OM micrographs of cross-sections of the STs from DoE #3 with
corresponding dilution and AR values reported under each micrograph.

All deposited STs from DoE #3 met the previously selected criteria, with
dilution values ranging from 0.95 to 1.05. Given that all the samples exhibited
favourable dilution values, a sample with the lowest AR value was chosen for the
creation of single layers (SLs). This selection was made because it indicated the
highest growth among the examined STs. The chosen set is marked with a red star
in Fig. 2.7 and had a dilution of 1.00 and an AR of 5.32.

The parameters, including a P of 800 W, a v of 600 mm/min, and a O, of 8.0
g/min, were employed to fabricate single layers. These layers were deposited with
a 40% overlap (Ov), resulting in a hatch distance (hg) of 1.20 mm. This hg was
determined based on the measured single track (ST) width of the selected set, which
was found to be 1.989 mm, rounded up to 2.00 mm, corresponding to the laser beam
diameter (d;) used. The layer thickness (Az) resulting from these parameters was
measured to be 0.503 £ 0.009 mm, rounded to 0.50 mm. All relevant process
parameters utilized for creating the cubic samples are detailed in Table 2.5.

Table 2.5 Optimized process parameters used for building 316L cubes.

Parameters Values
Power 800 W
Scan speed 600 mm/min
Powder feed 8 g/min
Laser spot diameter 2.00 mm
Overlap percentage 40%
Hatch distance 1.20 mm
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Layer thickness 0.50 mm
Carrier gas flow rate (Ar) 5.0 L/min

A thorough evaluation of the obtained samples was performed, focusing on
densification and defect presence through OM micrographs, as described in
Appendix A.3 Step 3: Bulk Samples. The analysis revealed a porosity of 0.02%,
indicating a remarkable relative density. Additionally, besides a few circular pores
identified as gas porosity, no other defects such as voids or cracks were detected
within the samples. Utilizing equation 2 (found in Appendix A.3),the specific
volumetric energy density (Ev) utilized for producing these fully dense bulk
samples with 316L powder was calculated at 133.3 J/mm?. These outcomes
highlight the successful fabrication of high-quality, dense 316L stainless steel
samples using the optimized L-DED parameters outlined in this study.

2.3 Microstructural analysis of samples by L-DED-P

After optimizing the parameters to achieve fully dense samples, cubic
structures measuring 20 x 20 x 20 mm? were constructed on a 316L substrate
measuring 120 x 120 x 8 mm?. The cubes were separated from the substrate using
a wire-electrical discharge machine (W-EDM). Subsequently, the samples
underwent meticulous preparation for in-depth analysis, following the outlined
procedure detailed in Appendix B.3.

Figure 2.8 OM micrographs of 316L sample showing: a) melt pool boundary and
grains with different types of dendritic structures, b) highlighted grains, c)

equiaxed cellular structure, and d) cellular structure.
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The OM micrograph depicted in Fig 2.8 (a) showcases the typical AM
microstructure of 316L, characterized by interconnected melt pools and grains
displaying a dendritic-cellular pattern, featuring both equiaxed and cellular
dendrites. The melt pool borders are also clearly delineated in the micrograph. In
Fig 2.8 (b), grains ranging in size from 200 to 400 pm are highlighted, consisting
of a mix of equiaxed and columnar dendrites. Additionally, Fig. 2.8 (c) displays
rounded cells, while Fig. 2.8 (d) exhibits slightly elongated cells. The cell sizes
were measured in the middle of the samples by analysing 5 micrographs at a
magnification of x50 using the ImageJ software, yielding measurements of 7.98 +
1.02 pm. For further microstructural analysis, samples were examined using a SEM
microscope (refer to Appendix B.3.1.2 for Electron Microscopy).

Figure 2.9 a) SEM micrograph of as-built 316L used for EDS line and point
analysis, b) results of EDS line analysis.

Table 2.6 EDS point analysis results of cell boundary and cell with reported %
wt. of main alloying elements.

Elements 1 — cell 2 -
boundary cell

Fe 61.2 66.5
Cr 19.1 17.3
Ni 11.9 11.7
Mo 4.4 2.5
Mn 1.5 1.0
Si 1.0 0.6

The SEM micrograph (Fig. 2.9 (a)) taken in the central part of the sample of
the equiaxed cellular structure reveals cells, cell boundaries (or intercellular
regions), and a black spherical particle-shaped inclusion. A line EDS analysis was
conducted to observe the micro-segregation of alloying elements, and the results
presented in Fig. 2.9 (b) confirm this phenomenon. Notably, in the intercellular
region, the concentration of Fe slightly decreases, while the concentrations of Cr
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and Mo increase. Referring to the Schaeffler constitution diagram (Fig. 1.17) as a
reference for the phases in 316L steel, the presence of austenite and ferrite phases
is expected under moderate or fast cooling conditions [161]. Moreover, the
formation of d-ferrite is more likely due to the rapid cooling in AM processes [101],
[104], [162]. Elements such as Cr, Mo, and Si stabilize &-ferrite [162], [163],
making the intercellular regions and cell boundaries highly susceptible to having a
d-ferrite microstructure. EDS point analysis was performed to quantify the elements
in cells and cell boundaries, and the results are reported in Table 2.6. It is evident
that Cr and Mo exhibit an increase of about 2% wt. in the cell boundary compared
to the cell. Indeed, all alloying elements, except for Ni, exhibited an increase in
concentration in the cell boundaries. This is consistent with the role of Ni as a
promoter of the austenite phase; hence, it is not found in elevated amounts in ferritic
cell boundaries.

Given the micro-segregation of alloying elements identified through EDS
analysis, the formation of o-ferrite in the intercellular areas was expected. To
confirm this, XRD analysis was performed in the central part of the sample, and the
results are presented in Fig. 2.10.

Peak list
Y v(111) 43.5°
v(200) 50.5°
v(220) 74.4°
v(311) 090.3°
v(222) | 95.7°

Intensity (a. u.)

T Y v
A A

30 40 50 60 70 80 90 100
20 (degree)
Figure 2.10 XRD pattern of an as-build L-DED 316L sample.

The peak values indicated in the upper-right corner of Fig. 2.10 correspond to
the austenite-y-ferrite system. d-ferrite peaks were not detected probably due to its
content lower than the XRD detection limit (4 % vol.). [4]
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Additionally, spherical inclusions were discovered in the samples. Their
chemical composition was examined using EDS point and line analysis (Fig. 2.11).
The results of the EDS point analysis values for Fe, Cr, Ni, Mo, Mn, Si, and O, are
outlined in Table 2.7. EDS line analysis results are plotted in Fig. 2.11 (b) for the
most pertinent elements concerning inclusion analysis: Fe, Mn, Si, and O.

Si

A °ﬁ
n\\m Ml Noana

Figure 2.11 a) SEM micrograph used for EDX point analysis and b) EDS line
analysis results.

Table 2.7 EDS point analysis results with reported % wt. of elements.
Elements Point Point

1 2
Fe 37.8 64.6
Cr 127 173
Ni 5.5 11.6
Mo 1.7 2.7
Mn 11.8 1.3
Si 6.4 0.6
Q) 213/

The EDS results reported in Table 2.7 clearly indicate that these inclusions are
oxides, evidenced by the high O content. Moreover, the analysis revealed increased
concentrations of Si and Mn at point 1. Thus, it can be concluded that these
inclusions are Mn/Si oxides. Such oxides are common in steels with elevated Mn
and Si content and were also previously reported in 316L samples produced via L-
DED [160], [164]. This finding was further supported by EDS line analysis
performed on another inclusion, clearly showing elevated concentrations of Mn, Si,
and O in the inclusion zone (Fig 2.11 (b)). These observed inclusions were
measured to be up to 1 um in diameter. The presence of these inclusions is due to
the nature of the L-DED process itself and due to the starting 316L powder that
already had these oxide inclusions (Fig. 2.4). It should be underlined that the
machine used for sample production, Laserdyne 430, did not allow to utilize
shielding gas, thereby failing to create an atmosphere with reduced oxygen levels.
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While the carrier gas reduces oxygen levels to some extent, it cannot completely
shield the steel from oxidation.

Finally, the impact of these microstructural features on the material properties
was evaluated through microhardness testing. Measurements were taken in three
distinct zones from the substrate to the top of the samples, as indicated in Fig. 2.12

(a).

B

Top (T) --

Central (C) --

Build direction

Bottom (B)--

16‘0 1%0 1é0 1?‘!0 20‘0 21‘0 220
v
Figure 2.12 a) schematic representation of microhardness measurements with
reported zones of sampling along building direction and b) microhardness mean
results for each zone.

The microhardness results depicted in Fig. 2.12 (b) reveal a consistent decline
in microhardness values with the height of the sample. This trend underscores the
non-uniformity resulting from heat accumulation during the deposition process.
Lower layers, experiencing higher cooling rates and therefore exhibit higher
hardness values compared to the upper layers. Specifically, the bottom of the
sample displayed a microhardness value of 203 HV, the central zone measured 187
HV, and the top layers registered 181 HV. The overall mean microhardness for the
entire sample was 191 HV, which is 21 HV higher than cast 316L samples [120],
[134]. While this demonstrates increased hardness compared to conventional
technology, it falls within the lower range of reported hardness values for L-DED-
built samples, ranging from 190 HV [103] to 265 HV [165].

2.4 L-DED-P deposition strategy — influence of heat
accumulation

In this subsection, an exploration of various deposition strategies was
undertaken to comprehend their impact on microstructural and mechanical
properties. Samples measuring 20 x 20 x 20 mm?® were constructed on the 316L
substrate with dimensions of 120 x 120 x 8 mm? using the optimized parameters
detailed in subsection 2.2 and reported in Table 2.5 and the build strategy
schematically represented in Fig. 2.13. Subsequently, the samples were halved and
prepared for microstructural disparities, and microhardness tests were conducted.
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“123” IE‘ “X3”

Figure 2.13 Schematic representation of deposition strategies investigated: a)
strategy “123”, b) strategy “X3”.

In the "123" deposition strategy (Fig. 2.13 (a)), each sample is deposited one
after the other. When the first sample is completed, the deposition of the second
sample begins, followed by the third sample. In contrast, the "X3" strategy (Fig.
2.13 (b)) involves depositing all three samples simultaneously. In this approach, the
first layer of the first sample is deposited, followed by the first layer of the second
sample, and then the first layer of the third sample. This process continues layer by
layer until all samples are completed.

Due to the sequential nature of the "123" strategy, differences in microstructure
from the first to the last sample are expected to be more pronounced. The substrate
starts at room temperature for the first sample and accumulates heat as the process
continues. Consequently, the starting temperatures of the substrate for the second
and third samples are higher, resulting in slower cooling rates. In contrast, the "X3"
strategy minimizes differences between samples since they are deposited
simultaneously. In this strategy, there is a larger interlayer cooling time (Tiayer)
between the deposition of each layer. This time allows for heat to transfer to the
substrate and atmosphere, leading to a lower temperature of the previously
deposited layer compared to a scenario strategy “123”. Although the total time and
input energy are the same for both strategies, the final substrate temperature should
be similar for both cases.

After deposition, the samples were removed from the substrate using the W-
EDM machine, leaving a 1 mm gap from the surface. Subsequently, the samples
were halved along the X-Z plane, embedded in resin, and subjected to grinding and
polishing using standard metallurgical procedures to obtain a mirror-like surface
(refer to Appendix B.3.1). The polished samples were examined for porosity
through OM micrographs, revealing a porosity measurement of over 99.95% for all
samples. To unveil the microstructure, samples were etched by immersion using an
acid mixture (refer to Appendix B.3.1.1).
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Figure 2.14 OM micrographs: a) of sample “123”-3 showing the grains with both
equiaxed and columnar dendrites, b) of sample “X3” showing the grains with both
equiaxed and columnar dendrites, c) at higher magnification showing the rounded
shape cells for “123”-3 sample, and d) at higher magnification showing the
rounded shape cells for “X3”-3 sample.

The OM micrographs presented in Fig. 2.14 reveal the microstructures of the
third samples from each deposition strategy ("123" and "X3") at different
magnifications. In Fig. 2.14 (a) and (b), grains with dendritic-cellular
microstructures are evident, comprising both equiaxed and columnar dendrites.
Moving to Fig. 2.14 (c) and (d), it is apparent, even without precise measurements,
that the "X3"-3 sample has smaller cell sizes. These observations align with the
expected relationship between cooling rates and grain and cell sizes, as indicated in
previous studies [103], [120], [160], [166]. The higher cooling rates anticipated in
"X3" samples due to the interlayer cooling time result in smaller grain and cell sizes.

To quantify the primary cellular arm spacing (PCAS), the triangle method
procedure was employed [103], [160]. In this method, distances between the centre
points of any three neighbouring cells are measured and averaged, as illustrated in
Fig. 2.15 (a). Five micrographs of the middle part of the samples (10 mm from the
substrate) were taken at x50 magnification in a horizontal line. Thirty
measurements per micrograph were conducted using the Imagel] software. The
results are presented in Fig. 2.15 (b).
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Figure 2.15 a) OM micrograph with an example of triangle method measurement,
b) PCAS results plotted for each sample.

The results clearly demonstrate significant differences in the PCAS values
between the two deposition strategies. The smaller PCAS values observed in the
"X3" strategy can be attributed to the interlayer cooling time. Upon closer
examination of the "123" strategy, it becomes evident that the mean PCAS values
show a slight increase from the 1st to the 2nd and 3rd samples, measuring 8.03 pm,
8.19 um, and 8.36 um, respectively. Additionally, alongside the increase in mean
values, the dispersion of the measured data also rises as the deposition progresses
toward the last samples. In contrast, the mean PCAS values for the "X3" strategy
remain within 0.1 pm, ranging from 6.50 um for sample "X3"-2 to 6.58 um for
sample "X3"-1.

The primary factor influencing PCAS is widely acknowledged to be the cooling
rate experienced during the solidification process of the alloy. Extensive
experimental and theoretical investigations have explored the intricate relationship
between cooling rate and PCAS [103], [160], [167], [168]. The significant
relationship between these parameters is expressed in the equation:

@ 4/ = (8Y PCAS)3

Here, dT/dt represents the cooling rate in K/s, and PCAS is in um. Utilizing
this equation, the average cooling rates were calculated and illustrated for each
sample in Fig. 2.15 (c¢). Samples constructed using the "123" strategy were found
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to have solidification cooling rates of approximately 1000 K/s. Conversely, samples
built with the "X3" strategy were calculated to have experienced cooling rates of
1800 K/s. These results align with the theoretical expectations of cooling rates,
indicating that "X3" samples undergo cooling rates approximately two times faster
than those observed in the "123" samples.

Subsequently, XRD measurements were conducted on the samples to
investigate whether different cooling rates lead to the formation of distinct phases.
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Figure 2.16 XRD patterns of: a) samples built with “123” deposition strategy, b)
samples built with “X3” strategy.

The results of the XRD measurements on samples constructed using the "123"
deposition strategy, presented in Fig. 2.16 (a), exclusively reveal the presence of
the austenite phase with peaks observed at 43.5°, 50.5°, 70.4°, 90.3°, and 95.7°.
While all three samples exhibit peaks at the same positions, the intensity of the
peaks at 50.5° and 90.3° decreases progressively from the first to the last sample
deposited. In contrast, the intensity of the peak at 95.7° increases as the deposition
progresses. This phenomenon can be explained by the preferential orientation of
the crystal structure. Higher thermal gradients tend to result in more evident
crystallographic textures [169].

Fig. 2.16 (b) displays the XRD patterns of samples deposited with the "X3"
strategy. In addition to austenite peaks, a d-ferrite peak is visible, particularly in the
magnified insert at the upper-right corner. Notably, all three samples from the "X3"
strategy exhibit very similar patterns, indicating a higher degree of homogeneity in
microstructure compared to the "123" strategy. The presence of o-ferrite could be
due to the higher cooling rate[101], [104], [162].

A direct comparison of the magnified inserts of "123"-1 and "X3"-1 clearly
shows the absence of a d-ferrite peak in "123"-1. However, this does not necessarily
mean that o-ferrite is absent; rather, it is likely present in less than 4% vol. rendering
it undetectable with the utilized instrument.

Following the completion of the microstructural analysis, the mechanical
response, in terms of microhardness, was assessed by making indentations at the
bottom, central, and top parts of the sample, as indicated in Fig. 2.17 (a).
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Figure 2.17 Microhardness: a) schematic representation of microhardness
measurements, b) plotted results of mean values for each sample and for each
deposition strategy average of all three samples (blue notes — “123”; red notes —
“X3”), c) results of bottom zone for each sample, d) results of central zone for
each sample, and e) results of top zone for each sample.

In Fig. 2.17 (b), the mean values of all indentations made on each sample are
plotted, along with the mean values of all samples in each deposition strategy. As
anticipated, the deposition strategy "X3" exhibited higher hardness values,
averaging 192 HV, whereas the mean value for the "123" strategy was 188 HV.
While the "X3" strategy has a higher mean value, the difference is not significant
due to the standard deviation of 10 HV, compared to 14 HV for the "123" strategy.
Analysing each zone individually (Fig. 2.17 (c), (d), and (e)), a certain trend
observed in other studies becomes apparent. The bottom part displayed the highest
microhardness values, followed by a drop in values in the central zone.
Interestingly, at the top zone, the values slightly increased (except for samples
"123"-1 and "X3"-3). This trend is attributed the higher cooling rates experienced
by the fist layers and by the IHT the material undergoes because of the subsequent
layers. This IHT causes has an effect of stress relieving and a consequent reduction
in hardness. However, the final layer deposited does not undergo this reheating
process, resulting in higher hardness values [170], [171]. It is worth noting that
microhardness measurements for samples "123"-1 and "X3"-3 were likely not
performed in the last layers, explaining the absence of this effect in these samples.
While certain trends and differences between deposition strategies are observable,
the variations are not significant. For a more comprehensive assessment of the
differences in mechanical properties, more detailed measurements should be
conducted.

In summary, when analysing the different deposition orders for multiple
samples on the same substrate to achieve uniform properties across all samples, two
effective approaches can be employed. One method involves introducing cooling
time between samples to ensure that the starting temperature of the substrate aligns
with that of the first sample. Alternatively, the application of the "X3" deposition
strategy proves to be an effective solution, as it results in uniform properties for all
samples since they are deposited simultaneously. The deposition strategy must be
designed considering these aspects, especially when building more complex
components.

2.5 Factor screening for multiple responses in L-DED-P

In this subsection, a comprehensive investigation on 316L samples properties
responses depending on different process parameters and starting conditions
summarized in four factors and three covariates was conducted in collaboration
with PhD student Adriano Nicola Pilagatti, Professor Eleonora Atzeni, and
Professor Alessandro Salmi from the Department of Management and Production
Engineering (DIGEP) at Politecnico di Torino.
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In the present work a multi-responses factorial approach was used to optimise
the L-DED-P process of AISI 316L using Fisher's factorial experiment method
[172]. The initial step needed to optimize a new system involves factor screening i.
e., the identification of process parameters and conditions that influence the system
response, outputs [173]. This phase holds particular importance when exploring
novel or inadequately studied systems or processes.

Up to now, numerous authors have studied the impact of various process
parameters on the properties of DED-produced components, there has been a
prevailing trend to concentrate on specific parameters, leading to a lack of
comprehensive parameter screening and identification of boundary condition
effects [174], [175], [176], [177], [178], [179], [180]. L-DED-P involves intricate
interplays of various physical processes, like powder stream, melt pool, and
track[181]. Within these macro processes two distinct sub-categories, demarcated
by factors that can be controlled and those not controllable. Table 2.8 offers an
overview of the parameters integral to the L-DED-P process.

Table 2.8 L-DED-P process parameters subdivision.

Manageable Unmanageable

Laser power Laser beam diameter & power distribution
Gas flow Powder morphology and distribution
Powder mass flow rate  Powder & substrate material properties
Standoff Substrate temperature & geometry

Travel speed Boundary conditions

Toolpath

In this study, the L-DED-P critical factors explored were specific energy
density of laser pass (Epass), the Z-increment of the deposition head (AZ),
overlapping (Ov), and coefficient k. These factors are discussed in detail below.

The effects of the main process parameters P, v, and Q, were explored. Given
their interconnections, the first crucial parameter, Eyass, was investigated (eq. 3).
Epass, indicating the energy supplied in the laser spot (di) area, is system-
independent and influences key aspects like porosity and microstructure. To ensure
safe operation, the operating power was set at 80 % which was 800 W of the
maximum 1000 W, and v was varied to achieve specific E levels. This strategic
focus on Epass provides a nuanced understanding of process outcomes, allowing for
a detailed exploration of defects in the L-DED process.

(3) Epass =P/(vXd))

The second factor, AZ, represents the Z-increment of the deposition head for
each new layer. To ensure the layer height approximates AZ, the powder feed rate
(Qp) must be optimized, particularly in the absence of a feedback control system.
This precision is vital for accurate melt pool positioning [182].

The third process parameter under consideration is Ov, as shown in Fig. A.4.
Ov is defined with the eq. 12 from Appendix A.2, where hq represents the hatch
distance, a distance between the centres of two consecutive tracks and W represents
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the width of the track that is estimated to be d; [183]. Unlike the hatching distance,
the authors favour Ov due to its independence from specific machine
characteristics. Instead, it is determined by the nominal diameter of the laser and
width of the track deposited, making it an intuitive and universally applicable
parameter. Ov, often overlooked, has significant implications for Eas, layer
geometry, and the influence of Q, on the resulting layer height.

The fourth and final process parameter under consideration in this study is the
coefficient k, a dimensionless parameter introduced to account for surplus powder
that does not contribute to the generation of the track. This parameter captures
deviations from the ideal scenario of no powder loss.

In Table 2.9 are summarized the investigated factors and their respective levels.

Table 2.9 Investigated factors and their levels.

Low level High level
E [J/mm?] 46 60
AZ [mm] 0.4 0.6
Ov 0 50
K 1.25 1.4

Uncontrollable parameters primarily pertain to the inherent attributes of the
existing L-DED-P system, including the head configuration, as well as the
properties of the commercial powder employed. Even though these conditions
might be beyond direct control, they are still measurable. To capture these vital
conditions, a specially designed system equipped with sensors and data acquisition
tools was employed in this study. During the deposition process, this system
collects data on the substrate and air temperatures and its absolute humidity inside
the construction chamber.

In our experimental setup, detailed in Table 2.9, we adopted a 2* full factorial
design, resulting in 16 samples and three replications, totalling 48 samples. Our
choice of response variables was guided by their significant impact on the
performance and quality of components produced through L-DED-P. Quality, in
this context, refers to meeting specific criteria, such as high density and mechanical
properties comparable to those of the same material processed by conventional
processes [184]. The focus was on four key response variables: height, porosity,
density, and hardness,

The selection of the specimen height among various geometric features holds
several justifications. Firstly, it serves as a direct indicator of the accuracy of the
deposition process, a pivotal factor in the L-DED-P system utilized in this study,
especially due to the absence of a feedback positioning system. Therefore, if the
precise height is not achieved, extra material is needed. The effects of under and
overgrowing related to the Az are shown in Fig. 1.5. The height was measured
directly on the platform using the EquatorTM 300 precision gauging system by
Renishaw (Wotton-under-Edge, UK).

In addition to ensuring geometric accuracy, we carefully considered other
response variables related to the bulk properties of the component. These properties
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play a crucial role in determining the integrity and performance of the part. Any
defects or irregularities in these properties would significantly impact the final
product quality. Tan and Pang [177] proposed the selected response variables
related to bulk properties, including porosity, density, and microhardness.

Porosity serves as a pivotal parameter, offering insights into process issues such
as lack of fusion, delamination, and other defects. For example, lack of fusion and
delamination result in voids within the material, leading to high porosity values.
For porosity evaluation, 25 random optical micrographs were captured each
specimen utilizing the DMI 5000 M optical microscope by Leica (Wetzlar, GER)
with a 100x magnification factor at the cross-section of the sample. Subsequent
analysis was conducted using ImageJ software.

Density is another vital parameter that holds both qualitative and quantitative
significance. Together with porosity, it provides valuable information about the
effectiveness of the process parameters and the phase formed in the solidified
sample. Pycnometer Ultrapyc 5000 by Anton Paar was utilized to measure density.

Finally, microhardness was chosen as a response variable due to its connection
with the thermal history of the process, the morphology of the microstructure, and
mechanical properties. Changes in microhardness can indicate alterations in these
underlying factors, making it a reliable indicator of the overall quality and
performance of the part. Consequently, microhardness analysis provides valuable
insights into the effectiveness and consistency of the process. For measuring
microhardness the DHV-1000 digital micro-Vickers instrument by JVS (Licheng
District, Jinan, China). For each sample, five measurements were made at the
bottom (2 mm from the substrate) and the top (12 mm from the substrate), using a
load of 0.5 kgf and a dwell time of 15 s.

Table 2.10 displays the experimental data organized into columns including
Run Order (#) and factors used Epass, AZ, Ov, and k. Additionally, the table includes
data for height, density, porosity, hardness. This structured presentation of data
enables a comprehensive analysis of the experimental results. The obtained results
are categorized into four sections: height, density, porosity, and hardness
assessments. This comprehensive experimental design allowed for a systematic
exploration of the chosen factors and their impact on the various response variables.

Table 2.10 Experimental data used for ANCOVA method.

# E AZ Ov Kk Height Density Porosity Hardness
Jmm?> mm % % g/cm’ % HV
1 46 0.4 0 14 101.16 7.928 1.032 166
2 60 0.6 0 14 99.16 7.926 0.051 165
3 60 0.6 0 14 101.25 7.933 0.084 167
4 46 0.6 50 1.25  98.63 7.936 0.033 169
5 60 0.4 50 1.25 103.92 7.939 0.017 166
6 46 0.6 50 1.25  97.79 7.916 0.021 167
7 46 04 0 14 99.78 7.909 1.305 170
8 46 04 0 1.4 101.68 7.924 0.05 172
9 60 0.6 0 1.4 98.28 7.926 0.009 166
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

60
46
60
46
60
46
46
60
60
60
46
46
46
60
60
60
60
60
46
46
46
46
46
46
60
60
60
46
60
60
60
46
46
46
60
46
15.69
7.15
5.45

0.4
0.6
0.4
0.4
0.4
0.4
0.4
0.6
0.4
0.6
0.6
0.6
0.6
0.6
0.4
0.6
0.6
0.4
0.6
0.4
0.4
0.6
0.6
0.4
0.4
0.4
0.6
0.6
0.6
0.4
0.6
0.6
0.6
0.4
0.4
0.4
0.6
0.4
0.4

1.25
1.25
1.25
1.4
1.25
1.4
1.4
1.4
1.25
1.4
1.25
1.25
1.25
1.4
1.25
1.25
1.25
1.4
1.4
1.25
1.25
1.4
1.4
1.25
1.4
1.4
1.25
1.4
1.25
1.4
1.25
1.4
1.4
1.25
1.4
1.25
1.25
1.25
1.4

105.28
99.35
106.03
104.08
100.13
103.81
105.56
102.21
101.78
102.58
99.14
98.28
97.92
102.57
103.03
100.2
100.19
103.79
98.88
105.89
106.4
97.88
98.34
105.61
105.65
102.01
101.39
98.59
95.44
105.74
96.5
100.52
100.6
99.6
106.33
101.94
96.8
101.58
103.9

7.934
7.928
7.936
7.949
7.922
7.941
7.939
7.929
7.919
7.930
7.914
7.925
7.930
7.923
7.912
7.916
7.915
7.924
7.917
7.895
7.882
7.895
7.913
7.897
7.883
7.907
7.902
7.890
7.960
7.957
7.946
7.961
7.,965
7.958
7.963
7.950
7.951
7.958
7.947

0.069
0.329
0.024
0.016
1.116
0.025
0.016
0.021
0.767
0.045
0.195
0.036
0.028

0.01
0.015
0.032
0.012
0.053
0.064
0.016
0.011
0.062
0.018
0.034

1.67
0.037
0.045
0.014
0.012
0.681
0.024

0.02
0.147
0.021

0.18
0.018
0.066
0.051
0.463

161
170
160
165
167
164
167
168
164
171
172
169
168
162
166
164
159
168
170
167
161
167
168
164
170
163
163
161
163
169
162
165
170
169
169
168
168
168
166

ANCOVA is a powerful statistical tool employed in this study that enables the

identification of factors and noise sources influencing each response variable and
suggested strategies to mitigate their effects. This method involves comparing data
sets comprising two variables and subsequently generating an ANCOVA model or
general linear model. This model incorporates nominal and/or ordinal variables as
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independent factors, leading to the creation of prediction equations for different
levels of a categorical variable. Within ANCOVA, continuous independent
variables are referred to as covariates, while categorical independent variables are
termed factors. By employing ANCOVA, the study could discern the impact of
various parameters and effectively counteract their effects on the responses under
investigation.

2.5.1 Height assessment

The height ANCOVA results are presented in Table 2.11, which displays
statistical data such as degrees of freedom (df), contributions to the height trend,
adjusted mean squares (adj MS), F-values, and p-values. In the creation of the
model for predicting the height response, factors, linear or 2-way interactions, and
covariates are considered if the p-value is less than 5%. These height assessment
results are summarized, and the relationships between the height response and
factors are illustrated in Fig. 2.18.

Table 2.11 ANCOVA results for Height assessment.

Source df  Contribution/% Adj MS F-value p-value/%
Model 14 91.24 26.815 24.56 <0.1
Covariates 2 4.32 2.204 2.02 14.9
T4 1 2.05 4.044 3.70 6.3
H,4 1 2.27 0.990 0.91 34.8
Linear 4 74.43 76.196 69.79 <0.1
Epass 1 1.61 8.211 7.52 1.0
K 1 2.47 12.820 11.74 0.2
Ov 1 25.85 95.684 87.64 <0.1
AZ 1 44.49 185.106  169.54 <0.1
2-Way 5 3.96 3.259 2.99 2.5
Interaction
Epuss  k 1 1.64 6.859 6.28 1.7
Epuss - Ov 1 0.05 0.196 0.18 67.4
Epuss < AZ 1 0.12 0.416 0.38 54.1
k-AZ 1 1.15 4.660 4.27 4.7
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Ov-47Z 1 1.01 4.162 3.81 59

Error 33 8.76 1.092

Total 47 100
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Figure 2.18 Effects of factors on the height response.

Upon careful examination, it was determined that no covariate significantly
influenced the response within the studied ranges, with Ta and Ha having p-values
of 6.3 and 34.8%, respectively. Additionally, Blocks were found to be statistically
insignificant, showing a p-value of 19.3%. Roughly 74% of the data variability
could be attributed to the main effects. AZ emerged as the most significant factor,
explaining about 44.5% of the variability. This indicates a direct influence of the Z-
axis increment on Height and layer thickness, where higher AZ values result in a
noticeable decrease in Height. This deduction aligns with previous hypotheses and
interpretations, as demonstrated in the factorial plots (Fig. 2.18 (d)). It underscores
the importance of accurate layer thickness information, inputted as AZ in the
toolpath, as elaborated in detail in section 1.1.2 (Laser Directed Energy Deposition)
and schematically depicted in Fig 1.5.

The second most influential main effect is Ov, accounting for approximately
25.8% of the data variance. A significant impact of Ov on the response is evident;
an increase in response is noticeable when specimens are fabricated with an Ov of
50%, indicating construction over double the laser scanning passes, as depicted in
Fig. 2.18 (c). This observation is in line with the expected relationship between
height response and Ov, confirmed by the model.

k is another significant contributor, indicating that supplying more powder to
the melt pool at elevated levels leads to an increase in height (Fig. 2.18 (b)). This
relationship between powder supply and height can be explained by the increased
deposited layer thickness resulting from more powder being captured in the melt
pool.

The least significant factor is Epass, indicating that as the specific energy
supplied to the melt pool intensifies, there is a proportional increase in the average
Height of specimens. This could be due to an enhanced capacity to melt and
incorporate more powder (Fig. 2.18 (a)). In this context, higher Epass values imply
reduced v, resulting in increased time required for layer deposition. Consequently,
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with the same powder feed rate, a higher quantity of powder will be captured,
leading to increased layer thickness and Height overall.

Noteworthy two-way interactions, highlighted in Fig. 2.19, include Ejass*k and
Epass*AZ. Regarding the Epass and k interaction, it is observed that elevated values
of both parameters lead to an increased response, affirming the notion that higher
Epass can effectively melt a larger quantity of powder. In the case of the Epasss AZ
interaction, an increase in AZ (indicative of fewer layers) results in a decrease in
height, but this response is amplified for higher values of Epass.
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Figure 2.19 Two-way interaction plots for height response.

After identifying the active factors through ANCOVA, they were utilized to
develop a simplified model using standard stepwise regression. This process led to
the following equations for the two levels of Ov in coded units:

(4) Height/% = 100.000 + 0.440 X E, g + 0.448 X k-1.844 X AZ +
0.501 X Epqes X k+0.352 X k X AZ (Ov = 0%)

(5) Height/% = 102.799 + 0.440 X Ep 45 + 0448 X k-2.414 X AZ +
0.501 X Epqes X k+ 0.352 X k X AZ (Ov = 50%)

The comprehensive model assessment, featuring an S value of 1.1, an R?*(ad))
of 87.3%, and an R?*(pred) of 83.2%, underlines the robustness and precision of the
developed model. The scrutiny of residuals corroborates these findings, revealing
no notable anomalies or indications of lack-of-fit (LOF), further affirming the
model's reliability. Examining the coded equations averaged across blocks, a clear
pattern emerges: the samples constructed with 50% of Ov consistently exhibit
higher values than those without overlapping (Ov =0%). However, the response
trend remains consistent for both construction strategies.

55



2.5.2 Density assessment

The ANCOVA analysis focusing on specimen density is detailed in Table 2.12,
providing essential statistical insights such as df, contributions to the density trend,
adj MS, F-values, and p-values. The developed model for predicting density
exhibited an S value of 0.01, an R*(adj) of 55.04%, and an R*(pred) of 23.37%.

Table 2.12 ANCOVA results for density assessment.

Source df Contribution/%  Adj MS  F-value p-value/%
Model 14 68.43 0.001066 5.11 <0.1
Covariates 2 53.20 0.000382 1.83 17.6
T4 1 3.89 0.000012 0.06 81.0
H, 1 49.32 0.000759 3.64 6.5
Blocks 3 11.22 0.000756 3.62 23
Linear 4 1.29 0.000067 0.32 86.2
Epass 1 0.55 0.000114 0.55 46.4
K 1 0.00 0.000001 0.00 95.0
Ov 1 0.43 0.000096 0.46 50.2
AZ 1 0.31 0.000053 0.25 61.7
2-Way 5 2.71 0.000118 0.57 72.4
Interaction
Epass - k 1 0.10 0.000018 0.08 77.3
Epass - Ov 1 1.11 0.000232 1.11 29.9
Epuss - AZ 1 0.00 0.000002 0.01 92.3
k-AZ 1 0.67 0.000149 0.71 40.4
Ov-AZ 1 0.83 0.000181 0.87 35.8
Error 33 31.57 0.000209
Total 47 100

In analysing the ANCOVA results related to density, a notable finding
emerged: the significant influence of blocks on systematic effects, marked by a p-
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value of 2.3 %. Despite being at an early screening phase, this observation has
prompted several hypotheses about its origins. This influence could arise from
complex high-order interactions within the blocks or inherent disparities among
substrates. Additionally, variations might be attributed to the fabrication of each
block on different platforms and days. Despite the data normal distribution,
confirmed by the Anderson-Darling test (ADT), a plausible explanation surfaces:
the observed density variability might be a manifestation of inherent process
variability. This notion suggests that within the defined process parameter window
and under the specified evaluation system, all specimens exhibit uniform density,
enhancing the credibility of the developed equation system linking construction
parameters and the powder transport mechanism.

Upon scrutinizing the density values, the recorded value stands at 7.927 £ 0.006
g/cm’. A comparison with the density of the virgin powder through a one-sample t-
test, where the null hypothesis posits that the powder density is lower than that of
the specimen, results in the rejection of the hypothesis with a p-value lower than
0.01 %. This implies that the porosity inherent in the powder could be mitigated
during the fabrication process (Fig 2.20).
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Figure 2.20 Powder and built samples density comparison.

Further reinforcing this conclusion, several crucial observations were made
regarding the set of 48 specimens. Notably, there are no data outliers that could
potentially skew the findings. Moreover, the null hypothesis addressing the non-
normality of specimen density is not rejected, emphasizing the consistency in the
sample's density. Given the ample sample size, the data aptly captures deviations
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from the mean density of the powder. Such converging evidence solidifies the
earlier conclusions.

2.5.3 Porosity assessment

The porosity data exhibits a distribution that deviates from the expected
normality, as evident in Fig. 2.21.
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Figure 2.21 Normal probability plot for the porosity.

While there are two distinct clusters within the Normal Probability Plot (NPP),
they haven't been classified as outliers. The absence of this classification is
primarily due to a secondary cluster encompassing nine to eleven values,
representing approximately 19% to 23% of the total observations. This grouping
lacks association with any specific factor or level, demanding a unique analytical
approach. To address this, the Box-Cox transformation method was applied to
achieve a normal distribution, crucial for effective utilization of ANCOVA [66].
This technique rectifies non-normal datasets with positive values, making it well-
suited for the current scenario where Porosity inherently assumes values greater
than 0.

The ANCOVA conducted on the transformed data (Table 2.12) resulted in a
non-significant p-value for the model (10.6 %). In the realms of ANCOVA, such a
p-value challenges the postulated hypotheses. Essentially, the null hypothesis posits
an absence of notable disparities between the groups under comparison. This result
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could arise from an effect size that is too subtle for our sample size to discern or
from limitations in the current measurement system. Considering these
implications, a more sophisticated measurement approach, such as computed
tomography (CT) scans, might provide detailed insights into porosity. One inherent
limitation of the current method is its examination of a single cross-section, while
the material potentially has infinite sections. The porosity of a given section could
be influenced by its unique positioning within the whole, further emphasizing the
need for a more nuanced measurement approach.

Table 2.13 ANCOVA results for Porosity assessment.

Source df  Contribution/% Adj MS F-value p-value/%
Model 14 41.77 10.2730 1.69 10.6
Covariates 2 1.61 9.9687 1.64 20.9
T4 1 1.03 0.0318 0.01 94.3
H, 1 0.58 18.7867 3.09 8.8
Blocks 3 9.23 8.1899 1.35 27.6
Linear 4 7.46 5.5396 0.91 46.9
Epass 1 0.22 1.0419 0.17 68.1
K 1 2.07 4.2648 0.70 40.8
Ov 1 3.92 14.5590 2.40 13.1
AZ 1 1.25 2.7808 0.46 50.3
2-Way 5 23.47 16.1660 2.66 4.0
Interaction
Epass - k 1 0.00 0.3733 0.06 80.6
Epass - Ov 1 1.41 5.9657 0.98 32.9
Epass - AZ 1 14.19 46.9858 7.73 0.9
k-AZ 1 5.84 19.9594 3.28 7.9
Ov-AZ 1 2.03 6.9987 1.15 29.1
Error 33 58.23 6.0763
Total 47 100
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To substantiate these claims, a correlation analysis was conducted. The
underlying hypothesis suggested that an increase in porosity would lead to a
decrease in density, implying a negative correlation coefficient (r = -1). However,
the overall scatterplot in Fig. 2.22 does not reveal a trend indicative of this negative
correlation. Instead, there is a conspicuous clustering of data points at lower
porosity levels, challenging the expected relationship between porosity and density.
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Figure 2.22 Matrix plot of the porosity against density

Upon performing the Pearson pairwise correlation test between density and
porosity, a p-value of 19.2 % was obtained. Consequently, the hypothesis proposing
a negative correlation between these two variables cannot be accepted. This
outcome contradicts fundamental principles of physics and challenges prior
assumptions. Notably, only 9 out of 48 specimens exhibited the anticipated negative
trend. Hence, there is a pressing need for further investigations to delve deeper into
these observations.

Expanding on this observation, when isolating and re-executing the correlation
test on the subset of these 9 data points (coloured in pink in Fig. 2.22), an r-value
0f-0.94 is derived. This crucial result underscores that analysing porosity in a single
section using an optical microscope may not adequately represent the
comprehensive porosity of the entire specimen, especially for with near to full dense
samples. Further research is necessary to comprehensively understand these
complexities.
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2.5.4 Hardness assessment

The data analysis presented in Table 2.14 confirms the significance of the
model. Both covariates and blocks show no notable impact on the response.
Examination of the residuals reveals a normal distribution without discernible
patterns. The regression analysis delivers an S value of 2.7 and an R?(adj) value of
30 %, indicating that the proposed model accounts for 30 % of the observed
variance in the dependent variable. Nevertheless, a substantial 70 % of the variance
remains unexplained, possibly due to methodological inaccuracies, the inherent
variability of the investigated phenomena, or factors yet to be considered.
Recognizing these aspects is imperative for framing the larger implications of the
study.

Table 2.14 ANCOVA results for Hardness assessment.

Source df  Contribution/% Adj MS F-value p-value/%
Model 14 51.37 17.7502 2.49 1.6
Covariates 2 0.40 7.9829 1.12 33.8
T4 1 0.32 13.9051 1.95 17.2
H, 1 0.08 0.4297 0.06 80.8
Blocks 3 9.26 10.8307 1.52 22.8
Linear 4 29.26 33.0228 4.63 0.4
Epass 1 12.15 56.4056 7.91 0.8
K 1 8.50 30.4963 4.28 4.7
Ov 1 8.26 41.8356 5.87 2.1
AZ 1 0.35 1.8386 0.26 61.5
2-Way 5 12.46 12.0526 1.69 16.4
Interaction
Epuss  k 1 5.50 29.4848 4.14 5.0
Epuss - Ov 1 1.75 8.8860 1.25 27.2
Epuss < AZ 1 1.78 8.0750 1.13 29.5
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k-A4Z 1 2.36 11.3314 1.59 21.6

Ov-AZ 1 1.06 5.1119 0.72 40.3
Error 33 48.63 7.1296
Total 47 100

A significant observation is the near-zero value of R?*(pred), indicating the
model's limited predictive capability for new data points. Therefore, the primary
utility of this model lies in discerning factors that influence micro-hardness, a
parameter intrinsically linked to Young's modulus, a crucial measure in engineering
materials studies.

Upon thorough assessment, all four main effects demonstrate considerable
significance, representing 29 % of the model's total variance. Factor Epass 1s the most
influential, closely followed by k and Ov. Among these main effects, AZ emerges
as the least impactful. Regarding the two-way interactions, only Epass'k appears to
have a bearing on the response.
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Figure 2.23 Effects of factors on the hardness response.

The analysis of the main effects factorial plots, as depicted in Fig. 2.23, reveals
a significant trend. An increase in Ep.s correlates with a notable decrease in
microhardness (Fig. 2.23 (a)). This phenomenon can be attributed to heightened
energy, which intensifies heat distribution, subsequently influencing cooling rates
and grain growth coefficients. These modifications inevitably induce alterations in
the microstructure of the specimens, a result in line with established theories such
as the Hall-Petch law [185]. In the literature, a decrease in hardness with an increase
in utilized energy is a generally accepted relationship [103].

On another front, an increase in the k value leads to a reduction in
microhardness (Fig 2.23 (b)), likely due to mechanisms associated with thermal
source attenuation. As more powder is spread, the energy is dispersed among a
larger quantity of powder, including the portion not captured in the melt pool.
Therefore, an increase in spread powder affects the total energy transferred in the
melt pool, leading to lower energy density, similar to the effect of Epass. This
decrease in energy density results in higher hardness values [186].
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A distinct decrease in microhardness becomes apparent when Ov is set to a
value of 50 % (Fig. 2.23 (¢)). The relationship between Ov and utilized volumetric
energy density is direct. Volumetric energy density depends on hg, which is a
product of different Ov and W of the deposited track. Higher utilized volumetric
energy density leads to lower hardness due to slower cooling rates and larger grain
sizes [27], [103].

Furthermore, an increase in AZ fosters higher microhardness (Fig. 2.23 (d)).
This is expected, given that the utilized volumetric energy density is also directly
dependent on AZ. With higher AZ, the utilized volumetric energy density is
decreased, resulting in increased microhardness [27], [103].
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Figure 2.24 Two-way interaction plots for hardness response.

Regarding two-way interactions, as illustrated in Fig. 2.24, it is evident that
only the interaction between Epass and k is significant. This interaction results in
heightened powder fusion. Specifically, under conditions of diminished k values
accompanied by escalating Epass, a notable drop in microhardness is observed. This
influence becomes muted at elevated k values, suggesting that the excess powder
expends some energy transitioning from a solid to the liquid phase.

The following equations have been derived from the simplified model,
developed through the standard stepwise regression method:

(6) Hardness/HV = 167.352-1.027 X E + 0.715 X k + 1.010 X E X
k (Ov = 0%)

(7) Hardness/HV = 165.345 - 1.027 X E + 0.715 X k + 1.010 X E X
k (Ov = 50%)
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The simplified model achieved an S value of 2.7, an R?*(adj) of 35.6 %, and an
R*(pred) of 19.8 %. No concerns regarding residuals or LOF were identified.
Although its applicability is limited, the model offers valuable qualitative insights
that will prove invaluable for future research endeavours. Lastly, Fig. 2.25 depicts
the contour plots representing the response for the two qualitative levels of Ov.
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Figure 2.25 Contour plots of hardness: a) qualitative level Ov = 0 %, and b)
qualitative level Ov =50 %.

Expanding on the previous analysis, a comparison was made between the top
five and bottom five points of each specimen. Subsequently, a two-sample t-test
was performed, assuming equal variances. The results indicate that, except for three
specimens, hardness at the top of the specimens is generally lower than at the
bottom, aligning with the findings of Moheimani et al. [179].

2.5.5 Conclusions on factor screening

After thoroughly examining a range of mechanical and physical properties in
the samples, the study has provided valuable insights into the complex interactions
among the involved parameters. The key conclusions drawn from the research are
summarized as follows:

e In the height analysis, significant factors included Z-step increment
(AZ), which directly influenced height and layer thickness, and Ov,
demonstrating a notable impact on height variations. Additionally,
powder supply (k) and specific laser pass energy (Epass) played crucial
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roles, leading to thicker layers and enhanced melting capacity
respectively. Interactions between Epass and k, as well as Epass and AZ,
amplified responses, highlighting their combined influence. These
findings were used to create a simplified model, showing strong
reliability with consistent trends across different construction strategies.

¢ In the density analysis, the study revealed an average density of 7.927
+ 0.006 g/cm® in the samples, suggesting a possible reduction in
inherent porosity during fabrication. The consistent density dispersion
highlights the method's reliability within specified parameters.

e In the evaluation of porosity, the data distribution was transformed to
achieve normality standards. Despite this transformation, the
ANCOVA model remained insignificant, and no correlations between
density and porosity were observed. This emphasizes the necessity for
future studies to utilize advanced tools for accurate porosity assessment.

e In the assessment of hardness, factors like Epass, k, and Ov affect micro-
hardness, but the established model accounts for only 30 % of the
observed variability. This indicates the presence of unidentified
variables or inherent variations shaping hardness properties. Notably,
interactions between parameters, especially the synergy between E and
k, have a substantial impact. The model provides qualitative accuracy
in explaining the influences of various factors.

2.6 Effects of wire feeding direction and main process
parameters in L-DED-W

This section contains the main experimental results due to the collaboration
with the research group of Professor Michael Benoit, during 5 months visiting
period at the University of British Columbia, to identify an optimal process window
for multi-direction wire feeding in processing 316L.

In the domain of L-DED techniques, utilizing wire feedstocks have attracted
considerable attention due to their unique advantages over powder feedstock
methods. This approach offers distinct benefits, including reduced handling
concerns (eliminating metal powder/dust and ensuring a clean environment),
enhanced cost-effectiveness, a broader range of available feedstock materials, the
capacity to produce larger components, nearly 100 % feedstock capture efficiency,
lower porosity levels, and suitability for zero-gravity conditions [20], [36], [51],
[187]. Despite these advantages, the use of wire feedstock does come with
challenges, such as potential issues related to wire coil feeding and comparatively
lower dimensional accuracy when compared to powder feedstock methods.
Additionally, the direction of wire feed in L-DED-W processes can impact the
optimal parameters within a single layer deposition, depending on the chosen
toolpath. Typically, L-DED-W systems utilize wires with diameters ranging from
0.2 to 1.2 mm and can achieve deposition rates of up to approximately 300 cm?/h
[20], [35].
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In Laser-based Directed Energy Deposition using wire feedstocks (L-DED-W),
selecting optimal process parameters is pivotal for successful material deposition,
directly impacting the quality and characteristics of the manufactured parts. Key
parameters influencing the process include laser power (P), scan speed (v), wire
feed rate (fw), wire diameter (dw), and wire feed direction [41], [81], [188]. Laser P
determines the thermal energy applied, affecting melt pool size, penetration depth,
and the heat-affected zone (HAZ) [188]. The parameter v influences cooling rate
and solidification behaviour [41]. Third main parameter fy controls material
deposition, ensuring desired part dimensions [41]. The dy impacts melt pool size
and bead geometry [51]. The direction of wire feed into the melt pool affects metal
transfer and deposition characteristics (Fig. 1.9) [41].

Among wire feed directions, front feeding (F), opposite to deposition head
travel, is generally preferable (Fig. 1.9 (a)). It ensures stable melting, smooth
depositions, enhanced interactions between wire and melt pool, and superior
metallurgical bonding, minimizing defects. In contrast, back feeding (B), aligned
with deposition head travel (Fig. 1.9 (b)), leads to challenges like wire obstruction,
lack of fusion, and poor bead formation, diminishing part quality. Side feeding (S),
perpendicular to deposition head travel (Fig. 1.9 (¢)), presents issues related to wire
stability, positioning, and control, leading to irregular bead profiles and potential
lack of fusion. Adjusting laser power, scan speed, and wire feed rate for each feed
direction optimizes stability and deposition characteristics. Fine-tuning these
parameters mitigates challenges, ensuring proper wire melting and material
deposition [41], [81], [189].

The optimization of main process parameters guarantees deposition stability.
However, there is limited research on how wire feed direction influences these
parameters. This study explores the impact of multi-directional wire feeding on the
optimal processing parameters for 316L stainless steel wire in L-DED-W, focusing
on deposit geometric characteristics. Various combinations of P, v and f, were
tested for F, B, and S wire feeding, aiming to identify suitable parameter
combinations for all feed directions.

In this study a commercially available 316L stainless steel wire (Executive
Filler Metals 316Si/316LSi) with dw of 0.762 mm (0.03”") and with nominal
chemical composition reported in Table 2.15 was used. The wire was checked for
internal porosity by analysing optical micrographs of 20 wire cross-sections (Fig.
2.26). Image analysis was performed using ImageJ software and the wire was found
to contain less than 0.01 % porosity, indicating fully dense starting material. AISI
316L plates with dimensions of 20 x 20 x 1 cm® were used as a substrate. Substrates
were cleaned with soap and water followed by ethanol prior to deposition trials.
The L-DED system used in the current study was a Liburdi Automated Welding
System (LAWS) 250 described in Appendix B.2.2.

Table 2.15 Nominal chemical composition of 316L wires employed.
Composition C Cr Ni Mo Mn Si Fe

% wt. 0.02 1826 11.24 253 1.57 0.89 Bal
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Figure 2.26 Optical micrograph of 316L wire cross-section.

2.6.1 Single track deposition

To identify the optimal processing parameters, 40 mm-long single tracks (STs)
were deposited using various combinations of P, v, and fy. This optimization
process was conducted for three different feeding directions: F, B, and S, as
illustrated in Fig. 1.9. The initial DoE aimed to assess a broad processing range for
this system and the given starting material. In the first DoE (DoE #1), P varied from
300 to 700 W, while v was set at 600 and 900 mm/min, and f,, ranged between 660
and 840 mm/min, like summarized in Table 2.16. Additionally, STs characterized
by P =700 W, v =600 mm/min, and f, = 660 mm/min, was employed to pre-heat
the substrate before depositing each set of STs. Following deposition, melt pool
cross-sections were inspected, and melt pool dimensions were measured and
analysed for dilution and aspect ratio (AR), as detailed in Appendix A.1.

Table 2.16 Process parameter ranges and steps used for deposition of STs for
DoE #1 and DoE #2.
DoE #1 DoE #2

Range Step | Range Step
Power [W] | 300 — 700 100 | 450-600 40

Scan speed [mm/min] | 600 — 900 300 |900-1200 25
Wire feed [mm/min] @ 660 — 840 180 | 480-660 180

Analysis of melt pool cross-sections unveiled diverse geometries, as depicted
in Fig. 2.27 for F feeding direction, alongside the corresponding dilution versus AR
outcomes.
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Figure 2.27 Diagram summarizing the dilution over AR with selection criteria
lines for F feeding direction with selected OM micrographs of STs representing
different extremes and acceptable melt pool geometry.

The dilution against AR results for the F feeding direction revealed a clear trend
of decreasing the dilution values as P increased and v decreased. To be noted, STs
at 300 W were not included in the analysis due to discontinuous deposition.
Additionally, STs built with P =400 W and v = 900 mm/min with both f,;, of 660
mm/min and 840 mm/min were excluded from the diagram because of their
exceptionally high dilution values (17.2 and 18.3, respectively), they both exhibited
a balling geometry of cross-sections like shown in OM micrograph presented in the
top-left corner of the Fig. 2.27. Despite the discontinuous construction of STs at
300 W, there were no operational issues during the deposition of any of the STs.
Further analysis of the melt pool cross-sections revealed that all STs built with laser
P of 700 W had a keyhole porosity, like the one presented in OM micrograph on
bottom-right corner of the Fig. 2.27.

Following the F feeding direction, STs with the B feeding direction were
deposited and analysed. The summarized results can be seen in Fig. 2.28.
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Figure 2.28 Diagram summarizing the dilution over AR with selection criteria
lines for B feeding direction with selected OM micrographs of STs representing
different extremes and acceptable melt pool geometry.

In contrast to the results from the F feeding direction, the B feeding exhibited
more varied results in terms of dilution against AR. STs constructed with 400 W
were excluded from the diagram due to their notably high dilution values, one
example of the ST OM micrograph built with 400 W is given in the top left corner
of the Fig. 2.28. Keyhole porosity was observed in ST built with P =700 W, v =
600 mm/min, and fw = 840 mm/min that is presented in the bottom-right corner of
the Fig. 2.29. Similar observation was found in all the STs built with power of 700
W. The STs with a power setting of 300 W encountered deposition issues;
insufficient energy at the start led to improper wire melting, causing the wire to
become welded into the substrate initially and then bend away from the laser beam
area, resulting in a deposition head collision. Consequently, STs with 300 W were
not continued for the remaining DoE runs in both the B and S feeding directions.

Fig. 2.29 displays the outcomes of the STs constructed in the S feeding
direction.
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Figure 2.29 Diagram summarizing the dilution over AR with selection criteria
lines for S feeding direction with selected OM micrographs of STs representing
different extremes and acceptable melt pool geometry.

In the diagram in the Fig. 2.29 the STs dilution over AR results are shown only
for the STs built with 500 W, 600 W and 700 W laser powder levels. Because during
the deposition of STs with S feeding direction, issues arose with tracks deposited at
400 W laser power. The wire misalignment caused deposition failures due to
scraping on the surface. In contrast to the symmetrical melt pool cross sections
observed in F and B feeding directions, the S feeding direction resulted in
asymmetrical melt pool shapes. Keyhole porosity was consistently found in all STs
built with 700 W laser power level, the pores found were larger pores than those
observed in other feeding directions, one example of ST built with 700 W with a
large keyhole porosity is given in the bottom-right OM micrograph in Fig 2.29.
Additionally, samples built with 600 W exhibited small keyhole porosities, like it
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can be observed in the OM micrograph built with P =600 W, v = 600 mm/min, and
fw = 840 mm/min shown in the bottom-left part of the Fig. 2.29.

Following the analysis of STs from DoE #1 and aiming to prevent the formation
of keyhole porosity, DoE #2 was conducted. This experiment ranged between laser
powers of 450 W and 600 W, with a scan speed set at 900 mm/min and increased
to 1200 mm/min. The wire feed rate ranged between 480 and 660 mm/min, like
summarized in the Table 2.16 under the column DoE #2. The same procedure was
repeated as in DoE #1. Fig. 2.30 displays the dilution over the AR for all three
feeding directions for each parameter set that met specific criteria (0.3 < dilution <
0.7 and 3 < AR <5) across both DoEs. The set marked with a red star, consisting
of P=500 W, v =600 mm/min, and fw = 660 mm/min, showed the most promising
parameters after the examination of OM micrographs. In Fig. 2.31, OM
micrographs of the parameter sets presented in Fig. 2.30 are provided. Notably, only
the selected set showed no signs of keyhole porosity, making it the most suitable
choice for all feeding directions.
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Figure 2.30 Diagram summarizing the dilution over AR with selection criteria
lines for all three feeding directions for selected sets of parameters.
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Figure 2.31 OM micrographs of STs cross-sections for sets of parameters plotted
in Fig. 2.30.

2.6.2 Single layer deposition

After the STs were deposited, it was attempted to deposit single layers (SLs)
constructed of 10 tracks with 30 % of overlap. For the F feeding direction it was
deposited without any severe problems. But for the B and S feeding directions the
control of deposition process was challenging. Due to all the problems regarding
the wire deposition more detailed investigation on properties of 316L was not
conducted. Nevertheless, after a time spent working with L-DED-W an overview
of challenges regarding the control and configuration of the system can be given.

2.6.3 Control and configuration challenges on L-DED-W

The system employed features a laser spot diameter (di) of 0.3 mm, notably
small for L-DED machines, especially in the context of L-DED-W. This small
diameter concentrated the energy in the centre of the melt pool, which had a width
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(W) of approximately 1.7 mm for the selected parameters. This melt pool was
created from a wire with a diameter (dw) of 0.762 mm. Examining the OM
micrograph in Fig. 2.32 (a) revealed a "second" melt pool that led to deep
penetration into the substrate, forming a keyhole geometry. Moving to the OM
micrograph in Fig. 2.32 (b), a large keyhole porosity in this "second" melt pool was
clearly visible. The keyhole shape indicated excessive energy input, but it also
depended on the energy distribution within the melt pool, posing limitations when
using a very small laser spot. Mazumder and Steen conducted a detailed analysis of
heat transfer during laser welding, especially concerning the keyhole region and its
effects [190]. While analytical methods and results from welding processes are
somewhat applicable, they offer insights into heat transport in both L-DED
processes and the HAZ. However, they serve as a starting point due to the challenge
inherent in L-DED processes: the continuous addition of material through blown
powder or wire feedstock. This continuous mass addition causes the part volume to
expand over time, escalating the complexity of the problem and making the
generation and application of analytical solutions highly challenging [23].

ey n‘kﬂd — . FRa B ) . —
Figure 2.32 OM micrographs of STs cross section with indication of keyhole
geometry and indicated relation in sizes of bead width, wire diameter and laser
spot diameter.

The second problem discussed is the control of the deposition, that was poorly
managed by the operating system, leading to several issues. These problems
included deposition failures due to difficulties in separating the wire from the
workpiece at the end of the track. Often, the wire remained welded to the substrate
at the end of the track, necessitating manual intervention. The typical approach
involved using a laser shot to release the wire while pulling the wire. However, this
method had its drawbacks and sometimes failed, resulting in significant tension in
the wire and, in some cases, leading to the abandonment of the deposition process
for safety reasons. Even when the wire release was successful, it resulted in various
wire tip shapes, as depicted in Fig. 2.33. At the start of deposition, the wire had a
cut-off edge (Fig. 2.33 (a)), while a regular edge with no solidified metal droplet at
the tip was observed in Fig. 2.33 (b). Fig. 2.33 (c) and (d) displayed different sizes
of metal droplets solidified at the tip. These diverse wire tip shapes lead to the third
problem observed on the machine. They posed challenges when identifying the
starting position of the wire relative to the substrate. To clarify, the system
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employed electricity to detect the contact between the wire and the substrate. Once
identified, it initiated the deposition process. In the case of the regular tip shape, the
wire feed occurred in the middle of the melt pool. However, when a droplet was
formed, the wire feed was directed to the rear edge of the melt pool in the front
feeding direction. In the case of a large droplet formation, it led to molten metal
dropping on the surface instead of creating a continuous track. This happened
because the distance between the wire and the substrate was too great. An example
of melted metal dropping on the substrate is shown in Fig. 2.33 (e). This effect,
caused by the shape of the wire tip, added complexity, especially when considering
different feeding directions. Syed and Li [189] investigated the effects of wire
feeding directions and wire positioning relative to the melt pool. Their study
concluded that precise wire positioning within the melt pool played a crucial role
in achieving well-formed tracks.

Figure 2.33 Frame captures of: a) cut off wire tip, b) regular shape wire tip, c)
small droplet shape wire tip, d) large droplet shape wire tip, €) melted metal
dropping during the deposition.

Furthermore, after the wire is released, the operating system requires the
operator to manually position the wire tip at the centre of the crossbars, indicating
the centre of the laser spot, before starting the next track deposition. This manual
positioning not only poses challenges in terms of the relative positioning of the wire
to the melt pool but is also physically demanding and prone to operational errors.
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To illustrate the impact of this manual process, let's consider a cube with
dimensions of 20 x 20 x 20 mm?, a typical object used for microstructural
investigations. With a hatch distance of 1.2 mm and a 1 mm thick layer, completing
the deposition would require 340 tracks. Assuming a skilled operator spends 15
seconds on each wire tip positioning, it would add up to 1 hour and 25 minutes of
operating time for a single 8 cm? cube. This manual step significantly extends the
overall processing time and introduces room for human error.

Maintaining the correct stand-off distance is a common challenge in L-DED
systems. In L-DED-P systems, if the Z-axis increment is greater than the actual
deposited layer thickness, it can go out of focus and result in undergrown samples
(Fig. 1.5 (b)). Overgrown samples can also be problematic, leading to non-uniform
thermal histories between layers and the possibility of heated particles attaching to
the nozzle, solidifying, and blocking the nozzle opening (Fig. 1.5 (c)). While L-
DED-P systems face their challenges with stand-off distance, they are relatively
less severe. For example, the Laserdyne 430, a laser-powder interaction system, has
a tolerance of = 1 mm from the ideal 8 mm stand-off distance. However, when it
comes to front feeding direction, slightly increased stand-off distance can lead to
the effect of melted metal dropping onto the workpiece surface, as shown in Fig.
2.33 (e). More significant problems arise in the case of back and side feeding
directions. A decreased stand-off distance can result in the misalignment of the wire
and may necessitate the abandonment of the deposition process for safety reasons.
In L-DED-W systems, maintaining contact between the wire and the workpiece is
crucial, but this can lead to questions about the perpendicular deposition of
subsequent layer to the previous layer, as layers created with L-DED-W often
exhibit a wavy surface due to overlapping tracks. This complicates the overall
deposition process and quality.

The last criticism of the L-DED-W system pertains to the accessibility of the
deposition head to the workpiece. The sequence in which multiple samples are
deposited must be meticulously planned to prevent interference between the
deposition head and previously deposited samples during the deposition process.
This becomes particularly challenging in repair processes, where accessing hard-
to-reach areas becomes crucial. Special attention and preparation are needed to
navigate these limitations, especially in repair zone preparation, to ensure
successful outcomes.

In conclusion, while L-DED-W systems offer significant advantages in terms
of high-volume depositions, material efficiency, and safety, they do come with
certain drawbacks in deposition control. Many of these challenges could be
mitigated by implementing sensors and automated process control systems. A
recent advancement in this field is the development of configurations utilizing wire
feedstocks, such as coaxial laser wire additive manufacturing [191]. This technique
stands out due to its central wire feed system, allowing versatile processing of
various wire materials without directional constraints. It employs either multiple
laser beams or a ring-shaped beam encircling the wire to melt both the wire and the
base material. The creation of a ring-shaped beam involves laser sources and
corresponding optics. Two approaches are used to generate multiple beams: one
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involves a beam splitter dividing a focused beam into individual beams directed
into the process zone via deflective mirrors, while the other utilizes a dedicated
laser source for each beam, requiring specific optical units for collimation and
focusing. These advancements hold promise for overcoming some of the limitations
associated with basic L-DED-W systems with 3-axis deposition head control and
fixed position of wire feeding nozzle.
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Chapter 3

W360 by L-DED

This chapter is focused on the use of a new hot work tool steel patented by
Bohler, to be processed for the first time by L-DED. It contains the process
parameters optimization to obtain dense bulk samples crack-free, and the
microstructural characterization of as built samples, and after heat treatments
(quenching and hardnening).

The main findings are divided into the following four sub-chapters:

e  W360 powder for L-DED-P process

e Process parameters optimization for W360 by L-DED

e Heat treatment of the W360 as-built samples

e Microstructural evolution during heat treatment of W360

3.1 W360 powder for L-DED-P process

In the present study a commercially available gas atomized W360 tool steel
powder sourced from voelstalpine Bohler Edelstahl GmbH & Co, a reputable steel
producer based in Styria, Austria, was employed. This powder was chosen due to
its high-quality and sustainable production process. The producer emphasized the
use of renewable electrical energy and ensured that the powders were entirely
recyclable, aligning with environmentally conscious practices.

The powder's chemical composition, detailed in Table 3.1, played a pivotal role
in the AM sample production using the L-DED method. To assess its suitability,
the powder was characterized in its as-received state first through laser
granulometry. The findings, illustrated in Fig. 3.1, revealed a unimodal Gaussian
particle size distribution. Specifically, the d10, d50, and d90 values were measured
at 45.2 um, 76.0 um, and 131.3 pum, respectively. These values fell well within the
typical range (50-150 pm) for L-DED processes, indicating the powder's
appropriateness for the study.

Table 3.1 Nominal chemical composition of the W360 steel powder used in

this study.
Composition C Si Mn Cr Mo \% Fe
Wt. % 0.50 0.20 0.25 4.5 3.0 0.55 Bal.
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Figure 3.1 W360 powder particle size distributions in the as received condition:
the dotted blue curve corresponds to the distribution in volume, while the red
curve to the cumulative volume distribution [119].
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Following laser granulometry, the powder underwent SEM analysis. The SEM
images shown in Fig. 3.2 reveal predominantly spherical-shaped particles,
alongside numerous small satellite particles (Fig. 2(b)). Additionally, these images
illustrate the presence of certain agglomerated small particles (Fig. 2(c)). This
morphology is characteristic of gas-atomized powders, where smaller droplets,
moving at higher velocities, may collide with larger droplets, leading to adhesion
on the surface and the formation of satellite powder [155]. It is worth noting that
this phenomenon is unlikely to have a significant impact on the material's
processability during L-DED, as it is unrelated to the behaviour of the powder bed.

Nevertheless, the powder's bulk properties were assessed by measuring
flowability, true density, as well as apparent and tap density. Using this data, CI and
HR, indicators of flowability, were calculated. The results, detailed in Table 3.2,
place the powder in the category with good flowability properties, bordering on
excellent flowability properties.

Table 3.2 Bulk properties of W360 powder.

True density 7.79 g/lem?
Apparent density 3.62 g/em®
Tap density 4.06 g/cm’
Flowability 19s/50 g
CI 10.8

HR 1.12

The starting material exhibited a significant number of irregular particles.
However, after the analysis was conducted, it was determined to have acceptable
properties, allowing the process to proceed to deposition and optimization of
process parameters.

3.2 Process parameters optimization for W360 by L-DED

The study utilized the Laserdyne 430 L-DED system by Prima Additive, as
detailed in Appendix B.2.1. To ensure the production of dense and crack-free L-
DED-P samples, a meticulous multi-step approach outlined in Appendix A —
Experimental Procedure was followed. Single tracks (STs) measuring 40 mm in
length were deposited on a 316L substrate using the methodology described in
Appendix A.1 Step 1: Single Tracks. The experimental design (DoE) encompassed
a range of parameters, including laser power (P), scan speed (v), and powder feed
rate (Qp) for the initial process window, as summarized in Table 3.3. The reported
values were chosen based on different literature utilized energy densities for similar
steels by composition, like H13 tool steel and based on the machine properties. The
Oy was fixed at 8 g/min based on the previous experiences on using Laserdyne 430
with 2.0 mm laser spot diameter, providing an optimal layer growth of around 0.5
mm.

Table 3.3 Process parameter ranges and steps used for deposition of STs for
DoE.
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Range Step ‘

Power [W]
Scan speed [mm/min]
Powder feed [g/min]

300 — 600 150

500 — 900 100

8 /

The produced STs were examined following the procedure outlined in
Appendix A.1 Step 1: Single Tracks. The cross-sectional OM micrographs of the
STs are displayed in Fig 3.3, and these results are summarized in Fig 3.4, where
dilution is plotted over AR.
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Figure 3.3 Optical micrographs of cross-sections of the W360 STs produced with
coloured marks corresponding to criteria defined in legenda of the diagram of Fig.
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Figure 3.4 Diagram summarizing dilution over AR with selection criteria lines
[119].

Examining the cross sections in Fig. 3.3, it becomes evident that STs with the
lowest P exhibited a flat melt pool without penetration into the substrate.
Conversely, STs with the lowest v showed higher growth than penetration, leading
to dilution values exceeding 1.25, suggesting poor metallurgical bonding between
consecutive layers. Further analysis revealed that STs with parameter pairs 600 W
—450 mm/min and 600 W — 600 mm/min had more acceptable dilution values based
on the criteria defined in the legend of Fig. 3.4. However, their corresponding AR
values were 12.54 and 12.28, indicating insufficient growth. Considering STs with
P levels ranging from 700 to 900 W and v from 450 to 600 mm/min, it was observed
that they fell within a favourable range. Particularly, the ST created with a
combination of 800 W and 450 mm/min (highlighted with a red star in Fig. 3.3)
displayed the dilution value closest to 1, indicating a regular melt pool geometry.
Moreover, its corresponding AR value was the lowest among the STs with dilution
values between 0.9 and 1.1. Consequently, this combination (800 W and 450
mm/min) was chosen for further single layers (SLs) and bulk sample depositions of
W360 steel.

Additionally, based on the width of the ST obtained with this P, v and O,
combination, and considering an overlap percentage (Ov) of 40%, the hatch
distance (hg) for SLs creation was determined to be 1.2 mm. Subsequently, the
average growth of the five SLs produced was measured, resulting in a value of 0.65
mm. This measurement was adopted as the Z-axis increment (Az) for manufacturing
the bulk samples. The finalized process parameters for processing W360 steel using
L-DED-P are summarized in Table 3.4.

Table 3.4 Main process parameters optimized to manufacture bulk samples
made of W360 steel by L-DED.

P 800 W

y 450 mm/min
O 8.0 g/min
Var 5.0 L/min

d; 2.0 mm

Ov 40 %

Az 0.65 mm

All the produced samples exhibited a measured mean density above 99.80%,
with a mean residual porosity value of 0.15%. The observed pores in the samples
were spherical gas pores, a common characteristic of the L-DED-P process. This
phenomenon arises because inert gases are employed for delivering powder to the
melt pool and for shielding the melt pool to prevent oxidation. It's noteworthy that
no cracks were found despite the high carbon equivalent content value of 2.15%
calculated using eq. 1 from section 1.3.2. on Hot work tool steel by Directed Energy
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Deposition. This absence of cracks can be attributed to the L-DED-P process lower
cooling rates and distinct thermal history in comparison to the L-PBF process. The
L-DED-P process utilizes a higher energy source, featuring a larger laser spot size
with a nominal diameter one order of magnitude greater and lower scan speed [141],
[192].

The nearly fully dense and crack-free samples demonstrate the successful
optimization of the process parameters. The optimal process parameters result in
Ev of 82.1 J/mm? calculated with the eq. 14 in Appendix A.3.

3.3 Heat treatment of the W360 as-built samples

In general, the samples built with L-DED exhibit specific characteristics. While
they are dense and free of cracks, challenges remain, such as locally varying heat
transfer rates during manufacturing, which directly impact cooling rates and
subsequent changes in microstructure. Additionally, the layer-by-layer deposition
process in L-DED generates IHT through repeated heating, austenitizing and
tempering. The formation of martensite, re-austenitization, and tempering effects
strongly depend on the process parameters and position within the parts along the
building direction. At the tip of the part, corresponding to the last layer deposited,
no further reheating occurs, and martensite forms without subsequent re-
austenitization or tempering. As a result, the hardness within the as-built samples
can vary along the building direction due to IHT, necessitating post-heat treatment
for homogenization. Typically, this involves austenitization followed by quenching
and one or more tempering cycles [26], [34], [193].

In this context, the heat treatment process involves austenitizing followed by
air quenching and three tempering cycles, as schematically described in Fig. 3.5.
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Figure 3.5 The complete heat treatment performed on W360 samples: diagram
with indication of sample condition in each step considered for characterization
[119].
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Six parallelepiped samples were prepared for this investigation. Two samples
labelled AB were analysed without post-processing in an as-built condition. The
remaining samples underwent a heat treatment process in a tubular furnace
(Appendix B.2.3) with an Ar-protected atmosphere, following a series of steps
outlined in Fig. 3.5. The first heating to the austenitizing temperature was conducted
in three stages: an initial step to 650 °C over 90 minutes, followed by an isothermal
hold for 15 minutes. The temperature was then raised from 650 °C to 815 °C over
90 minutes, followed by another isothermal hold for 30 minutes. Finally, the
temperature was increased from 815 °C to austenitizing temperature of 1050 °C
over 120 minutes, followed by an isothermal hold for 30 minutes. In order to
prevent grain coarsening, hardening must be carried out at the recommended
austenitizing temperature. Subsequently, the samples were quenched using
compressed air, and two of them, labelled Q, were chosen for microstructural
analysis. Following the quenching process, the last two samples, labelled HT,
underwent three consecutive tempering cycles. Each tempering cycle involved
heating from room temperature to 540 °C, that is slightly above the maximum
secondary hardening temperature [194] and in the range attributed to Mo carbide
formation [195], in 10 minutes, holding at 540 °C for 60 minutes, and air cooling.
The heat treatment was taken over from the heat treatment guidelines from Bohler
[193].

3.4 Microstructural evolution during heat treatment of
W360

The samples in different conditions, explained in the previous sections, were
prepared for the microstructural analysis by following the standard metallurgical
techniques.
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samples at different magnifications [119].

The microstructure of the samples was examined using optical and SEM
microscopes, and the observations are presented in Fig. 3.6. In Fig. 3.6 (a) depicting
the AB sample, the characteristic L-DED microstructure is evident, showcasing
interconnected melt pools and a dendritic-cellular pattern comprising equiaxed and
columnar dendrites. Upon closer inspection (Fig. 3.6 (b)), cells, intercellular white
phases, and very fine carbides in the form of black dots are discernible. Previous
studies on similar as-built hot work tool steels like H13 have shown a comparable
dendritic-cellular structure, accompanied by intercellular micro-segregation of
alloying elements, suggesting the presence of retained austenite, a phenomenon
discussed in previous research [26], [32], [196]. Notably, carbide particles
(indicated by red arrows) were exclusively located within the intercellular regions.
The microstructure of the Q sample is displayed in Fig. 3.6 (c) and (d), revealing
the typical features of quenched hot work tool steels: numerous small martensite
laths and carbides. Comparing this with the AB state, it is evident that after the
austenitizing heat treatment, the melt pools and dendritic-cellular microstructure
vanish. This transformation suggests that the heat treatment effectively modifies the
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effects of the material's complex thermal history. The resulting microstructure is
more homogenized, with the recovery of micro-segregated elements from the cell
boundaries and partial dissolution of the carbides through a diffusional process
facilitated by the austenitizing heat treatment. In the HT shown in Fig. 3.6 (e) and
(f), the microstructure appears homogeneous, comprising tempered martensite and
a significant quantity of carbides.

To gain deeper insights into the observed microstructural features (Fig. 3.6), a
detailed investigation was conducted through FESEM, and the most representative
micrographs of the three conditions are presented in Fig. 3.7.

AB

HT

Figure 3.7 FEEM micrographs of revealed microstructure of AB (a, b), Q (c, d)
and HT (e, f) samples at different magnifications [119].

In Fig. 3.7 (a), the dendritic-cellular microstructure of the AB sample is
depicted, with the light grey phase representing tempered martensite within cells,
and the darker grey phase indicating the intercellular region suspected to be retained
austenite. At a higher magnification (Fig. 3.7 (b)), very fine carbides (highlighted
with red arrows) can be seen in the intercellular area, displaying a distinct
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microstructure compared to the cellular phase. The presence of these intercellular
carbides aligns with findings from studies on H13, a similar hot work tool steel
[26]. In the Q condition depicted in Fig. 3.7 (c) and (d), the austenite phase has
transformed into a martensitic microstructure [197]. Moreover, in this sample, the
dendritic-cellular microstructure typically observed in L-DED samples has
vanished, likely due to the austenitizing temperature being reached. Upon closer
inspection, larger carbides are visible (Fig. 3.7 (d)). In the HT condition shown in
Fig. 3.7 (e) and (f), the characteristic microstructure of tempered hot work tool
steels is apparent [198]. The growth of martensite laths and carbides can be
observed, with the carbides appearing larger in size and number compared to the
AB and Q samples.

To gain a deeper understanding of the matrix and carbide composition, EDS
point analyses were conducted. The results, expressed as weight percentages of Fe,
Mo, Cr, and V for the AB, Q, and HT samples, are presented in Table 3.5. The
corresponding points are indicated in the SEM micrographs shown in Fig. 3.8. Note
that the Si and Mn results are not included in the table, as they are not relevant for
carbide analysis.

Figure 3.8 SEM micrographs used for EDS spot analysis a) of AB sample, b) of
Q sample, c) of HT sample [119].

Table 3.5 EDS spot analysis with main alloying elements in % wt. of W360 by
L-DED samples in AB, Q, and HT conditions. The spot number is related to Fig.
3.8.

Spot Description Fe Mo Cr \%
1 Carbide — AB 69.3 5.8 53 0.9
2 Cell boundary — AB 85.6 3.3 4.8 0.6
3 Cell - AB 87.9 2.5 4.2 0.5
4 Carbide — Q 51.0 21.1 6.7 3.8
5 Martensite — Q 87.1 2.6 4.2 0.4
6 Carbide — HT 74.9 8.9 4.2 0.7
7 Tempered martensite — HT 86.2 2.5 4.3 0.5

85



The provided EDS sensor was incapable of accurately measuring the C content,
resulting in the absence of C results. In the micrograph of the AB sample (Fig. 3.8
(a)), a distinct microstructural difference is noticeable between the cell and the cell
boundary, with carbides observed solely at the cell boundary. Comparison of EDS
point analysis results for spots 1, 2, and 3 (Table 3.5) reveals slightly higher weight
percentages of alloying elements Mo, Cr, and V in the cell boundary (spot 2) than
in the cell (spot 3), confirming micro-segregation of alloying elements reported in
previous studies [32], [196]. Moreover, the EDS spot analysis reveals an increase
in the carbide-forming elements in the carbides. Notably, Mo exhibits a significant
increase, rising from 2.5 % wt. in the cell (spot 4) to 3.3 % in the cell boundary
(spot 3) and reaching 5.8 % in the carbide (spot 1).

Moving to the Q sample, EDS spot analysis (Fig. 3.8 (b)) indicates a
homogenized martensitic matrix (spot 5), resulting from diffusion-based
homogenization during the high-temperature austenitization phase, as observed by
Amirabdollahian et al. on H13 by L-DED [26]. Additionally, some carbides in the
Q sample exhibit increased content of all measured alloying elements (spot 4)
compared to the carbide in the AB sample (spot 1). Specifically, Mo content
increased from 5.8 % to 21.1 %, Cr content increased from 5.3 % to 6.7 %, and V
content increased from 0.9 % to 3.8 %.

In the HT sample, the tempering process had no significant impact on the
change in alloying element content in the matrix. The tempered martensite, in Fig.
3.8 (c) (spot 7), exhibited similar alloying element content as the as-quenched
martensite (spot 5). Additionally, the carbide (spot 6) in the HT sample showed that
the content of Cr remained at a similar level as in the matrix (spot 7), being 4.2 %
in the carbide and 4.3 % in the matrix. Moreover, the amount of V slightly increased
from 0.5 % in the matrix to 0.7 % in the carbide. Meanwhile, the content of Mo
increased from 2.5 % to 8.9 %, indicating that there are mainly Mo-rich carbides,
consistent with the findings of Amirarsalani et al. [199].

To sum up the EDX analysis, the carbides in the AB sample underwent intrinsic
tempering, not controlled like the tempering process in the HT sample. This
suggests that the carbides in the AB sample were tempered at different
temperatures, ranging from high to low, as the deposition process progressed [30].
This intrinsic tempering phenomenon occurred at different stages, promoting the
growth of different carbide types. It could be stated that at temperatures around 650
°C, the growth of V carbides was primarily encouraged, while at temperatures
between 538 and 592 °C, the growth of Mo carbides was favored. Finally, at
temperatures around 427 °C, the promotion of Cr carbides became significant [195].
This could explain the increase in the content of all carbide-forming elements in the
spot analyses corresponding to the carbides of the AB sample. In contrast, it can be
supposed that the HT sample underwent controlled tempering at 540 °C, which
predominantly promoted the growth of Mo-rich carbides [195]. Furthermore, in the
HT sample, the content of Cr did not increase in relation to the martensitic matrix,
perhaps indicating that its role in W360 steel is mainly to stabilize martensite [198].

Subsequently, XRD measurements were conducted to validate the hypotheses
presented in Fig. 3.6 and Fig. 3.7 regarding the detected phases (Fig. 3.9). The XRD
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patterns of the AB, Q, and HT samples all exhibited peaks corresponding to the
martensitic phase.
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Figure 3.9 XRD patterns of a) AB, Q and HT samples with reported a values; b)
a magnification of the first peak for the a (110) value in AB, Q and HT samples in
comparison to the theoretical one (dotted line) [119].

The peak values reported in Fig. 3.9 (a) correspond to the body-centered cubic
(bee) system, representing a carbon-free steel structure. It is well-known that the
lattice parameter of martensite changes with the increase of carbon content in the
lattice [200]. In the magnified reflection shown in Fig. 3.9 (b), a noticeable shift of
the first peak in all patterns compared to the a (110) value can be observed. This
phenomenon can be explained by the rapid cooling from the austenitizing
temperature, which traps carbon in the BCC lattice, leading to changes in lattice
parameters. During tempering, carbon diffuses out of the lattice, restoring the peak
related to the original lattice parameters. This carbon diffusion process promotes
the formation and growth of carbides. However, it's essential to note that, although
carbides are present, their content, as well as the content of retained austenite if
present, is less than 4% of the volume content, making them undetectable by XRD
instrument utilized. Nevertheless, the presence of different carbide contents can be

assessed through DSC analyses.
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Figure 3.10 Heating DSC curves of the AB, Q and HT samples [119].

During the DSC measurements, two endothermic peaks, labelled as Peak 2 and
Peak 3, were clearly observed in the thermograms of all bulk samples (Fig. 3.10).
Additionally, an exothermic event was noted in the Q samples between 500 and 600
°C, likely attributed to Mo carbide formation, as reported in the literature, which
occurs between 538 °C and 592 °C [195]. Peak 1 was absent in HT samples because
the carbides had already formed. In the AB samples, as mentioned earlier, intrinsic
tempering took place during the L-DED process, leading to carbide formation and
growth. The first endothermic event, Peak 2, corresponds to the Curie temperature
(Tc) related to the magnetic transformation. It appeared at 770 °C for Q and HT
samples, while in the AB sample, the peak was slightly shifted to the right at 779
°C [201]. Peak 3 is associated with the transformation from o to y phase. The
austenite onset temperature (AC;) was measured to be 839 °C for all three samples.
However, the austenite finish temperature (ACs) was observed at 874 °C for Q and
HT samples, whereas for AB samples, it was found at 882 °C. The rightward shift
of the Tc and ACs temperatures could be explained by differences in grain sizes.
Optical micrographs of AB and HT samples (Fig. 3.6 (b) and (f)) clearly show
variations in grain sizes. The transformation from martensite to austenite starts at
the grain boundaries, and smaller grain sizes transform faster. In line with literature
findings for H13 tool steel, under similar heating rates in DSC measurements, larger
grain size conditions exhibited higher AC; temperatures, which aligns with our
observations in AB samples [202], [203].

Finally, the effects of these microstructural features on material properties were
evaluated through hardness tests. Fig. 3.11 displays the microhardness mean values
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of AB, Q, and HT W360 steel samples, organized based on the positions where
measurements were taken along the height of the cross-section, starting from the
substrate and progressing along the build direction (as indicated in Fig. 3.11 (a)).

a
Top (T) -~
Central-top (CT) --
Central (C) -- g
Central-bottom (CB) -- E
Bottom (B) -- E

Positions

T T T T T T T T T T
500 600 700 800
Microhardness, HVY

Figure 3.11 a) Schematic representation of microhardness measurements with
reported zones of sampling along building direction; b) Microhardness mean
values for AB, Q and HT W360 samples reported for different positions along
building direction [119].

The hardness of the AB sample displayed a noticeable trend along the building
direction. The bottom of the sample exhibited the highest values, with
microhardness decreasing in the upper layers until an increase was observed at the
top part of the sample. This pattern could be attributed to the increasing
temperatures of the substrate as more layers were added, resulting in slower cooling
rates and consequently lower microhardness values. The higher microhardness at
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the top of the AB sample might be due to the absence of additional upper layers,
allowing the top layer to cool more rapidly and preventing prolonged exposure to
elevated temperatures, thus avoiding tempering effects. However, this trend
observed in the AB condition was not evident in the Q and HT samples, indicating
that the thermal history's influence can be erased through the performed heat
treatment. The mean microhardness value for AB samples was 642, while the as-
quenched (Q) sample exhibited the highest microhardness value of 744 HV, as
expected due to the significant internal stress present due to the high amount of
trapped alloying elements within martensitic cells, making it more brittle. With
promotion of carbide growth and reduction of internal stresses and minimization of
the risk of cracks through three tempering cycles, the microhardness of the HT
samples dropped to 634 HV. This hardness level aligns with the expectations for
the performed heat treatment and is suitable for applications in tool repair [193].
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Chapter 4

18Ni-300 by L-DED

This chapter is dealing with L-DED process parameters optimization for the
maraging steel 18Ni-300, followed by a microstructural analysis of as-built samples
built. The work has been done in collaboration with the research group of Professor
Michael Benoit, and in particular with Christopher Paul, during the period spent as
visiting researcher at University of British Columbia.

The chapter is divided in three sections as follows:

e 18Ni-300 powder for L-DED-P process
e Process parameters optimization for 18Ni-300 by L-DED
e Microstructural analysis on as-built 18Ni-300

4.1 18Ni-300 powder for L-DED-P process

In this study a commercially available 18Ni-300 powder, gas atomized material
sourced from Carpenter Additive, renowned for its quality in additive
manufacturing applications, was used. The powder boasts a nominal particle size
distribution ranging from 45 to 106 um, as indicated in their specifications outlined
in Table 4.1. To assess its appropriateness for the study, the powder's as-received
state was meticulously examined using optical and SEM microscopes.

Table 4.1 Standard and nominal chemical composition of the 18Ni-300

powder.
wt% C Fe Ni Co Mo Ti P S Si N

Standard | 0.00- Bal. 17.0- 8.5- 4.50- 0.80- Max Max Max Max
0.03 19.0 100 520 1.20 0.010 0.010 0.10 o0.10

Nominal | 0.02 Bal. 18.0 9.1 481 093 0.005 0.003 0.04 <0.01
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spherical particle with some satellite powder, and c¢) elongated powder particle.

In Fig. 4.1, the as-received 18Ni-300 powder displays predominantly spherical
particles, with occasional irregularities, notably satellite powders illustrated in Fig.
4.1 (b) and some elongated particles captured in Fig. 4.1 (c). While the overall
morphology is satisfactory, the study further scrutinized the powder for internal
porosity.
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Figure 4.2 OM micrograph of 18Ni-300 powder cross-section.

Fig. 4.2 reveals that a few particles exhibited internal porosity, a common
occurrence in gas atomized powders. It's worth noting that only a minor fraction of
particles analysed displayed such porosity, highlighting the overall quality of the
powder.

Additionally, key powder properties were measured, including an apparent
density of 4.15 g/cm? and a flowability of 18 s/50g. These properties underscore the
material's suitability for the study, emphasizing its essential role in achieving
reliable and consistent results in the subsequent AM process.

4.2 Process parameters optimization for 18Ni-300 by L-
DED

In this study a LAWS 250 hybrid L-DED system, capable of using both powder
and wire feedstock and manufactured by Liburdi Automation, as detailed in
Appendix B.2.2, was employed. To ensure the production of dense and crack-free
L-DED-P samples, a meticulous multi-step approach outlined in Appendix A —
Experimental Procedure was followed. Single tracks (STs) measuring 30 mm in
length were deposited on a 316L substrate following the methodology described in
Appendix A.1 Step 1: Single Tracks. The experimental design (DoE) encompassed
a range of parameters, including laser power (P), scan speed (v), and powder feed
rate (Qp) for the initial process window (DoE #1). The specific parameters are
summarized in Table 4.2 under the DoE #1 column.

Table 4.2 Process parameters used for deposition of STs for DoE #1 and DoE

#2.
DoE #1 DoFE #2
P /W] | 200, 275, 350, 425, 500 300, 325, 350, 375, 400
v [mm/min] | 600, 1000, 1400 700, 850, 1000
Op [g/min] | 3,5, 8 5

The resulting STs were examined using the procedure outlined in Appendix
A.1 Step 1: Single tracks. The findings were summarized in Fig 4.3, where dilution
was plotted over AR. Selected examples of OM micrographs illustrating extremes
and acceptable cross-section geometries were included.
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Figure 4.3 Diagram summarizing the dilution over AR with selection criteria
lines with selected OM micrographs of STs representing different extremes and
acceptable melt pool geometries for DoE #1 of 18Ni-300.

Fig. 4.3 depicted a clear trend in dilution over AR results. Criteria lines were
established with dilution values between 0.4 and 0.8 and AR values between 3 and
5. These criteria were determined considering the machine's laser spot diameter of
0.3 mm, which led to narrower energy distribution and subsequently lower dilution
values when compared to the values used for chapter 2 and chapter 3. After
analysing the results and establishing clear trends, a second DoE (DoE #2) for ST
deposition was formulated, with the parameters reported in Table 4.2 under the DoE
#2 column.
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Figure 4.5 Optical micrographs of cross-sections of the 18Ni-300 STs from DoE
#2 with coloured marks. Based on results in Fig. 4.4, if outside of the criteria line
marked with red, if inside marked with yellow or green.

The DoE #2 results, shown in Fig. 4.4, indicated that most results fell within
the criteria lines (0.4 < dilution < 0.8; 3 < AR <5). Only five sets, marked with red
circles in Fig 4.5, did not meet the criteria. Four sets, marked with green circles,
were selected for further deposition of SLs based on their position within the
process window.

For the SLs, two different overlapping percentages were employed, 30 % and
40 % respectively. In Table 4.3, sets of parameters from 1 to 8 were labelled,
reporting P, v, Qp, bead width (W), Ov, hy, specific surface energy density (Es), the
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measured layer thickness (Az). The value Az was subsequently used for cube with
20 x 20 x 15 mm? dimensions deposition.

Table 4.3 Labelled sets of parameters used for creation of SLs.

Label P v Oy w Ov ha Es Az
[W]  [mm/min] [g/min] [mm] [%] [mm] [J/mm?] [mm]
1 375 700 5 0.78 30 0.55 589 0.48
2 375 700 5 0.78 40 047  68.7 0.53
3 375 850 5 0.73 30 0.51 518 0.38
4 375 850 5 0.73 40 044 604 0.43
5 350 850 5 0.50 30 0.35 70.6 0.49
6 350 850 5 0.50 40 030 824 0.63
7 325 1000 5 049 30 0.34 569 0.36
8 325 1000 5 049 40 029 66.3 0.40

Figure 4.6 Pictures of cubes built with different sets of parameters, labelled as
indicated in Table 4.3.

The deposited cubes, labelled as per Table 4.3, were illustrated in Fig. 4.6.
While some cubes exhibited edge defects, potentially indicating unsuitable process
parameters [24], all deposited cubes were evaluated for porosity using the method
described in Appendix A.3.
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Figure 4.7 a) Average porosity per sample, b) example of void porosity, and c)
example of different sizes of gas pores.

Average porosity results were plotted in Fig. 4.7 (a). The evaluation revealed
that sample 3, despite having slightly poorer geometrical fitting (as seen in Fig. 4.6),
exhibited the lowest porosity. Thus, sample 1, with slightly higher measured
porosity (0.38 %), was selected as the optimal parameter set. Sample 7 showed the
highest porosity of 0.71 %, correlating with its inferior geometrical fitting.

In all samples, two types of porosity were identified: void porosity (Fig. 4.7(b))
and various sizes of gas porosity (Fig. 4.7(c)). The void porosity likely resulted
from the deposition strategy, which involved a 90° rotation after every two layers.
This rotation method is suspected to have caused the observed voids due to the
second layer, scanned in the same direction, being unable to fill the gaps between
tracks in the previously deposited layer. Additionally, the first perpendicular layer
may have been unable to adequately fill the V-shaped spaces between adjacent
tracks in the previous layers, especially when the same scanning orientation was
used two previously deposited layers causing the deeper V-shaped spaces as
opposed to utilizing a 90° rotation after each layer. Gas porosity, on the other hand,
could be reduced through optimization of gas flow rates.

Interestingly, the porosity results did not indicate that increasing the overlap
percentage would result in lower porosity. For a comprehensive evaluation, cube
pairs (1-2, 3-4, 5-6, and 7-8) were considered due to their same main process
parameters (P, v, Qp). For the first two pairs (cube pairs 1-2 and 3-4), an increase
in Ov from 30 % to 40 % led to higher porosity levels. However, for the last two
pairs (cube pairs 5-6 and 7-8), it resulted in a slight decrease in porosity.
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In the final step, microhardness measurements were conducted on all samples,
taken 5 mm above the substrate. The mean values are detailed in Table 4.4, along
with the Ev used for the deposition, calculated using the eq. 14 from Appendix A.3,
of each cube and the corresponding measured porosity.

Table 4.4 Measured microhardness, porosity and utilized energy density for
each cube deposited.

Cube Energy density Porosity  Microhardness
[J/mm?] [%] [HV]
1 121.9 0.38 339.6 £ 5.7
2 130.1 0.55 341.3+6.5
3 136.0 0.37 338.7+6.0
4 141.5 0.60 3294 +£5.1
5 143.2 0.59 340.1 £4.3
6 130.7 0.53 340.3 £ 3.1
7 160.1 0.71 345.7+5.2
8 164.2 0.67 334.6 £4.1

The absence of any noticeable trend in microhardness results, despite the
varying energy densities during cube deposition, is intriguing. This phenomenon
might be attributed to the unique characteristics of the 18Ni-300 material, which
undergoes age hardening where the grain size, influenced by cooling rates, does not
play a significant role [204]. However, it is worth noting that if the deposited sample
had a larger volume and the deposition duration were extended, it is highly likely
that Intrinsic Heat Treatment (IHT) would cause precipitate formation. Under these
conditions, correlations between process parameters and hardness could potentially
be identified.

Table 4.5 Summarized process parameters and calculated specific volumetric
energy density for the selected set of parameters (cube 1).

Parameters Value
Powder 375 W

Scan speed 700 mm/min
Powder feed rate 5 g/min
Bead width 0.78 mm
Overlap 30 %

Z-axis increment 0.48 mm
Laser spot diameter 0.30 mm
Carrier gas (Ar) 5 L/min
Shielding gas (Ar) 12 L/min
Specific surface energy density 58.9 J/mm?
Specific volumetric energy density 121.9 J/mm?

Following meticulous analysis, the parameter set used for cube 1, summarized
in Table 4.5 yielding Ev of 121.9 J/mm? was chosen for further detailed
examination. This decision was primarily based on the geometric fit and the level
of porosity observed in the sample. These factors, coupled with the absence of a

98



clear microhardness trend, highlighted the significance of geometric precision and
porosity control in the overall material quality.

4.3 Microstructural analysis of 18Ni-300 samples built with
optimized parameters

After selecting the set of parameters, cubic samples with dimension 15 x 15 x
15 mm?* were deposited on a 304L substrate. They were produced using a simple
zigzag pattern, with a 90° rotation after every two layers. Subsequently, the samples
underwent meticulous preparation for in-depth analysis, following the outlined
procedure detailed in Appendix B.3, titled "Microstructural and Mechanical
Analysis — Equipment and Procedure.

The first microstructural observations were made through a Optical
Microscope.
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Figure 4.8 OM micrographs of etched as-built 18Ni-300 showing: a)
interconnected melt pools, b) dendritic microstructure with both rounded and
elongated cells.

The optical micrograph presented in Fig 4.8 (a) offers a glimpse into the typical
AM microstructure of as-built 18Ni-300. This structure is characterized by
interconnected melt pools and grains displaying a dendritic-cellular pattern. The
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micrograph clearly highlights the borders of melt pools, some of which are
delineated with red dashed lines. Within these melt pools, both columnar and
equiaxed dendrites are visible. Columnar dendrites are oriented towards the melt
pool border, while equiaxed dendrites are centrally located within melt pools, as
indicated in Fig. 4.8 (a). Moving on to Fig. 4.8 (b), it reveals elongated dendrite
arms and rounded cells, a microstructure commonly observed in L-DED built
samples [152], [205].

Given that 18Ni-300 is a precipitation-hardening maraging steel, a closer
analysis of the microstructure was conducted using SEM microscope.

Figure 4.9 SEM micrograph of as-built 18Ni-300, red arrows highlighting grain
boundaries and yellow arrows highlighting black precipitates.

The SEM micrograph of the as-built 18Ni-300 microstructure, presented in Fig.
4.9, reaffirms the previously observed elongated cellular-dendritic pattern. Apart
from elongated cells, the microstructure exhibits distinctive intercellular regions,
along with some black nanoparticles indicated by yellow arrows. Additionally, red
arrows point out certain grain boundaries, likely related to sub-grain boundaries. In
L-DED-built samples, martensite laths are expected within cells, while austenite is
anticipated in the intercellular region due to micro-segregation of alloying elements.
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The formation of nanoprecipitates in L-DED samples is influenced by in-process
IHT, crucial for age-hardenable precipitation-hardening alloys like 18Ni-300 [205].
Studies by Jagle et al. [206], [207] have identified the presence of Ti-Ti clustering
in the middle section of L-DED-built samples, leading to Ni3Ti precipitation.

To gain deeper insights into the phases and element distribution, an energy-
dispersive X-ray spectroscopy (EDS) mapping was performed on the region
depicted in Fig. 4.9.

Figure 4.10 EDS element maps corresponding to the SEM micrograph from Fig.
4.9 of: a) Fe, b) Ti, ¢) Ni, and d) Mo.

The EDS maps in Fig. 4.10 vividly illustrate the typical micro-segregation of
alloying elements during AM processes. The Fe map (Fig. 4.10 (a)) reveals higher
Fe concentration within cells compared to cell boundaries. Conversely, elements
Ti, Ni, and Mo (Fig. 4.10 (b), (c), and (d) respectively) exhibit higher concentrations
in the intercellular region, likely associated with the retained austenite phase.
Although Ti and Mo are known as ferrite-stabilizing elements, thermal calculation
analysis indicates that their presence, along with high Ni content, reduces the
martensite start temperature, stabilizing austenite at lower temperatures. Therefore,
the elevated concentrations of Ti and Mo promote the formation of retained
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austenite [205], [206], [208]. Fig. 4.10 (b) shows clusters of Ti corresponding to the
black particles observed in the SEM micrograph (Fig. 4.9), making them highly
likely to be NisTi precipitates [207].

To gain a comprehensive understanding of the present phases and confirm their
identities, further analyses such as EBSD and XRD measurements would be
necessary.

Regarding the mechanical response, microhardness measurements were
conducted along the Z-axis, and the results are depicted in Fig. 4.11.
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Figure 4.11 Results of microhardness measurements along building direction for
18Ni-300.

Interestingly, the microhardness measurements did not reveal any discernible
trend along the building direction, except for the transition from the 304L substrate
to the deposited 18Ni-300 maraging steel. The mean microhardness value,
calculated using measurements taken from 2.5 mm above the substrate, was 331 +
4 HV. When compared to the study conducted by Amirabdollahian et al. [204], a
discrepancy of nearly 30 HV was noted. This variance could be attributed to the
specific L-DED machine used and/or the size of the deposited samples. However,
the uniform microhardness observed suggests a relatively consistent microstructure
along the building direction. This uniformity indicates that L-DED-produced
samples could be a promising choice for direct aging heat treatment applications.
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Chapter 5

L-DED in repair of D2 steel
components

In this chapter, the focus is on the use of L-DED as repair process especially
for industrial tools from the perspective of substrate material. These investigations
were conducted under the regional project 4ASSI “4 Assi Assieme per innovare”,
funded by Regione Piemonte with Grant POR FESR Piemonte 2014-2020
Piattaforma tecnologica di “Bando PiTeF, which involved four partners, including
Michelin as coordinator, and Politecnico di Torino.

The chapter is structured as follows:

e Characterization and preparation of an industrial tool for repair process
e Repair process of D2 steel using the W360 steel by L-DED

5.1 Characterization and preparation of an industrial tool
for repair process

In the framework of 4ASSI project, a worn blade made of D2 cold work tool
steel was received from the Michelin factory located in Cuneo, Italy. This blade had
been utilized in the process of cutting natural and artificial rubber into smaller
pieces for further production of tires. Upon reception, the blade was sliced into 8
mm thick pieces to create smaller substrates for subsequent analyses. Fig. 5.1 (a)
displays the original blade, while Fig. 5.1 (b) showcases the sliced blade prepared
for material analysis. Additionally, Fig. 5.1 (¢) provides a technical drawing of the
blade.
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Figure 5.1 Received worn industrial blade: a) picture of received blade, b) sliced
blade for material investigation, and c) technical drawing of as produced blade.

Table 5.1 Nominal chemical composition of D2 cold work tool steel.
Yowt. C Cr Mo Si Mn V Fe

D2 1.56 11.0 0.77 0.45 0.42 0.78 Bal.

The blade material was D2 tool steel, with its nominal chemical composition
detailed in Table 5.1. The as-received blade exhibited a hardness of approximately
700 HV, indicating its hardened state achieved through processes involving
austenitization, quenching, and tempering. This high level of microhardness
represents also a fundamental requirement to be satisfied in repairing.
Subsequently, the blade microstructure was examined using an OM microscope to
gain insights into its composition.
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Figure 5.2 OM micrographs revealed microstructure of as-received D2 steel.

Fig. 5.2 illustrates the microstructure consisting of large carbides dispersed
within a martensitic matrix. The carbides were primarily identified as M;Cs, with
some presence of M23Cs.

To gain a deeper understanding of D2 steel behaviour during the repair process,
20 mm long STs were created on substrates with dimensions of 24 x 20 x 8 mm?.
These STs, involving various combinations of laser passes before and after
deposition, were generated using AISI 316L powder for demonstration purposes.
The STs were deposited using previously defined parameters, as reported in
Chapter 2: 800 W — 600 mm/min — 8 g/min. Different combinations of laser-only
passes and laser-powder passes were explored, leading to four distinct combinations
labelled I to IV, as indicated in Table 5.2. These combinations were deposited with
or without laser preheating and with or without laser remelting of the deposited STs.

Table 5.2 Combinations for 316L STs deposition on D2 substrate.

ST label Laser preheat Deposition Laser remelt
I On On On
11 Off On On
11 On On Off
V4 Off On Off

The resulting samples were prepared for cross-sectional analysis following the
procedure outlined in Appendix A.1. The outcomes are summarized in Fig. 5.3.
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Trial 2

o3

Figure 5.3 OM micrographs of 316L STs deposited on as-received D2 steel with
different combinations of laser passes.

The OM micrographs in Fig. 5.3 revealed ductility dip cracks in the HAZ on
the sides of the deposited STs, particularly near the deposited material where
ductility drops along the solid metal [209]. Intriguingly, the only combination (IV)
that did not display any cracks involved a single deposition pass, devoid of laser
preheating or remelting. It's noteworthy that the D2 steel, due to its chemical
composition, falls into the category of non-weldable steels susceptible to both cold
and hot cracking according to welding literature. When utilized eq. 1 for equivalent
carbon content, D2 steel exhibits a value of 4.14 %.

In an attempt to modify D2 steel properties and reduce its hardness and
brittleness, annealing was carried out using a tubular furnace (Nabertherm RHTC
80-710/10), described in Appendix B.2.3. The heat treatment process involved
heating the samples to 860 °C, the Ac; temperature and holding them at this
temperature for 30 minutes. Subsequently, the samples were cooled down with two
different rates: firstly to 780 °C with a cooling rate of 60 °C/h, and then to 700 °C
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with a rate of 20 °C/h. To allow the austenite transform to ferrite crystal structure.
Finally, the samples were air-cooled to room temperature. The annealed samples
were polished to remove surface char formed during the heat treatment.

Figure 5.4 OM micrographs showing the microstructure of: a) as-received D2
steel, b) annealed D2 steel.

Observation of the annealed D2 microstructure through OM microscope (Fig.
5.4) revealed significantly different microstructures. In Fig. 5.4 (a), the carbides
were larger and distinctly visible. After the annealing heat treatment, the carbides
were mostly dissolved in the metal matrix, which was now suspected to be ferritic
due to the slow cooling process during annealing.

X-ray Diffraction (XRD) analysis was performed to compare the phases present
in the as-received and annealed conditions.
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Figure 5.5 XRD patterns of as-received and annealed D2 steel.
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The XRD patterns in Fig. 5.5 indicated the presence of M7Cs carbides and a-
ferrite peaks in both samples. Although carbide peaks were still present in the
annealed condition, they were significantly lower in intensity. The peaks at 44.6°,
64.9°, 82.2°, and 98.7° were possibly corresponding to martensite or ferrite.
However, the as-received state was expected to be martensitic due to prior
austenitization and quenching, and annealing allowed carbon diffusion, leading to
the formation of soft ferrite.

The annealing process was primarily aimed at reducing D2 steel hardness.
Consequently, microhardness measurements were performed, revealing a drop in
hardness from around 700 HV to 232 HV.

After characterizing the annealed D2 steel, STs deposition was repeated on the
as-received D2 substrate using the same deposition procedure as described in Table
5.2. The results presented in Fig. 5.6 demonstrated the absence of cracks in any of
the trials for the various combinations performed. This finding suggested that
utilizing annealed D2 steel as the substrate allowed successful deposition of new
material, therefore allowing the repairing process by L-DED.

Trial 1 Trial 2

hdb 4
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Figure 5.6 OM micrographs of 316L STs deposited on annealed D2 steel with
different combinations of laser passes.

To explore the effects of heat transfer to the substrate, microstructural
observations of the HAZ were conducted, along with microhardness measurements.

Not HAZ HAZ
= 2322HV = 560.3HV

Figure 5.7 OM micrographs of the ST cross section with insert of micrographs
showing the microstructure of not HAZ on the left and the microstructure of HAZ
on the right, also microhardness measurements are reported for not HAZ and
HAZ.

The OM micrographs in Fig. 5.7 revealed slightly coarser carbides in the HAZ
due to the heat impact of the deposition. Additionally, there was a significant
increase in microhardness compared to the non-HAZ area, rising from 232.2 HV to
560.3 HV. Despite the increased hardness, the absence of cracks in the depositions
allowed the repair attempts to proceed.

5.2 Repair process of D2 steel using the W360 steel by L-
DED

The W360 hot tool steel was selected for repairing the D2 cold work tool steel
because both steels share the same alloying elements and can attain high hardness
values of about 650 HV, offering good wear resistance. However, W360 has a lower
equivalent carbon content, making it more suitable for L-DED deposition
processes.

For the repair process, annealed D2 steel substrates measuring 24 x 20 x 8 mm?
were prepared. Four parallelepipeds of W360, each measuring 15 x 15 x 10 mm?,
were deposited onto these substrates. After the deposition, two out of the four
samples underwent heat treatment to recover the hardness of D2 steel, following
the guidelines for hardening D2 steel. The heat treatment involved heating the
samples to 750 °C for 90 minutes, holding them at this temperature for 30 minutes,
further heating to 1050 °C for 120 minutes, holding for 15 minutes, and quenching
in water. Tempering heat treatment was performed at 500 °C for 60 minutes,
followed by air cooling, and the tempering cycle was repeated twice.
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Microstructural analysis of both as-built and heat-treated samples was
performed using OM, SEM, and EDS.

Building direction

Figure 5.8 OM micrographs of transition zone between D2 substate and deposited
W360 of: a) as-built sample, b) heat treated sample.

In the as-built sample (Fig. 5.8), the micrograph showed the typical AM
microstructure constructed of a cellular-dendritic pattern of W360 in the top part,
transitioning to the D2 substrate in the lower part. The carbides in the substrate were
clearly visible within the dark metal matrix. In the heat-treated sample (Fig. 5.8b),
the microstructure gradually changed as one moved from the W360 to the substrate.
However, the carbides in the substrate showed no clear differences compared to the
as-built sample, except in the color of the metal matrix, which was likely martensitic
in the as-built sample and ferritic in the heat-treated sample. Notably, cracks were
observed in the transition area between the materials in the heat-treated sample, as
shown in Fig. 5.9.

50 pm

Figure 5.9 OM micrograph of a crack in the transition zone between
deposited W360 and D2 substrate.
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The observation of horizontal cracks following defects like gas porosity or
carbides, particularly more pronounced towards the deposited material, suggested
that the applied heat treatment, which included water quenching, was not suitable
for the deposited material. This high cooling rate likely caused the cracks. To
confirm this hypothesis, the same heat treatment was conducted on as-built W360
samples that were near to full dense and free of cracks when removed from the
substrate. Similar horizontal cracks were found in the W360 samples after the heat
treatment, confirming that the water quenching method led to cracks in the
deposited material.

Therefore, the results indicated the need for an adjustment in the heat treatment
process, specifically by changing the quenching media. Choosing a different
quenching medium with a lower cooling rate could potentially prevent the
formation of cracks in the deposited material. This adjustment is crucial to ensuring
the integrity of the repaired components and preventing undesirable defects.

The microstructural analysis of samples consisting of W360 on D2 substrate
was crucial to understanding the transition zone between the two materials.
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Figure 5.10 SEM micrograph of the transition zone between deposited W360
and D2 substrate in as-built sample with corresponding EDS maps for the most
relevant elements.

Figure 5.11 SEM micrograph of the transition zone between deposited W360
and D2 substrate in heat treated sample with corresponding EDS maps for the
most relevant elements [210].

In the as-built condition (Fig. 5.10), distinct differences between the steels were
observed. Moving from the bottom of the micrograph, the dark grey spots in the
SEM micrograph indicated Cr and V-rich carbides (Fig. 5.10 (c) and (d)), with Fe
appearing absent from these areas (Fig. 5.10 (b)). This observation suggested the
presence of Cr and V-rich carbides in the transition zone. As the analysis moved
towards the deposited W360, the carbides became less prominent, and carbide-
forming elements Cr and V decreased while Fe became more prevalent, indicating
a change in composition.

In the heat-treated sample (Fig. 5.11), a similar trend was observed. Carbides
faded away from the D2 substrate towards the deposited W360. The similarity in
microstructure between the substrate and the transition zone could be attributed to
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the influence of the input heat during the deposition process. The examination of
the D2 substrate indicated that it was within the heat-affected zone (HAZ),
explaining the comparable microstructures between the substrate and the transition
zone. This observation underscored the importance of understanding the effects of
heat input during the deposition process on the microstructure of both the substrate
and the deposited material.

This detailed microstructural analysis provided valuable insights into the
composition and structure of the transition zone, showing the interactions between
the two materials and the influence of the deposition process on their
microstructures.

The microhardness evaluation was conducted on the samples according to the
schematic depicted in Fig. 5.12 (a).
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Figure 5.12 a) schematic representation of microhardness measurements
performed and b) plotted microhardness results [210].

In the context of the microhardness test, it's important to note that the mean
microhardness of the annealed D2 substrate sample was 247 HV. The anticipated
hardness range for D2 steel, achieved through the hardening heat treatment with
two tempering sessions, should ideally fall between 630-740 HV. The
microhardness results are presented in Fig. 5.12, encompassing both the as-built
and heat-treated samples, with distinctions made for each of the four considered
regions.

Upon analysing the as-built condition of W360, it becomes evident that the L-
DED process effectively imparts high hardness in the as-built W360 material (650
HV). Moving towards the substrate, the initial deposited layer exhibited slightly
lower microhardness (513 HV), a discrepancy noted in comparison with the
findings of the microhardness evaluation in Chapter 3. However, this disparity
might be attributed to the use of different substrate materials in varied volumes and
the careful removal of samples at a 1 mm height in the microstructural analysis of
W360 from Chapter 3, eliminating the substrate material influence on deposited
material. In the substrate region, the annealed D2 steel, starting at approximately
250 HV, displayed a substantial increase in microhardness, reaching a mean value
of 591 HV. Notably, measurements conducted in the HAZ and the first deposited
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layer exhibited more dispersed readings, likely due to the mixing of deposited and
substrate materials, leading to variations in properties.

Upon subjecting the samples to heat treatment, the microhardness of D2 was
successfully restored to values exceeding 700 HV. In the HAZ, the mean value
measured 728 HV, and in the Not-HAZ region, it was 739 HV. It's worth
mentioning that the Vickers instrument employed is slightly less precise for
microhardness values at this high range, leading to a marginally higher error.
Concerning the deposited W360, an increase in microhardness was observed in the
first layer, to 688 HV. However, in the bulk of the deposited sample (5 mm above
the substrate), a decline in microhardness was noted from 650 HV in as-built to 511
HV after heat treatment. This phenomenon could be attributed to the influence of
the substrate material on the first deposited layer. Additionally, the performed heat
treatment, while suitable for D2 steel, might not have been optimal for W360, as
discussed earlier.

In summary, W360 demonstrates promising potential for repairing D2 cold
work tool steel. However, adjustments in post-processing heat treatment steps are
essential. Moreover, even after the deposition of a relatively large bulk sample (15
x 15 x 10 mm?) on a comparatively smaller substrate (24 x 20 x 8 mm?), the D2
material did not exhibit any heat-induced defects. These outcomes underscore the
significant potential of using L-DED in repairing valuable tools, even those made
from challenging to weld or “non-weldable” materials.
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Chapter 6

Conclusions

In this study, the microstructural and mechanical properties of various steels
produced using the Additive Manufacturing (AM) technique Laser Directed Energy
Deposition (L-DED) using powders or wires as raw materials were thoroughly
investigated and evaluated. The primary objectives were to demonstrate the
capability of this technology both for creating 3D objects and for repairing
industrial tools. The first part of the thesis delved into the technological landscape,
explaining the processes involving both powder and wire feedstocks. It provided a
comprehensive metallurgical background of steels in the AM field, with a
comprehensive literature review on processability, microstructural details and
mechanical main features of AM-produced samples. In particular the introduction
section culminated with a summary of steels processed through L-DED, and an
exploration of the steels used in this research.

The subsequent chapters were organized based on the steels studied
experimentally. Beginning with stainless steel 316L (Chapter 2), the study
progressed from characterizing the powder employed in the L-DED process to
optimizing the main process parameters of the system employed to obtain bulk
dense samples. Detailed analyses of the microstructure and mechanical properties
of the bulk 316L samples fabricated by L-DED were conducted. Investigations into
different deposition strategies were also undertaken, focusing on understanding the
impact of heat accumulation. A factor screening approach was employed,
measuring multiple responses concerning various factors and covariates. The
chapter dedicated to stainless steel 316L concluded in determining also the optimal
process window for another L-DED system with the starting material in wires.

The following experimental chapter (Chapter 3) delved into hot work tool
steels, in particular the W360 steel (from Bohler). This segment commenced with
characterizing the starting powder, followed by the optimization of the main
process parameters. Heat treatments were then applied to the as-built L-DED
samples of W360, leading to discussions on microstructural evolution of the as-
built, as-quenched, and hardened W360 samples.

Chapter 4 was then focused on the 18Ni-300 maraging steel. The exploration
commenced with characterizing the initial powder, proceeded to optimize the main
process parameters, and culminated in a detailed analysis of the microstructural and
mechanical properties of the samples fabricated by L-DED.

The final chapter, Chapter 5, focused on studies involving the application of L-
DED in repair processes. A thorough investigation of D2 tool steel was conducted
to comprehend its behaviour in the L-DED process used as a substrate. Once
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understood, the deposition of W360 on the D2 steel substrate was executed to
investigate the feasibility of the repairing process by L-DED.

316L by L-DED

In the investigation of 316L stainless steel by L-DED in both powder and wire
forms, using therefore two different L-DED systems, several findings have been
uncovered.

Considering powders, the as-received AISI 316L powder exhibited excellent
flowability properties, with some irregular particles noted, including satellite
powder, elongated, and agglomerated particles. Additionally, the powder displayed
a true density of 7.896 g/cm? at 20°C, while in the literature the density value is
taken as 7.98 g/cm? indicating a potential internal porosity. Optimization of process
parameters, using a system Laserdyne 430 resulted in the fabrication of 316L
samples with a power of 800 W, a scan speed of 600 mm/min, and a powder feed
rate of 8 g/min, producing fully dense, crack-free specimens with a specific
volumetric energy density of 133.3 J/mm?.

Microstructural analysis of the as-built 3161 samples revealed a typical AM
microstructure characterized by a columnar-dendritic pattern containing equiaxed
and columnar dendrites. Micro-segregation of alloying elements was observed in
the intercellular region, suspected to contain d-ferrite.

Investigation into the influence of heat accumulation during deposition showed
that simultaneous building of multiple 316L samples on the same substrate resulted
in higher microhardness and more uniform properties compared to sequential
deposition, highlighting the importance of the scanning strategy.

Factor screening research indicated predictive models for sample height and an
increase in sample density during the process.

On the other hand, the study performed on processing 316L in wires by L-DED,
using a LAWS 250 system with 0.3 mm laser spot diameter, revealing optimal main
process parameters for all feeding directions. However, challenges were
encountered with the wire feeding system, leading to porosity and misalignment
issues during subsequent track depositions.

These findings collectively contribute to the understanding of 316L processing
through L-DED, providing insights into starting material properties, process
parameters, microstructure, and system configurations. Such insights hold potential
for advancing the utilization of 316L by L-DED in various industrial applications.

W360 by L-DED

In the exploration of W360 hot work tool steel by L-DED using the Laserdyne
430 system (therefore starting from powders), critical insights were gained,
shedding light on the material behaviour and properties, marking the first-time
processing of this alloy by L-DED to the best of the author's knowledge.

The W360 powder obtained from Bohler showcased some irregularities,
including satellite powder and agglomerated particles, yet demonstrated acceptable
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flowability properties, making it suitable for L-DED processing. Optimization of
process parameters unveiled a power setting of 800 W, a scan speed of 450 mm/min,
and a powder feed rate of 8 g/min, resulting in a layer thickness of 0.65 mm and
minimal porosity (0.15 %) with a specific volumetric energy density of 82.1 J/mm?®.

Microstructural analysis of the as-built W360 sample revealed a typical AM
microstructure characterized by a cellular-dendritic pattern with small carbides
observed in the intercellular regions. Analysis further indicated micro-segregation
of alloying elements and varied carbide growth attributed to the intrinsic heat
treatment during L-DED processing. Post-quenching, the samples exhibited the
typical microstructure of hot work tool steels, with a mean microhardness of 744
HV indicative of highly distorted martensite. Completing the heat treatment process
with three consecutive tempering cycles at 540 °C resulted in a tempered martensite
matrix with Mo-rich carbides, offering a mean microhardness of 634 HV, rendering
it a promising candidate for tool repair through the L-DED process.

These findings significantly advance our understanding of W360 behaviour in
L-DED processes, providing valuable insights for potential industrial tool repair
applications.

18Ni-300 by L-DED

The investigation into 18Ni-300 maraging steel using L-DED technology,
starting from powders using a LAWS 250 system has given a promising insights
into the properties of material. The powder supplied by Carpenter Additive
exhibited predominantly regular particles, with excellent flowability properties
despite some observed irregularities. Through optimization of process parameters,
the porosity level was significantly reduced, resulting in 0.38 % relative density.
The optimized parameters for 18Ni-300 were determined to be a power setting of
375 W, scan speed of 700 mm/min, powder feed rate of 5 g/min, bead width of 0.78
mm, a 30% overlap resulting in a hatch distance of 0.55 mm, and a resultant layer
thickness of 0.48 mm, achieving a specific volumetric energy density of 121.9
J/mm?.

Examination of the as-built 18Ni-300 samples revealed a typical microstructure
commonly found in L-DED-manufactured samples, consisting of a cellular-
dendritic pattern. From a mechanical properties point of view, the samples
displayed a uniform microhardness along the building direction, indicating promise
for direct aging heat treatment applications.

L-DED in repair of D2 steel components

In the context of using L-DED to repair industrial tools, the study main findings
concentrate on the potential of W360 in repairing D2 cold work tool steel, providing
valuable insights into the required adjustments in post-processing heat treatments.
The initial worn industrial blade, made of D2 cold work tool steel in a hardened
state, featured large carbides dispersed within the martensitic matrix, presenting
challenges for repair attempts. Through an annealing process, the microhardness of
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the D2 substrates decreased, facilitating successful welding on annealed D2
substrates. Subsequently, crack-free, nearly fully dense W360 samples were
deposited onto annealed D2 steel substrates, indicating promising results for repair
applications. Optical micrographs revealed a typical AM microstructure, and EDS
analysis indicated Cr and V-rich carbides. However, microhardness measurements
highlighted the need for adjustments in the heat treatment process for W360 steel
to achieve the desired microhardness, emphasizing the importance of careful
consideration and optimization of repair process parameters.

In summary, these findings underscore the significance of careful consideration
and optimization of the repair process parameters to ensure successful and durable
repairs of industrial components made in tool steels.
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Appendix — A — Experimental
procedure

In this chapter, a comprehensive description of the experimental procedure that
was employed to optimize process parameters with the goal of achieving bulk
samples that are near to full density is provided.

To fabricate dense and crack-free L-DED samples, a 3-step approach was
employed, as schematically illustrated in Fig A.1, which includes the deposition of
single tracks (ST), single layers (SL), and ultimately, the bulk samples. Each step
played a crucial role in optimizing various process parameters. The deposition of
STs was undertaken to determine the optimal combination of laser power (P), scan
speed (v), and powder feed (Qp). Once a suitable set of parameters was identified,
the procedure advanced to the deposition of SLs. These were built with different
the overlap percentages (Ov) between tracks and the layer growth (Az) was
measured. After establishing the optimal P, v, Qp, Ov, Az, the process proceeded
to the deposition of bulk samples.

SINGLE TRACKS SINGLE LAYER BULK SAMPLE
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Figure A.1 Schematic explanation of the deposition procedure [210].

A.1 Step 1: Single tracks

The STs were deposited using different main process parameter combinations
to evaluate the different sets of P, v, and Qp. Using these combinations of process
parameters, a linear energy density and a linear mass deposition density could be
calculated by using the eq. 8 and eq. 9.

(8) Linear energy density [J/mm] = P/v

(9) Linear mass deposition density [g/mm] = Qp/v

Then, STs were cut perpendicular to scanning direction for obtaining cross-
sections, as schematically shown in Fig. A.2 (a). Cross-sections were then grinded
and polished using a standard metallurgical procedure for obtaining mirror like
surface. Then, OM micrographs of polished cross-sections were obtained and
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characteristic geometrical features of cross-sections of STs such as width (W),
growth (G), and depth (D) (Fig. A.2 (b)) were measured using the ImageJ software.
Using the eq. 10 and eq. 11 dilution and aspect ratio (AR) were calculated. The
dilution is indicating vertical metallurgical bonding. The regular, elliptical
geometry of melt pool has the dilution value close to 1.0. On the other hand, high
dilution values would result in insufficient bonding between deposited layers,
eventually leading to the balling effect geometry. While low dilution values would
lead to keyhole geometry melt pools, therefore causing the risk of keyhole porosity,
examples of different dilution values are shown in Fig A.3. The other criteria
considered was the AR where values are indicating the growth of the ST, with the
lower value ST grows higher [44].

(10) dilution = G/D
(11) AR =W/G

]

Figure A.2 Schematic explanation of: a) cut performed to analyse the single
tracks deposited [119]; b) geometrical features of a ST cross-section considered as
reference [119].

Dilution values for different melt pool geometries

G/D=1 G/D<1 G/D>1

Keyhole

Figure A.3 Characteristic melt pool geometries with associated dilution values.
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A.2 Step 2: Single layers

The second step is the deposition of SLs, initiated after the selection of one or
more sets of primary process parameters: P, v, and Q,, as determined from the STs
evaluation outlined in step 1. In this phase, various hatch distances (hq) are
employed for deposition. The hq is calculated using eq. 12, wherein W denotes the
width of a single track and Ov represents the chosen overlap percentage (Fig A.4).
The principal objective of this step is to achieve uniform layer growth, avoiding the
development of pores that might occur between tracks. A higher Ov could lead to
the formation of layers that elevate non-uniformly as the deposition continues.
Conversely, a lower Ov could result in excessively deep V-shapes between tracks,
causing porosity issues in the bulk samples. To address this, SLs were sectioned
perpendicular to the scanning direction, and the obtained cross-sections were
ground and polished using standard metallurgical procedures to attain mirror-like
surfaces. Subsequently, OM micrographs of the polished cross-sections were
acquired and inspected for potential porosity. Layer growth was measured at
various positions using a TESA Micromaster digital calliper with a precision of +
0.004 mm. The mean value was then employed as Az for the subsequent step.

(12) hy = W x (100 — ov%)/100

h,

Figure A.4 Schematical representation of overlapping effect.
With the selected main process parameters and overlapping percentage, giving

the hatch distance utilized the specific surface energy density (Es) can be calculated
with the following equation (eq. 13):

a3 E=F/
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A.3 Step 3: Bulk samples

In the final step, bulk samples are fabricated, utilizing the process parameters
P, v, and Q, determined from STs evaluation and the parameters hq and Az
ascertained from SLs evaluation. With all the main process parameters defined, the
specific volumetric energy density can be calculated as shown in eq. 12. Here, the
bulk samples are produced employing a zig-zag toolpath pattern strategy (Fig A.5
(a)) and a rotation of 90° after the deposition of each layer (Fig A.5 (b)). Following
this, cubic samples are excised along the X-Z or Y-Z plane to reveal the cross-
section aligned with the building direction, Z. After subsequent grinding and
polishing, OM micrographs are captured to assess the relative porosity utilizing
Imagel software. The cube manufactured with the set of parameters exhibiting the
minimal relative porosity is then subjected to detailed analysis.

P
(14) Ey = /vxhdxAz

Scanning pattern:
Zig-zag

Rotation
per layer:

ad o \ Deposited
layers

90°

s —  —
AR BRI SN BN =N

Figure A.5 Bulk sample deposition strategy: a) scanning pattern; b) rotation per
layer.
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Appendix — B - Experimental
equipment and characterization
methods

In this chapter, a detailed description of the experimental equipment and
characterization techniques employed to analyse the samples discussed in this thesis
will be provided.

The chapter is divided into three sections. The first section pertains to the
characterization techniques used to analyse the powders discussed in this thesis.
The second one is giving a detail of L-DED machines and furnace utilized in the
thesis. The last one focuses on equipment used for analysis.

B.1 Powder characterization

B.1.1 Laser granulometry

The diameter distribution of the metal powders was assessed through laser
granulometry, utilizing a Fritsch Analysette 22 Compact instrument, which has a
measuring range between 0.3 pm and 300 um. The computation of the mean size
and frequency distribution were predicated on volumetric assumptions.
Additionally, the dio, dso, and doo values, representing the diameter values at 10%,
50%, and 90% of the cumulative size distribution respectively, were ascertained
and documented.

B.1.2 Electron microscopy

The morphology of the metal powders was analysed through electron
microscopy, utilizing a Scanning Electron Microscope (SEM) Phenom XL.

B.1.3 Apparent density measurement

The apparent density (papp) Was measured in accordance with the ASTM B212
standard [211]. To measure the apparent density of the sample, the empty density
cup, 25 mL in volume (Vqc), was first weighed. Subsequently, the test portion was
meticulously loaded into the flowmeter funnel and permitted to enter the density
cup through the discharge orifice, ensuring the cup remained stationary during this
process (Fig B.1). Once the cup was fully laden and the powder started overflowing
its periphery, a nonmagnetic spatula, maintained perpendicular to the top edge of
the cup, was employed to level the powder flush with the top of the density cup,
exercising caution to avoid any jarring of the apparatus. After levelling, the density
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cup was gently tapped on the side to settle the powder, preventing any spillage
during transfer, and residual powder adhering to the external wall of the cup was
removed. Subsequently, the filled density cup was transferred to the balance to
ascertain the mass of the powder (my). The eq. 15 was used for calculating the papp.
This process was replicated thrice, each with a new test portion of powder, and the
consequent apparent density values were averaged.

(15) Papp = mp/Vdc
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Figure B.1 Apparatus for measuring apparent density and flowability with density
cup and Hall flowmeter funnel [212].

;

B.1.4 Tapped density measurement

The tapped density (pup) Was ascertained in accordance with the ASTM B527
standard [212], utilizing a meticulous methodology. Initially, the internal wall of
the graduated 25 mL cylinder was scrupulously cleaned with a suitable clean brush
to ensure the absence of contaminants. Subsequently, the test portion of the powder
(mp) of around 100 g was precisely weighed to the nearest 0.1 g, emphasizing
accuracy. This weighed powder was carefully dispensed into the graduated cylinder
to maintain a level powder surface. Thereafter, the cylinder was securely placed
within the tapping apparatus. The apparatus was operated until no observable
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reduction in powder volume occurred, and the volume (Vip) was meticulously
recorded to the nearest 0.5 mL. Following this, the pwp was computed employing
eq. 16. To reinforce the reliability of the findings, this entire process was replicated
thrice, each instance utilizing a new test portion of powder, and the computed
tapped density values were subsequently averaged.

(16) Ptap = mp/Vtap
B.1.5 Flowability measurement

The flowability of the powder was assessed using a Hall flow meter (Fig B.1),
coupled with calculations of the compressibility index (CI) and Hausner ratio (HR).
The Hall flow rate was measured by adhering to the procedures outlined in Method
I, Static Flow Method, of the ASTM B213 standard [213]. The funnel's bottom was
sealed with a dry finger. A sample of 50 g of powder was gently poured into the
centre of the flowmeter funnel, avoiding any tapping, vibration, or movement of the
funnel. A weighing dish was positioned beneath the funnel orifice. Timing
commenced simultaneously with the removal of the finger from the discharge
orifice. The timing device was halted as the last of the powder exited the orifice,
with the time recorded to the nearest 0.1 s. This procedure was replicated three
times, each with a 50 g of fresh powder.

The CI and the HR serve as measures to quantify the proclivity of a powder to
undergo consolidation. The CI is calculated utilizing eq. 17, while HR is determined
through eq. 18. In these equations, papp represents the apparent density and pap
denotes the tapped density. A general scale of powder flow using the CI and HR is
given in Table B.1 [214].

p
a7 CI%=100x 1P/,
_ Ptap
(18) HR = /papp

Table B.1 Scale of Flowability for Compressibility Index and Hausner Ratio

[214].

Flow character Compressibility index, % Hausner ratio

Excellent <10 1.00-1.11

Good 11-15 1.12-1.18

Fair 16-20 1.19-1.25

Passable 21-25 1.26-1.34

Poor 26-31 1.35-1.45

Very poor 32-37 1.46-1.59

Very, very poor >38 >1.60
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B.1.6 True density measurement

The true density of a powder (ppoc) is fundamentally characterized as the ratio
of the average mass of the particles to the solid volume, excluding all the voids that
are not inherent to the molecular packing arrangement. Three principal
methodologies are established for determining true density: gas pycnometry or
displacement, liquid displacement, and flotation in a liquid. For the purposes of this
thesis, the method of gas pycnometry was employed.

To ascertain the average density of the powder, a meticulous two-step approach
is implemented. Initially, the mass of the powder is precisely measured utilizing a
high-precision ANJ-NM/ABS-N balance by KERN (Gottlieb, Germany),
possessing a readability of 0.1 mg and a repeatability of 0.2 mg. Subsequently, the
Ultrapyc 5000 pycnometer by Anton Paar (Graz, Austria) using helium gas is
employed to determine the volume of the powder sample, with an accuracy of
0.03% and a repeatability of 0.015%. This instrument applies an iterative method,
concluding the measurements once a variance of 0.01% is achieved.

B.1.7 Porosity evaluation

The assessment of internal porosity was conducted through two distinct
methods. The first method involved the analysis of optical microscopy (OM)
micrographs of the powder cross-section. Initially, the powder sample was mounted
in resin using the hot mounting machine IPA 30 Remet. The mounted sample
underwent grinding and polishing, adhering to standard metallurgical procedures to
attain a mirror-like surface. Subsequently, an OM Leica DMI 5000 M was
employed to capture micrographs of the powder cross-sections, which were
analysed qualitatively.

The second method entailed a quantitative evaluation of internal porosity. The
internal porosity (%epor) was computed using eq. 19, necessitating data on the
measured true density (ppoc) value and literature values of the fully dense material
at the corresponding temperature (pruil dense,°c) of the measured true density.

_ pp,t"C
(19) Yopor =1 — /Pfuu dense,t°C

B.1.8 LECO analysis

The content of oxygen, nitrogen, and hydrogen within the powders was
quantitatively analysed utilizing the inert gas fusion method, executed with a LECO
ONH&836 Oxygen/Nitrogen/Hydrogen Elemental Analyzer.
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B.1.9 Oxide evaluation

The presence of oxides on the surface of powder particles was confirmed
through EDS spot analysis on suspected areas and surrounding regions, utilizing a
SEM Phenom XL, equipped with an Energy-dispersive X-ray Spectroscopy (EDS)
detector.

B.2 L-DED machines and heat treatment instrument

B.2.1 Laserdyne 430

The Laserdyne 430 L-DED-P system, depicted in Fig B.2, provided by Prima
Additive (Torino, Italy), with a CNC system equipped with a roto-tilting table,
enabling meticulous five-axis deposition, was utilized in this thesis. Detailed
specifications of the machine are presented in Table B.2. The deposition head was
engineered with four coaxial nozzles, designed to ensure stable powder flow with a
powder spot focused to less than 4 mm in diameter at the focal point, and was
operated at a standard distance of 7 to 9 mm from the top of the nozzle. A fibre
laser, with a maximum power output of 1 kW, a laser beam diameter (di) of 2.00
mm, and a wavelength of 1075 + 5 nm, was employed as the heat source. The
Optomec CS 150 powder feeding system (Albuquerque, NM, USA) was paired with
the L-DED-P machine. This system, featuring a rotating disk situated below a
gravity hopper and pressurized gas, was meticulously calibrated to control the
powder flow rate (Qp) by modulating the rotational speed (w) of the perforated disk
and the carrier gas flow rate (V¢g). The system was optimized to handle powders
with particle sizes ranging between 45 and 200 pm.

Control
panel

Deposmon head

Substrate

Figure B.2 Laserdyne 430 by Prima Additive: a) picture of building chamber,
control panel and powder feeder; b) picture of deposition head and working table.
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Table B.2 Specifications of Laserdyne 430 by Prima Additive.

Laser power 1 Kw

Type of laser Fibre

Laser beam wavelength 1070 - 1080 nm
Working volume 585 x 400 x 500 mm*
Axis configuration 5 axes:

X-Y (deposition table movement)
Z (deposition head movement)

A (rotation of deposition table)

B (tilting of deposition table)

Axis velocity X-Y-Z 0-15 m/min
Axis velocity A-B 0-90 rpm
Deposition rate max 50 cm?/h; typical 20 cm*/h
Deposition accuracy + 0.2 mm
Powder feeder capacity 2 hoppers of 1,5 dm?
B.2.2 Laws 250

The hybrid L-DED system utilized in this thesis was the LAWS 250 by Liburdi
Automation (Fig. B.3), a system capable of using both powder and wire feedstocks.
The LAWS 250 is equipped with a 3-axis robotic system, allowing precise X-Y-Z
movements of the deposition head. This system utilizes fibre laser, possessing the
capability of delivering up to 1 kW of power, with a characteristic laser spot
diameter (di) of 0.3 mm. The laser operates with a wavelength of 1075 £ 5 nm. The
transfer of powder to the deposition head is managed by a commercial powder
feeder developed by Oerlikon Metco. This feeder incorporates four coaxial multi-
nozzles (4-way). The system maintains a standard operating distance of 7 mm from
the deposition surface, ensuring optimal focal adherence and powder adhesion. To
maintain powder integrity and prevent contamination, inert gas is used as the carrier
gas for the powder stream maintaining a constant powder feed. The main machine
specifications are summarized in Table B.3.

In the wire feedstock setup, the system features three-axis control for deposition
head motion (X-Y-Z) and an additional two-axis control for wire positioning. These
extra axes allow adjustment of the wire position both front to back, ensuring it
aligns with the centre of the laser spot, and up and down, placing it precisely at the
focal point of the laser beam. The wire feeder is positioned off-axis to the laser
beam, fixed on the side of the deposition head, and maintains a constant feeding
angle (aw) of 30° (refer to Fig. B.3 (b)).
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Figure B.3 LAWS 250 by Liburdi: a) picture of building chamber; b) picture of
deposition head.

Table B.3 Specifications of LAWS 250 by Liburdi Automation.

Laser power I Kw
Type of laser Fibre
Laser beam wavelength 1070 - 1080 nm
Laser spot diameter 0.30 mm
Axis configuration 3 axes:
X-Y-Z (deposition head movement)
Feedstock Powder or wire
Powder feeder capacity 2 hoppers of 1,5 dm®

B.2.3 Nabertherm RHTC 80-710/15

In this research, a high-temperature horizontal tubular furnace was employed.
This specific model boasts premium insulation materials composed of vacuum-
formed fibre plates. Such a construction not only promotes energy-efficient
operation but also facilitates rapid heating owing to the minimal heat storage and
conductivity. The furnace operates over a temperature range extending from room
temperature up to 1600°C. In the research argon gas was utilized to create an inert
atmosphere. Apart from inert atmosphere, it is versatile in handling various
atmospheres including air, oxidizing, and reducing environments. The system
features a programmable set point regulator to control and stabilize the desired
temperature. Structurally, the furnace tube possesses an internal diameter of 70 mm
and an overall length of 1080 mm, with a heated segment spanning 710 mm. Within
this segment, a length constant of 150 mm ensures a temperature uniformity of £ 5
K. The furnace supports a heating rate between 0.5 and 25°C/min, while its cooling
rate ranges from 2.5 to 15°C/min. Notably, the furnace is also equipped to perform
quenching operations when required.
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B.3 Microstructural and mechanical analysis — equipment
and procedure

B.3.1 Microstructural analysis

In the study, post L-DED sample microstructures were examined utilizing
optical microscopy (OM), scanning electronic microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS) and Electron Backscatter Diffraction
(EBSD), as well as X-ray crystallography (XRD) analysis.

The preparation of vertical (XZ) cross-sections for these microstructural
analyses involved hand grinding with SiC abrasive papers. This was followed by a
sequential polishing using diamond suspension up to a granularity of 1 um and
concluding with a final polish employing a silica oxide suspension to achieve a fine
finish of 0.06 pm.

B.3.1.1 Optical microscopy

For the 316L samples, OM analyses were conducted both pre and post chemical
etching. The etching process employed an acid mixture comprising 15 mL HCI, 10
mL HNO3, and 10 mL acetic acid for a duration of 10 seconds. The resultant
samples were then inspected using a Leica DMI 5000 M optical microscope.

Similarly, W360 samples underwent OM analysis before and after a chemical
etching process. In this case, nital 2 etchant was utilized for an etching duration of
60 seconds. The subsequent samples were also observed under a Leica DMI 5000
M optical microscope.

For the investigation on 18Ni-300, the nital 2 etchant was also used. The
polished surface was swiped with the cotton sticks for 10 seconds. The samples
were then observed under a Keyence VHX 7000 digital microscope

B.3.1.2 Electronic microscopy

The microstructural investigations of the chemically etched 316L samples were
conducted using a SEM Phenom XL. In contrast, the W360 samples, post-etching,
were examined utilizing the Zeiss Supra™ 40 Field Emission Scanning Electron
Microscope (FESEM). For compositional analyses of the W360 samples, both the
SEM EVO 15, equipped with an EDX detector, and the Focused lon Beam-SEM
(FIB-SEM) Tescan S9000G, furnished with an EBSD detector, were employed. The
316L samples' compositional investigations were facilitated by the SEM Phenom
XL, which also featured an EDX detector. The 18Ni-300 samples were observed
using the FESEM Tescan Mira 3 XMU equipped with Oxford Instruments X-Max
EDS detector and a Oxford Instruments Nordlys EBSD detector.

B.3.1.3 X-ray crystallography

The phase composition within the cross-sectional samples was determined
through X-ray diffraction (XRD) utilizing an Empyrean diffractometer equipped
with Cu Ka radiation. The measurements were conducted in a Bragg Brentano
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configuration, spanning a 260 range from 30 to 110°. The operational settings of the
diffractometer were maintained at 40 kV and 40 mA, with a step size of 0.013 and
a duration of 30 seconds per step.

B.3.2 Thermal analysis

The phase transformations in the W360 samples were investigated using
Differential Scanning Calorimetry (DSC).

B.3.2.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analyses of the W360 samples were
conducted on a Setaram TGA-DSC 92 16.18 under an Argon atmosphere to prevent
oxidation. Specimens, extracted from the cylinder, had an approximate mass of 200
mg. The heating protocol involved ramping from 200°C to 1120°C at a rate of
10°C/min, followed by a cool down to ambient temperature.

B.3.3. Mechanical properties

Among the evaluated mechanical properties, Vickers microhardness was
distinctly assessed based on the material in question. Different methodologies were
employed to cater to the specific characteristics and requirements of each material.

B.3.3.1 Microhardness evaluation

The microhardness of the 316L samples was assessed employing a micro-
Vickers indenter under a load of 500 g with a dwell time of 15 s. Indentations were
performed at both the bottom and top regions of the sample.

For the W360 bulk samples, microhardness measurements were conducted
using a micro-Vickers indenter, applying a load of 500 g for 15 s. Five distinct
indentations were carried out in separate zones on each sample at varying heights
relative to the substrate. These zones were categorized as bottom (B), central-
bottom (CB), central (C), central-top (CT), and top (T).

For the 18Ni-300 bulk samples, microhardness measurements were performed
using a micro-Vickers indenter, applying a load of 500 g for 12 s. The
measurements on eight cubes built with different parameters were done by
performing 5 indentations in horizontal level at 5 mm distance from the substrate
in Z direction. The measurements done on the sample built with optimized
parameters were performed from 0.5 mm under the level of the substrate up to the
12.5 mm above the surface with 0.25 mm spacing between the indentations. The
measurement was repeated 5 times per sample.
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