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ABSTRACT

The present study evaluates the processability of AISI S2 plus 10% in volume of SiC through the
Laser Powder Bed Fusion (LPBF) technology. It is the continuation of the work “Fabrication and
characterization of low-alloyed tool steel obtained by Selective Laser Melting,” 2023 [1] carried out
by the same team. This S2 low-alloyed tool steels have been rarely studied in Additive Manufacturing
(AM) due to poor welding properties. Using alloying methods to create Metal Matrix Composites
(MMCs) can improve several properties of these steels though. For instance, adding SiC
nanoparticles to AISI S2 enhances both the hardness and wear resistance among other properties, but
in the meantime, this will increase the carbon content which has been found to promote crack
appearances. Therefore, a careful evaluation of the processability of the MMCs is needed.

In order to analyse the capability of fabricating these samples, two different batches were considered,
one with and another without preheating the baseplate of the printer. Achieving crack-free fully dense
samples is demonstrated to be possible under some premises. There is a tendency for SiC
nanoparticles to agglomerate, thus leading to non-homogeneous properties. Therefore, optimizing
the powders preparation is required. Different kind of defects may be observed on parts processed
by LPBF depending on processing parameters. Therefore, optimizing the parameters of the LPBF
laser process is also mandatory to set a defined processing map for each batch of samples.
Nevertheless, preheating of the baseplate seems to be required since all the samples without
preheating exhibit cracks.

Moreover, taking advantage of both batches, the influence of the preheating on both the
microstructure and the mechanical properties is highlighted. Furthermore, the effect of SiC
nanoparticles addition is enhanced when comparing the MMCs to S2 samples obtained from LPBF

process.
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RESUME

Cette étude évalue la mise en ceuvre du composite a matrice métallique AISI S2 plus 10 % en volume
de nanoparticules SiC par le procédé de fusion laser sur lit de poudre (LPBF, Laser Power Bed
Fusion). Elle fait suite au travail intitulé « Fabrication and characterization of low-alloyed tool steel
obtained by Selective Laser Melting », 2023 [1], réalisé par la méme équipe. Les études sur les aciers
a outils a faible teneur en éléments d’alliage tel que la nuance AISI S2, qui sont mis en ceuvre par
fabrication additive sont rares, car ces alliages ont une soudabilité limitée. Cependant, la possibilité
de mélanger des poudres pour produire par fabrication additive des composites a matrice métallique
(Metal Matrix Composites) pourrait améliorer plusieurs propriétés de ces aciers. En 1’occurrence,
I’ajout de nanoparticules de SiC améliore notamment la dureté et la résistance a I’usure, entre autres
propriétés. Cependant, un tel mélange de poudres va aussi augmente le teneur en carbone du
composite, ce qui va favoriser la formation de fissures en cours de procédé. Cet antagonisme

nécessite donc une évaluation minutieuse de la mise en ceuvre de tels MMCs par le procédé LPBF.

C’est afin dans le but d’étudier la faisabilité de la production de tels MMCs par LBPF qu’on a
considéré deux lots différents du méme composite S2+10%SiC, 1’un avec préchauffage du substrat
support d’impression 3D, et ’autre sans préchauffage du substrat. Une des premiéres contributions
de I’étude est de démontrer dans quelles conditions il est possible d'obtenir des échantillons
entierement denses et sans fissures. L’étude permet aussi de montrer qu’il est important d’avoir une
préparation optimale du mélange des poudres pour obtenir ”’homogénéité, en évitant notamment la
tendance a 1’agglomération des nanoparticules de SiC. Les paramétres de processus optimaux du
laser LPBF sont également obligatoires. La variation des paramétres du procédé LPBF peut conduire
a différents types de défauts dans les piéces imprimées. C’est pourquoi il faut aussi déterminer la
fenétre optimale pour les paramétres du procédé, celle-ci étant influencée par le ratio des poudres
mélangées, mais aussi par I’existence ou non du préchauffage du substrat. L’étude a aussi permis de
déterminer les parametres de procédé définissant la fenétre optimale pour chaque lot d’échantillons,
selon qu’on soit avec ou sans préchauffage du substrat. Il a aussi été observé que le préchauffage

était nécessaire pour éviter la fissuration en cours de fabrication.

La comparaison des deux lots d’échantillons (avec et sans préchauffage) permet en outre de mettre
en évidence I’effet du préchauffage d’une part sur la microstructure, et d’autre part sur les propriétés
mécaniques, notamment la dureté. Par ailleurs I’influence de 1’addition de nanoparticules SiC sur la
microstructure de 1’acier a outil S2 élaborée par LPBF est discutée, en comparant les résultats de

cette étude avec ceux des précédents travaux.
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RESUMEN

El presente estudio evalua la procesabilidad del AISI S2 con un 10% en volumen de SiC a través de
la tecnologia Laser Powder Bed Fusion (LPBF). Es la continuacion del trabajo “Fabrication and
characterization of low-alloyed tool steel obtained by Selective Laser Melting” 2023 [1] realizado
por el mismo equipo. Estos aceros para herramientas de baja aleacion, S2, rara vez se han estudiado
para la fabricacion aditiva debido a sus pobres propiedades de soldadura. Sin embargo, el uso de
métodos de aleacidn para crear compuestos de matriz metélica puede mejorar varias propiedades de
estos aceros. Por ejemplo, afiadir nanoparticulas de SiC al S2 mejora la dureza y la resistencia al
desgaste, entre otras propiedades pero a su vez aumenta el contenido de carbono que se ha
comprobado que promueve la aparicion de grietas. Por ello, se necesita una evaluacion cuidadosa de

la procesabilidad de los compuestos de matriz metalica.

Para analizar la capacidad de fabricar estas muestras, se crearon dos lotes diferentes, uno cony otro
sin precalentar la placa base de la impresora. La obtencion de muestras completamente densas libres
de grietas es posible bajo algunas premisas. La tendencia de las particulas de SiC a aglomerarse
conlleva propiedades no homogéneas. Entonces, la optimizacion del proceso de creacion de polvos
es necesaria. Diferentes defectos pueden ser observados en las muestras hechas por LPBF
dependiendo de los parametros. Por ello, optimizar los parametros del laser también es obligatorio.
Por ultimo, se requiere el precalentamiento de la placa base puesto que todas las muestras sin ello

muestran grietas.

Ademas, aprovechando ambos lotes, el efecto del precalentamiento sobre las propiedades y
microestructura de las muestras es remarcado. También, comparando las muestras con el estudio

previo realizado por el equipo con muestras de S2, también se incluye un estudio del efecto del SiC.
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PSD: Particle Size Distribution

P500: Preheating of 500°C

SEM: Scanning Electron Microscope
SLM: Selective Laser Melting

SLS: Selective Laser Sintering

VED: Volumetric Energy Density

XRD: X-ray Diffraction
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1 INTRODUCTION

During the last decades Additive Manufacturing (AM) has been increasingly investigated due to its
advantages in comparison to conventional manufacturing techniques. Nowadays, the processability
of some materials with this technology is yet to be analysed. More specifically, there has been a huge
interest in mechanically alloyed materials for their ability of properties improvement [2]. In Laser
Powder Bed Fusion (LPBF), ceramic reinforced metal matrixes have been a focus of study because
ceramic materials can improve the mechanical and tribological behaviour of the matrix [3]. However,
the processability with LPBF might be difficult for the intrinsic out-of-equilibrium conditions of the
technology along with high-carbon composites, that usually have issues with AM according to
several studies [4] [5].

This Master’s thesis consists in a part of a PhD thesis that aims to fabricate innovative alloys, usually
metals, using LPBF technology. To do so, the optimal mixture of powders to create the alloy and the
later printing of samples is required. A multiscale characterization is performed on the samples to
better understand the microstructure evolution during the printing. The microstructure, then, can be
related to the final properties that the samples will have. The final objective, however, is to produce
crack-free fully dense samples with these new alloys.

In this study, two different batches of samples were produced. One using the preheating of the
baseplate and the other without using it. The samples were printed using powders of S2 + 10%SiC
in volume. The processability of the samples of each batch is investigated as a function of the energy
given to the powders by the laser. Different properties have been evaluated of each sample, such as
the density, the porosity, the types of defects, the melt pool depth, the microstructure or the hardness,

aiming to find the combination of parameters that produce the best samples.

The microstructural characterization is performed using techniques like Optical Microscope (OM),
Electron Backscattered Diffraction (EBSD) and Energy-dispersive X-ray spectroscopy (EDX) under
Scanning Electron Microscope (SEM) and reversed Differential Thermal Analysis (DTA). This way
the evolution of the microstructure during the printing process can be discussed. Also, the effect of

the preheating and the SiC is identified.
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2 STATE OF THE ART

2.1 Additive Manufacturing (AM)

Additive Manufacturing (AM), also known as 3D Printing, is one of the engineering technologies
gaining more importance in the last years. It was first developed in the late 1980s and it is defined
as:

Group of fabrication technologies that using the superposition of layers are capable of creating 3D
objects. Depending on how the material is deposited, different 3D Printing technologies can be
distinguished. [6]

This technology is being extensively investigated due to its potential as a complementary fabrication
technique. Thus, it is not a technology to substitute traditional fabrication techniques, such as
machining or injection moulding, but a complementary one. There are usually two situations in which
AM is better than traditional techniques: when the number of parts is low, or when the complexity
of these parts is high. The reason for this is that the unitary cost of the parts printed with AM is the
same regardless of the complexity or the number of parts. In other situations, other techniques can
be considered [7].
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Figure 1. Evolution of the cost in objects produced by CM and AM as a function of the geometrical complexity and the
number of parts [7]

The advantages and disadvantages of AM are summarized in Table 1.
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Advantages Disadvantages

Short time with small parts Limited accuracy

Parts can be hard to clean due to remaining raw

Wide material range .
material or supports

High geometrical complexity

. Part dimension limited to printer size
achievable

Lighter parts Usually need post-processes

Customization

Table 1: Advantages and disadvantages of AM [7]

Among these points, one AM quality stands out. The capacity for customization is one of the main
reasons why 3D printing is currently used in many applications, and it considers the possibility of
building parts with specific complex shapes. For instance, in dental sector, AM have been used since
2002. More specifically, it has become a standard process for the production of crowns and bridges
made of non-precious alloys. Although each unit can be of a different shape, a large number of them
can be positioned in a single platform to reduce the production time and optimize the process [8].

As a summary, 3D printing is known for fabricating a wide range of structures and complex
geometries from three-dimensional model data. It has been increasingly applied in different sectors
due to its optimization in time, cost and overall limitations. Now, the technology can produce objects
with less material waste, freedom of design and automation. These advantages along with the ability
to create small quantities of complex, precise and customised products with low costs makes AM

worth-considering [9].

However, depending on the specific characteristics that we need for the part there are 7 different
methodologies to create 3D objects using AM:

v Extrusion: The material is selectively deposited layer by layer using a wire passing through
nozzles. At the same time, the material is melted so later it solidifies together.

v" Vat photopolymerization: A photoreactive liquid resin situated in a tray is selectively
solidified when focused with an UV light.

v Powder bed fusion: Powders that melt or sinter together when focused with an energy source.

v" Material jetting: Droplets of raw material are selectively dropped in a platform to form the
object layer by layer.

v/ Binder jetting: Powders that are sticked together using binder instead of an energy source,

thus avoiding internal thermal stresses.
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v Sheet lamination: Material sheets built one above the other.
v Direct energy deposition: The material as powder or wire is melted with a focused energy

source as it is deposited on the surface. [10]-[12]

In each category there are also different technologies depending on factors such as the energy source.
In Vat photopolymerization the resin can be cured with a laser (SLA), a projector (DLP) or a LED
plus oxygen (CDLP). In Powder bed fusion technologies, the energy source to fuse the powders can
be either an agent plus a laser (MJF), a laser (SLS/SLM) or an electron beam (EBM). Regarding
Material jetting, the energy to cure can be UV light (MJ), heat (NPJ) or milled plus heat (DOD).
Finally, in Direct energy deposition a laser (LENS) or an electron beam (EBAM) can be used [13].
Therefore, fifteen different technologies are available (Figure 2).

Extrusion FDM

SLA
Vat photopolymerization DLP

CDLP
MJF

SLS
SIM
EBM

Powder bed fusion

3D Printing

Binder jetting B
Technologies J g

MJ
Material jetting NPJ
DOD

Sheet lamination LOM

LENS
Direct energy deposition -
EBAM

Figure 2. 3D printing technologies [10]

This study is focused on Laser Powder Bed Fusion (LPBF) technology using a laser as energy source

responsible for the merging of the powders.

2.1.1 Laser Powder Bed Fusion

2.1.1.1 Process mechanism

The process followed to create an object using AM is the same regardless of the technology. A 3D
CAD model needs to be created using a computer program so a .STL file can be obtained. A slicing

software slices the model into hundreds of thin layers. Each layer corresponds to the 2D shape of one
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section. Later, it exports all the data of 2D sections in a G-code that is the language the printer is able

to understand. The part is printed layer by layer [14].

3D Object

3D Cad STL Slicing Layer Slices & AM 3D
Model File Software Tool Path Process Object

Figure 3. Steps of the 3D printing process [15]

Specifically, LPBF uses a laser beam that selectively melts powder that solidifies assembled. Then,
another layer of powder is spread on top of the previous one using a platform that goes down and a
roller. The process is repeated multiple times until all the layers of the object are printed, as it is
shown in Figure 4.
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Figure 4. LPBF working principle [16]

Among different advantages of this technology stands out the wide range of materials that can be
used. The technology accepts raw material in powder form that can go from polymers, metals and
ceramics to even composites, as long as the powders are created correctly. Furthermore, inside these
material types, LPBF cover materials with high or low melting point, making the technology useful
for many materials. [17]
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The typical general features of these technology can be summarized as follow:

Maximum building volume 630x400x500
Layer thickness 30-60 um
Powder Size 20-60 um
Minimum wall thickness 0,2 mm
Accuracy 0,1%
Porosity 0,5-2%
Rugosity (Ra) 7 —15 um

Table 2. General features of LPBF [7]

Moreover, it is commonly known that LPBF significantly overcomes the design limitations of
traditional methods. As can be deduced from the values of Table 2, complex and dense (density >
99,9%) parts can be printed with high mechanical properties. [18]

Nevertheless, the technology also comes with several drawbacks that must be considered. Apart from
the problems related to the cleaning and production of powders, LPBF goes along with internal
stresses due to thermal gradients and physical defects such as porosities or spatters that depend highly
on the initial parameters [19]. These effects and, consequently, parameters will have a huge impact
on the final properties of the parts [20], as will be discussed in section 2.1.1.3. Because even though
the technology could seem like it is based on a relatively simple working principle, there are a lot of

variables that can influence the quality of the parts.

2.1.1.2 Process parameters

There are over 150 parameters influencing the LPBF process. The most influential ones, and the ones
the user have control over, include laser power, layer thickness, laser scan velocity, distance between
successive laser passes (or hatch distance) and atmospheric chamber gas and pressure [21]. The
optimal parameters will result in dense parts with minimum defects and surface roughness. However,

the optimal depends on the material, the shape, whether or not there are thin walls... [22]

There is an optimization metric for LPBF process parameters, though, that takes the four major
influential parameters into consideration [23]. The concept is known as the “Volumetric Energy
Density (VED)” and is defined as the laser beam energy transmitted to a volumetric unit of powder

material. The empirical formula of VED is [24]:
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VED [J/mm?3]

:Vs*Dh*t

Where P is the laser power [W1], Vs is the scan speed [mm/s], Dh is the hatching distance [mm] and
t is the layer thickness [mm]. The VED will have a direct impact on the size, shape, temperature,
cooling rates within and near the melt pool and, therefore, on the final characteristics and quality of
the part [24]. Then, it goes without saying that controlling the power, scan speed, hatching distance
and layer thickness is mandatory and knowing the VED of a sample, a lot of what is happening during

the printing process can be understood.

Another factor that affects the quality of the final part is the scanning strategy, as it is essential in the
formation of a desired microstructure. Increasing the scanning vector can result in an increase in the
residual stresses [25]. In short, the scan strategy affects the heat transfer, powders melting,
solidification and, consequently, the microstructure and defects [26]. There are different scan
strategies, as it can be seen in Figure 5.
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Figure 5. Scan strategies in LPBF [27]

Among them, the most typical is Strategy 1 because it allows to better balance the laser energy input

in the whole layers, which prevents defects accumulation and propagation [26].
2.1.1.3 Defectsin LPBF
The most typical defects in LPBF are porosities. Even though the technology is known for the

printing of high-density specimens (>99%), and thus low porosity, it is inevitable to have some
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porosities even in the best samples. Having highly porous samples is a problem since porosity can

easily turn into cracks [28].

To understand how porosities are created it is important to first talk about the melt pool. It is basically
the zone of powders being melted with the laser. The size of this melt pool will be critical in the
processability of the parts and can be related to the VED. It will not only affect the zone being melted
at a certain moment, but also will transfer heat to previous layers and will act as an internal thermal
treatment during the printing [29]. Furthermore, if the size is too big (meaning too high VED), it will
remelt previous layers. This remelting is normal until a certain point to ensure good adhesion, but if
the portion is too large the energy costs increase. On the other hand, if it is too small (meaning too

low VED) there will be lack-of-fusion problems since some of the powders will not be melted.
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Figure 6. Melt pool in LPBF [30]

There are three main reasons for the occurrence of porosities. The first one is the so-called gas
porosities. This kind of pores are easy to identify for their small size, typically less than 100 um, and
spherical shape. The formation is due to the gas present between powder particles, that may be
dissolved in the molten pool if the packing density is low e.g., fifty percent. Because of the high
cooling rate, the dissolved gas cannot come out of the melt pool before solidification and remain in
the fabricated part. Besides, Gong et al [31] attribute this formation to vaporization of low melting
point constituents within an alloy [32]. This type of porosities appear frequent since are not easy to

control.

Secondly, there is also the Lack Of Fusion (LOF) porosities. These are mainly due to lack of energy
input during the printing. The formation of LOF is because the powders are not fully melted to deposit
a new layer on the previous one with a sufficient overlap [33]. If the laser energy input is low, the
melt pool width will be small and not all the powders will be melted [32]. LOF defects are
characterized for being bigger than the other types of porosities and having an irregular non-spherical

shape.
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Furthermore, keyhole porosities can also be detected in LPBF. These defects are more or less
spherically shaped. The sphericity, though, usually is not as perfect as gas porosities. Keyhole
porosities can be identified for being a little bit bigger than gas porosities, having the shape of a
sphere or a cut sphere, like an hemisphere, and being situated on the lower part of the melt pools, as
it is shown in Figure 7b. These pores are caused by excessively high laser energy input leading to

inclusion of evaporated metal by the surrounding melt during solidification [34].
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Figure 7. Types of defects in LPBF. a) Gas porosity b) Keyhole porosity c) Lack of fusion [35]

However, there is the possibility of doing some post-treatments in order to close these pores. Hot
Isostatic Pressing (HIP), for example, is used to increase the density, closing the pores by applying
pressure and a thermal treatment simultaneously. This allows the diffusion of elements and the

formation of more homogeneous materials [36].

Another common defect is due to the balling effect. This problem affects the surface precision of the
melted part. It is mainly due to the large surface tension, that can also be related to the initial
parameters. The liquid phase sintering line is broken into spherical protrusions. In metals, because
of the high surface tension due to the higher energy needed, this effect is more notorious so must be
considered [37]. Not only does it affect the rugosity and surface uniformity but also the density of
the parts [38], because it affects the spreadability of the subsequent layer which generates non-
uniform powder beds. This problem is intensified when the structures resulting from balling exceeds
the consecutive layer thickness. It can cause wear in the blade resulting in non-uniform powder
distributions [39].

The initial parameters that can induce to balling effect are too high or too low scan speed and laser
power. When it comes to laser power, if it is too high there will be evaporation and splashing of the
liquid during the melting generating pores. There will be a steep temperature gradient between the
center and the surface resulting in Marangoni effect. Consequently, the melt will flow radially to the
center of the melt pool instead of outwards on the surface below. On the other hand, if the laser power

is too low the sintering temperature will also decrease, resulting in a reduction of liquid amount. This
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will rearrange the liquid flow and will, thus, create a tendency for the molten material to aggregate
into a single coarsening sphere, whose diameter is approximately the same of the laser beam.
Furthermore, considering the scan speed, a high speed can also induce the balling effect, since the
melt droplet will be easier to splash. With high scan speed the molten sintering track is short so it is
highly unstable. In order to obtain the equilibrium state, the surface energy will decrease
continuously and this reduction causes small liquid droplets splashing from the surface. Besides, a
slow laser scan speed would lead to excessive liquid. Due to this large melt pool, the powder particles
around would be sucked into the pool and the next scan track would have a shortage of powders [40].
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Figure 8. Graphical representation of balling effect [40]

Finally, another typical defect in LPBF is spattering [41]. This phenomenon destroys the initial
powder bed conditions and breaks the uniformity of the melt tracks leading to balling, pores and
rough surfaces. Experimental studies have shown that spattering is equally or even more influential
over the melting process than the spreading procedure itself [42]. Five different types of spatters have
been detected. Solid spatter is formed due to intense vapour jet that ejects unmelted powders out of
the powder bed. Metallic jet spatter is caused by the intense metallic vapor from the laser heating
process. Powder agglomeration spatter is due to coalescing of multiple powders or spatters.
Entrainment melting spatter is the melting and ejection of entrained powders. Last, defect induced

spatter is induced by the previous layer’s large defects [43].
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Figure 9. Spattering in LPBF showing types of spatter 1) metallic jet 2) droplet spatter 3) powder spatter [44]

Summarizing, the defects in LPBF influence the final quality of the samples and, therefore, the
mechanical properties. The majority of these defects affect the density measurements, which is
critical in the likelihood of cracks appearing. In short, in order to obtain crack-free parts the optimal
initial parameters must be evaluated in terms of volumetric energy density and the morphology and
size of the powders. Depending on the material, the optimal can be shifted, since the absorptivity and

melting point will not be the same.

2.2 Raw materials for LPBF

The material used in LPBF must be in form of powders. A component fabricated with this technology
may contain thousands of finely spread powder layers. The uniformity of these layers affects the
quality of the final component so the way that the powders spread and flow is critical [45] [46].
Therefore, before the printing of a sample is important to make sure that the powder feedstock is
adequate and suits with the final quality that is wanted.

2.2.1 Powders production

There are three typical production routes for general powders: mechanical, spray or atomization and
chemical route. Among these three, the most used one is atomization by far, for his better results. It
is described as a method by which a liquid or flow is broken up into fine droplets of dry powder by
the stream of a hot gas [47]. The melt is shearing due to the high-velocity gas/water/plasma jets.

Therefore, atomization processes are respectively divided into gas/water/plasma atomization [48].

The most significant difference between the methods is the sphericity obtained along with the particle
size distribution. With plasma atomization the particles obtained are extremely spherical but, of
course, it is the most expensive method. Gas atomization is available for a wide range of alloys, even
the reactive ones, and spherical particles are obtained (less spherical than plasma atomization but

more than water atomization). The cost is lower than plasma atomization. Finally, water atomization
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is the most used due to its lower cost and spherical enough particles [45]. The working principle and

characteristics of each method are discussed below.

Powder
production

|
[ }

1
1
Water atomization Gas atomization Plasma atomization
= ~ A ’ "

-

Sphericity

Figure 10. Powders morphology of the different atomization methods [49]

Gas atomization is the conversion of a molten metal into aerosol particles, thanks to inert gas jets,
that cool down during the fall in the atomizing tower. It is used to produce controlled particle sizes
using the surface tension to break up the free-falling melt-stream. The result is particles with the

already-mentioned perfect sphericity combined with smooth surfaces and high cleanliness level [50].

Nozzle

Collection
Chamber

Figure 11. Gas atomization working principle [51]

Regarding water atomization, it is the most used technique to produce powders, as it has been
mentioned. The main uses for them, though, are the press and sintered powder metallurgy automotive
parts and the Metal Injection Moulding (MIM) industry. The method consists in a metal stream
disintegrated with high pressure water. Since the metal is cooled quicker, the droplets do not have

time to become spherical, so the shape is more irregular [52].
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Spray nozzle

Metal powder

Figure 12. Water atomization working principle [53]

Plasma atomization, however, is a technique where powder or a wire is fed into high energy plasma.
Due to this high energy, the material melts immediately. Then, it is necessary to remove residual
material cleaning the powders in a separate post process in order to get the highly spherical powder
[49]. This technique is more expensive than the previous ones so it is usually used to produce high
quality powders. For this reason, plasma atomization feedstock is usually expensive metals such as

titanium alloys [54].

PLASMA
TORCHES

ARC
PLASMA

VACUUM

POWDER
COLLECTION

Figure 13. Plasma atomization working principle [55]

It has been seen, then, that depending on the application, the material and the quality needed for the
parts it is important to choose wisely the production technique for the powders in LPBF. The
sphericity and the size of the powders used affect directly the flowability and the uniformity of the

layers so the production methodology must be premeditated.
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2.2.2  Composition modification by mechanical alloying

There are many materials or composites whose viability with AM has not been tried yet. In terms of
LPBF, in order to produce and study new materials or composites researchers need the proper powder
feedstock. The problem is that the market of powder for AM is relatively small, since there is not a
lot of demand. The most used materials are easy to get from different suppliers but for less typical
materials, the situation changes.

This lack of raw material means that researchers usually need to produce the powders to create new
alloys themselves. Starting from elemental powders produced by atomization from different
materials, the user mixes them obtaining powders to print composites with different percentages of
each material. In-situ alloying of blended powder mixtures during LPBF speeds up the alloy
development as it allows quick composition adjustment. Normally, then, pre-alloyed powders are
used in industrial settings to ensure consistency whereas blended powders are used to experiment

with new alloy compositions [56].

However, this mixture can be done using different techniques that will also influence the final
properties. The most typical methods to alloy different powders are the ones under the name of
mechanical alloying (MA). This is a generic term for processing metal powders in high-energy mills.
If the pre-alloyed powders are milled in a high-energy mill and material transfer is not required for

homogenization, the process is more accurately called mechanical milling (MM) [57]

Among alloying procedures ball milling stands out. It is a technique not only used as an alloying
method but also as a method to produce powders. In the second field, though, it is not as good as
atomization methods. It produces non-spherical particles that result in poor rheological properties

[58]. On the other hand, this technique is useful to mix different powders homogeneously.

Ball milling is a type of grinder used to grind or blend materials. It works on the principle of impact
and attrition. The mill consists in a hollow cylindrical shell rotating about its axis. Inside, both the
powders and a certain number of balls are placed. As the shell rotates, the balls are lifted up on the
rising side and they cascade down. Therefore, the powders are reduced in size and mixed at the same
time [59].

Figure 14. Ball milling working principle [60]
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Nevertheless, it must be considered that milling powders can promote the agglomeration of the
particles. Naturally fine particles in the micron size range are usually so cohesive that they cannot
exist alone and tend to form clusters. Even though milling them can help break these clots, if the
milling time is excessively high it can provoke a reagglomeration. Indeed, if the powders are

subjected to vibration the clumping of powders can occur even with no binder or external agent [61].

2.2.3 Rheological properties

The uniformity of the layers spread in AM is critical to ensure the best final quality of the samples.
This is why rheological properties in 3D printing are such an important parameter to control, because
they are directly related to the good spreadability of the layers. How the powder flows and packs as

the layers are formed are defining aspects of this performance [62].

Rheology is the study of the relationship between a force and the deformation suffered [63]. When
it comes to fluids or powders that together act as a fluid, it is the science of fluid flow, studying the
behaviour of plastic and non-Newtonian fluids [64]. There are several properties of the powders that

affect the rheological behaviour of the powders.
e Particle size

Particle size distribution (PSD) is identified as the main influence on the rheological behaviour. It
affects the laser melting efficiency. Large particles require more energy to be melted and usually
reduce the pack density of the powder bed whereas small particles tend to agglomerate, making
powder layering more difficult [65]. Having small particles in between larger ones reduce the
rheological index, also increasing the density. PSD is known to have an impact on the forces acting
on particles during powder flow. This is due to the drag forces acting on particles, such as gravity
[66]. On the other hand, there are several studies that confirm that a wider PSD increases the packing
density but decreases the powders flowability; coarse particles have a better flowability than their
fine counterparts. Despite this, flowability is not the only thing that must be considered since coarser

particles also worsen the density and surface finish [67].

In short, narrower PSDs, larger particles and decrease moisture content increase flowability,
something interesting to maintain the uniformity of the layers in LPBF. Also, higher density
correlates with wider PSDs and smaller particles due to small particles positioning in between larger
ones. When it comes to mechanical properties, narrower PSDs improve them. However, there are
studies that do not fit with these aspects since they are relative changes that require compromises.
For instance, fine particles with a narrow PSD, expected to have good density due to the small
particles and high mechanical properties due to the narrow PSDs, may in fact have poor density and

properties because of the decreased flowability [68].
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e Morphology

With an influence on the rheological behaviour similar to the size, the shape of the particles is also
critical. The shape can be mainly controlled by the production route, as seen in section 2.2.1. It affects
technological properties such as bulk density, flowability or surface area that influence the final part
quality. The preferable shape is, indeed, spherical since it improves the flowability, optimal

conditions for melting, density and overall uniformity of the samples [69].

POWDER PARTICLE SHAPES

SPHERICAL ROUNDED ANGULAR SPONGY
FLAKEY CYLINDRICAL ACICULAR CUBIC

Figure 15. Powder particle shapes [70]

In order to characterize the particle morphology and approach the type of particle, different shape
factors are calculated. These are the ellipticity, elongation, dispersion, roundness and particle

angularity [69].

It is also worth noting that a spherical particle may appear smooth at first but with many
protuberances when observed at higher magnifications. In this aspect, though, atomized particles
usually have fine surface roughness. Surface topography is important for its influence on frictional

forces, that can be related to flowability, settling and compaction of the bulk [71].

Furthermore, it has to be mentioned that the morphology of the powders is highly affected by whether
or not the powders are recycled. If it is not the first time that the powders have been used, they might

have lost some sphericity or worsen surface roughness due to contamination, frictions...
o Bulk density

The bulk density is the ratio of mass of an untapped powder sample and the volume including the
void volume between particles. Hence, the bulk density is a function of both the particle density itself
and the amount of void space in the bed, so the arrangement of the powders. This measurement is
dependent upon the preparation, treatment and storage of the sample. Because of this, bulk density
can vary easily with the slightest change, that can make the powders pack and rearrange. It is, then,

a volatile measurement difficult to measure with good reproducibility [72].
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The density obtained by dividing the mass by the initial volume of powder is known as the initial
bulk density. If the mass is divided by the volume of the shaken or tapped powder bed, we obtain the
tapped density or packing density. This is an indicator of the flow properties and is used to calculate
Hausner ratio and Carr’s index. The first one affirmed that depending on the value of this ratio we
have free-flowing particles with low friction between them (Hausner ratio < 1.2) or more cohesive
particles (Hausner ratio > 1.5). On the other hand, Carr’s index is an indicator of the compressibility
of the powders. It is a measure of the tendency for bridge formation and an indirect measure of
flowability. It correlates the initial bulk density with the tapped density according to the following
equation [73]:

Pn — Po

Pn

x 100

%Compressibility (Carr’s index) =

Where p,, is the tap density and p, is the initial bulk density [71].
e Spreadability

Creating a highly dense powder layer before laser scanning is a must for producing non-porous parts
on LPBF. The ability of the powders to uniformly spread and flow is a function of other powder
characteristics such as PSD or morphology [74]. However, it is also dependent on external factors
such as humidity, temperature and consolidation history. The large number of factors influencing
flowability makes difficult to approach an accurate and repeatable quantification [75]. Numerical
studies are performed with further experimental validation such as measuring the angle of repose
(AOR) or avalanche angle. The first one is defined as the angle with the horizontal plane that the
static powders will create after being released from an orifice under gravity. In contrast, the avalanche
angle is the angle that the powders will dynamically create with the horizontal when being rotated
with a drum [74].

A.z'

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

37.1°

Figure 16. Numerical methods to simulate powder performance in terms of a) AOR c) angle of avalanche and its
experimental validation of b) AOR d) angle of avalanche [74]

The spreadability can be classified as a function of the AOR:
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AOR Flow properties
20° < a < 30° Very free-flowing
30° << 38° Free flowing

38° <a < 45° Fair to passable flow
45° < ot < 55° Cohesive

55 <ot < 70° Very cohesive

Table 3. Flow properties of powders as a function of AOR [76]

2.3 Tool steels by LPBF

Generally, steels can be classified as carbon steels (basically Fe and C) and alloyed steels (steels with
a significant amount of alloying elements able to modify certain properties) [77]. On the one hand,
carbon steels are divided by its carbon content. On the other, alloy steels are classified depending on
the percentage of alloying elements. Among high carbon steels and high alloy steels we find a group
named tool steels.

Tool steels are used to make tools such as drills, dies, cutting tools... They have these applications
because of their good hardness, wear resistance and high temperature softening. These kind of steels
are usually alloyed with vanadium (V), chromium (Cr), molybdenum (Mo) and tungsten (W).
Usually, tool steels also require a heat treatment in order to achieve a hard matrix and provide the

desired hot hardness and wear resistance [78].

In terms of tooling applications, LPBF enables to create features such as internal cooling channels
that can be implemented in cutting or shaping tools. This is interesting because higher cutting speeds
are feasible thanks to the more efficient cooling unachievable with CM [79]. Tool steels, however,
are known for having a difficult processability. They are likely to end up with cracks or even to break
during printing. Because of these difficulties, in LPBF tool steels are still a complicated topic.
Nowadays, they are being increasingly studied in order to find the exact optimal parameters for each
material and avoid defects. Moreover, researchers are focusing on finding techniques to reduce
internal stresses that end up with cracks and on fully understanding what happens inside the samples

during the process of printing.
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2.3.1 Conventional Tool Steel

g Sciences Appliquées

According to AISI designation, there are seven types of tool steels, as shown in Table 4.

Table 11.1. Designation of Tool Steels

Group Symbol Type
Water-hardening Tool steels w
Shock-resisting Tool steels S
Mould steels P P1-P19 low carbon types
P20-P39 other types
Cold-work Tool steels o Oil-hardening
A Medium-alloy air-hardening
D High-carbon high chromium
Hot-work Tool steels H H1-H19 Chromium types
H20-H39 Tungsten types
H40-H59 Molybdenum types
High-speed steels T Tungsten types
M Molybdenum types
Special-purpose steels L Low-alloy
F Carbon-tungsten

Table 4. Types of tool steels [80]

Among the tool steels available, only few of them are being processed by LPBF. The majority of
studies are focused on M2 HSS, AISI H13 HSS, AISI M50, HS 6-5-8-3, FeCrMoVC and
FeCrMoVWC [79]. In Table 5 a summary of tool steels found in literature and the outcome of their

processability is shown.
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Table 5. Processability outcomes and chemical compositions (in wt. %) of tool steels found in literature [79]
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In those studies, several characteristics regarding the processability of tools steels by LPBF appeared.
Tools steels in LPBF usually solidify as martensite, retained austenite and carbides due to their high
carbon content and high cooling rates. Furthermore, this high cooling rates induce a fine
microstructure, usually elongated grains in the building direction (direction of the heat flow) [79].
When the laser beam affects a certain zone of powders, it turns them into liquid, generating the melt
pool and releasing heat. Without the focus of the laser, the primary solid phase, austenite, starts
forming at the interface between the solid and liquid phases. It grows radially to the center of the
melt pool. Because of the high cooling rates, the process does not stop there and transforms the
austenite into martensite. However, in the boundaries of the melt pool there is a zone that will not
reach martensite start temperature (Ms) and will remain as retained austenite [81].

Solidification e
along [001] direction /

LN

Martensite transformation .v

Figure 17. Evolution of the typical microstructure in the melt pool of tool steels [81]

Furthermore, it must be considered that the solidified layers can be affected by the melting of the
next layers. The zones close to the melt pool can be remelted. At a certain distance to the melt pool
there is a zone that might be heated up to temperatures above austenite transformation but below the
melting point, causing the reaustenitisation of the martensite. Further distant from the melt pool, the
heat will be just sufficient for tempering the martensite, i.e. for carbon partitioning and carbide
precipitation. In short, in LPBF there is an internal thermal treatment occurring during the printing

with the layers placed above a certain zone [78].

Taking a look at the studies presented in Table 5, in the case of M50 specimens, columnar dendritic
grains due to epitaxial growth can be seen in the upper area. In the lower area, a martensite-dominated

structure. In between the martensite needles, small fractions of retained austenite are visible [82].
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Figure 18. M50 etched cross sections with VED of 70 J/mm3 at a) z = 9mm b) z = 2mm [82]

Similarly, the study of J. J. Yan et al., “Selective laser melting of H13: microstructure and residual
stress,” [83], distinguished a-Fe phase, cementite, martensite and retained austenite in as-built
samples of H13. In this particular case, AM high cooling rates enabled the formation of martensite
but also its partial decomposition into ferrite and cementite, owing to different cooling rates
throughout the sample and to cyclic thermal effects from successive layers [83].

Figure 19. Major phases observed in H13 samples: a) a-phase b) cementite ¢) martensite d) retained austenite [83]

In the Fe85CrdMo8V2C tool steel, a fine microstructure with homogeneously distributed alloying
elements was obtained. Figure 20 depicts again a needle-shaped phase. In image a) the epitaxial
growth of needle-shaped martensite is visible. Depending on the position of the melt track, the size
and phase is different. Looking at (Figure 20b), in the center of the melt tracks dendritic long needle-
shaped austenite and martensite grains show up. However, the austenite and martensite grains are

globular at the boundaries of melt tracks.
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Figure 20. SEM images of Fe85Cr4Mo8V2C with a) VED = 89.3 J/mm3 b) VED = 129.6 J/mm3 [84]

On the other hand, most of the tool steels produced by LPBF present cracks if the baseplate is not
preheated. M2 HSS showed cracking, delamination and distortion as a result of high thermal stresses
along with a high carbon content, which in LPBF is known for producing defects. This could be
avoided by using a preheating baseplate that reduces the thermal gradient, thus the internal stresses,
inside the part [85].

Figure 21. M2 HSS parts with preheating temperatures of 90°C (left), 150°C (middle) and 200°C (right) [85]

Similarly, when studying M50 and HS6-5-8-3 cracks were observed. That could be avoided with a
baseplate preheating of 773 K [79]. This is due to the fact that LPBF fabricates metal parts in out-of-
equilibrium conditions, with temperatures above the melting point and rapid solidification rates. This
result in tool steels with microstructural and chemical inhomogeneity inside the parts that usually
comes with a brittle martensitic phase susceptible to cracking [1].

Furthermore, tool steels have a complex chemical composition with high carbon content. Carbon can
segregate to the melt surface reducing the wettability. This effect combined with the thermal gradient
involved in the manufacturing process result in high internal stresses and cracking [78].

In fact, there are many studies focusing on the effect of carbon content in the processability of
samples in LPBF. All of them arrive to the conclusion that carbon increase the likelihood of having

cracks.
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HS6-5-3-8 HS+0.3C HS+0.5C HS+1.0C

Figure 22. Influence of increasing carbon content on crack appearances [5]

In one of these investigations, for example, high-speed steel HS6-5-3-8 blended with different
amount of carbon powder is produced with LPBF (see Figure 22). Increasing the carbon content, the
cracks quantity also increases. According to the study, even though the martensite formation is
suppressed with the carbon content, which is beneficial on avoiding cracks, these still appear.
Therefore, it is concluded that martensite formation is not the only source for cracking. High stresses
also appear due to high content of carbides which lead to embrittlement at grain boundaries and can
promote crack formation [5].

Apart from the embrittlement due to carbide formation, carbon content also leads to cracks due to
the increase of porosities. Indeed, the more porosity of a sample, the more tendency to develop
cracks. In the section Defects in LPBF it was seen that porosity could be related to VED. However,

some studies have been able to relate porosity also to carbon content [4].

Fe-0.06C

VED: 60 J/mm?®

L J

Decrease

VED: 150 J/mm?

[ | E

Increase in Keyhole Porosity

v

Figure 23. Influence of C in samples 60 J/mm3 and 150 J/mm3 [4]

Increasing carbon content reduces the lack of fusion porosity. According to the study, it is due to an
improved wettability and flow of the melt pool. It also increases keyhole porosity because adding
carbon reduces the melting temperature so the melt pool increases [4].
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Summarizing, tool steels in LPBF are difficult to process because of the cracking tendency. The
carbon content and intrinsic properties along with high cooling rates end up with high internal
stresses that lead to cracks. In order to print this kind of steels, researchers use the preheating of the
baseplate so as to reduce the internal thermal gradient that lead to internal stresses. This solution can

produce crack-free samples, depending on the situation, with compositions and initial parameters
that would produce cracks if no preheating was applied [5].

In general, the addition of a preheated baseplate can change most of the characteristics, from
mechanical properties to the microstructure. Depending on the preheating temperature the effects
change. When it comes to the density, for instance, higher preheating temperatures lead to higher
values of relative densities even though the optimal process window shift towards lower VED. This

is due to the additional energy input coming from the base plate. It provides extra energy to the
powders, so the energy needed from the laser is less [86].

Comparing different preheating temperatures reveal that microstructure and melt track boundaries
also differ from one another. At low preheating temperatures, long needle-shaped lancets tend to
form within grain boundaries. Columnar dendritic structures can also be seen, indicating an epitaxial
growth during the printing where grains grow in the direction of the thermal gradient through the
melt pool. Increasing the preheating temperature up to 500°C the microstructure becomes more fine-

grained and homogeneous. If it is increased even more, larger grains are present in the center of the
melt pool [87]. This can be seen in Figure 24.
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Figure 24. LOM of etched HS6-5-3-8 cross-sections at different preheating temperatures [87]

Regarding the hardness, the most influential factor is the martensite in the sample. As mentioned,
tool steels solidify as martensite plus retained austenite. However, with the in-situ thermal treatment

happening during the printing process the martensite characteristics can be modified. With the
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addition of preheating temperature, a relation between the temperature and the hardness can be found.
The temperature act as an in-situ tempering of the martensite, so the final properties are derived from
the tempering diagram of the specimen’s material. A maximum hardness value can be reached with
preheating but if the preheating temperature is too high, it softens the martensite decreasing its
hardness [87].

2.3.2 Modified Tool Steel

Nowadays, researchers have been focusing on the development of new alloys by LPBF, thanks to
the modification of conventional tool steels with the addition of reinforcements, such as
nanoparticles. Using in-situ alloying methods is cost-effective and offers great opportunities to
produce non-conventional alloys [2]. More specifically, Metal Matrix Composites (MMCs) have
been receiving increasing attention due to the enhanced properties, such as specific strength. A lot of
different reinforcements can be used; carbides (TiC, B,C, SiC, W), oxides (Zr0,, Fe;0,, Al,03),
nitrides (ZrN, SizN,, TiN), borides (TiB, ZrB,, TiB,,WB) and different carbon forms (graphite,
carbon nanotubes, graphene) [88]. However, there is an increasing interest on the ceramic Silicon
Carbide (SiC) as reinforcing agent for different Fe-based tool steels. Indeed, SiC presents high
hardness, wear resistance and capacity to retain its strength at high temperature maintaining good
toughness, creep properties and fatigue strength [89]. The problem is that SiC at high temperature

has a strong reactivity with most of the transition metals even in solid state [90].

Processing a mixture of Fe and SiC by LPBF leads to the decomposition of SiC particles and there
is a modification in the structure [91]. This decomposition of SiC is deleterious for strength
properties, although the modification of the matrix by Si and C might bring positive properties such
as solid solution strengthening [90]. Also, the addition of this ceramic increases the laser absorptivity
of the matrix, which has and important influence on the LPBF formation quality. In addition, it can
improve melt pool stability and the viscosity of the liquid phase, which led to enhanced mechanical
properties. Finally, in situ exothermic reactions between ceramics and metals increase the

temperature and therefore can increase the density [89].

Depending on the study realized, the material used in the matrix and, of course, the percentage in
volume of SiC the final results and effects of this reinforcing agent might change. For instance, the
study [89], showed that when the addition was 15 vol% or higher in the C300 MS matrix there were
visible defects such as cracks and large pores. The main reason is the change in the thermal
conductivity of the sample due to SiC, which lead to an increase of residual stress with the same
VED [89]. This is why depending on the percentage of each material in a MMCs the processing

parameters must be well-optimised [3].
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Besides, a significant influence on the microstructure was detected. With the addition of SiC the
microstructure turned from cellular to dendritic as the percentage of SiC increased due to reduced
temperature gradient and higher solidification rate. Massive nanoprecipitates were observed in as-
fabricated MMCs without the necessity of a post thermal treatment. It could have been an in-situ

process via the SiC particles and dislocations acting as preferential nucleation sites [89].

Figure 25. SEM microstructure of samples with a) 0 vol% SiC b) 3 vol% SiC c) 6 vol% SiC d) 12 vol% SiC [89]

The hardness and strength of MMCs also increased with the addition of SiC due to the properties of

the ceramic [89].

On the other hand, study [91] compared the phase composition, microstructure and mechanical
properties of Fe/SiC with a volume ratio of 95 to 5 to pure iron samples. It stands out the fact that
the SiC was partially melted. Hence, homogeneously distributed SiC particles were visible
throughout the Fe matrix. Furthermore, the structural modification generated by SiC particles can be
observed in Figure 26a and b in comparison to only Fe samples showed in Figure 26¢ and d. The
fine needle-shaped martensite and partial pearlite can be observed which was also confirmed by the
XRD results. Since the carbon content in the iron powder was only 0.03 vol% this martensitic and
pearlitic microstructure can only be associated to the SiC [91].

Figure 26. SEM images showing a) Fe/SiC cube from the front view b) Fe/SiC cube from the top view c) Fe cube from the
front view d) Fe cube from the top view [91]
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It is also worth noting that the homogeneous microstructure obtained with the SiC has replaced the
elongated or columnar grains along the building direction observed in the pure Fe samples. Such a
homogeneous microstructure can be a way to eliminate the anisotropic mechanical properties with
the addition of SiC [91].

In general, again, much higher values of strengths were obtained with the SiC samples due to retained
reinforcing agent itself, the modification of microstructure, grain refinement and the dislocation
pinning by the SiC particles resulting from the SiC decomposition [91].

Summarizing, SiC partially dissolve during manufacturing in the matrix. Depending on SiC content
different microstructures show up, reaching the formation of carbides and even graphite needles.
This result in different optimal processing parameters that will vary the hardness and overall

properties [92].
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3 MATERIALS AND EXPERIMENTAL METHODS

In this section the equipment and the methods used for the experimental part are presented.

3.1 Original powders

The raw materials used in this work are AISI S2 (Shock-Resisting Tool Steel) and SiC (Silicon
Carbide).

3.1.1 S2 Tool Steel

The S2 tool steel powder was provided by SANDVIK OSPREY LTD. It was produced with gas
atomization, using nitrogen as the atomise gas. Regarding the Particle Size Distribution (PSD), Laser
Diffraction Analysis reveals a D10 % of 20.6 um, a D50 % of 31.0 um and a D50 % of 47.5 um,
according to the datasheet provided by the supplier (Annex 1). In Figure 27 the morphology of the
powders can be seen along with their chemical composition in Table 6.

Figure 27. SEM micrographs of S2 powders at magnifications a) 817x b) 3.34 kx

Element C Si Mo Mn Fe

0.49 1.20 0.6 0.6 Bal.

Table 6. Chemical composition of S2 powders
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3.1.2 Silicon Carbide (SiC)

The SiC powders were provided by the company KYOCERA. It was also tested the PSD obtaining
a D10 % of 0.4 pm, a D50 % of 0.75 um and a D90 % of 1.5 um. The morphology of the SiC powders
and the chemical composition can be seen in Figure 28 and in Table 7 respectively. In Figure 28a the
typical formed agglomerations are depicted whereas in Figure 28b the irregular nanoparticles are
shown.

Figure 28. SEM micrographs of SiC powders a) granule b) nanoparticles

Element C (@) Al Ca

Fe

max 1.5 max 0.03 max 0.01 max 0.05

Table 7. Chemical composition of SiC powders

3.2 Mixed powders

S2 tool steel was mixed with 10 % in volume of SiC. In order to obtain a homogeneous mixture with
the good rheological properties required by the LPBF process, different devices and operational steps

were performed.
3.2.1 Sieve shaker

Sieving processes are needed to make sure that the particles used in the printing process are smaller
than 63 um, as required for the LPBF process. The sieve shaker used is from Haver and Boecker and
the model is Haver EML 200 Premium. It allows up to 3 Kg of sample weight with amplitudes up to
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3 mm. Among the advantages, the quietness and the three-dimensional movement stand out [93].
The test sieves available are of 250, 125, 80, 63 and 50 pum.

Figure 29. Haver EML 200 Premium

3.2.2 Ball milling

The device used to blend homogeneously the mixed powder is a ‘Pulverisette 6. It is a high-
performance Planetary Ball Mill with a single grinding bowl! and high-energy effect of up to 650 rpm
[94]. It is composed by the turning system, a bowl where both the powders and balls are put and

these stainless-steel balls.

The parameters used in this study for the mixture are the following:

Ball to Powder Ratio Time Rotational speed Number of balls
1:4 45 min 100 rpm 16

Table 8. Ball milling parameters used

Figure 30. Ball milling equipment a) ‘Pulverisette 6' b) Bowl and metal balls
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3.2.3 Optimal preparation

The correct preparation regards the optimization of the results obtained from the previous work with
the same powders [71].

First, excluding the SiC granules larger than 50 um was required, as in the original powders are
present granules bigger than 100 um. This step was necessary to allow the complete dissolution of
the SiC during the LPBF process since undissolved granules generate non-homogeneous parts in
both composition and properties. Then, the mixture S2 + 10% (in vol.) of SiC was carefully manually
mixed in order to homogenise the two different powders and avoid segregation. Ball milling was
then used to break the SiC granules and make adhering the SiC nanoparticles to the surface of the S2
powders. Finally, a sieving using a test sieve of 63 um was used, to exclude any agglomerates that
may have formed during the ball milling. After this final step, a negligible mass lost was detected.
Therefore, the powders composition can be assumed as S2 + 10% (in volume) of SiC. A scheme of
the optimal powder preparation process is:

f
Sieving Accurate Ball Milling Sieving
SiC< 50 um manual mixing 52 +SiC S2+SiC<63 um
— ! }
Exclude big granules Avoid pre-segregation Make adhering the Exclude agglomerates
difficult to dissolve in ball milling SiC on S2 surface that have been formed

Figure 31. Optimal powder preparation process

Preparing the powders using the optimized method and making sure there are no agglomerates larger
than 63 pm, resulted in a good mix of S2 + 10%SiC in terms of homogeneity. After the optimal
powder preparation process the mixed powders had the following aspect:

Figure 32. SEM images of Blended S2 + 10%SiC at a) 827x magnification b) 1.81kx magnification
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S2 particles (white) and SiC agglomerations (dark) broken due to ball milling can be seen. With
higher magnification, Figure 32b, small and irregular SiC particles attached to the S2 can be

observed. Also, S2 changed morphology due to ball milling hits can be identified.
3.3 Samples fabrication

3.3.1 LPBF machine

The machine used to produce the samples is a brand-new LPBF 3D printer from Aconity. The model
is AconityMINI and represents the entry-level system from the company. It has full access to all
relevant process parameters, allowance for efficient material research and fast part production for
small batches. Besides, it has a strong recirculation, allowing the production of highly reactive
materials with high amount of weld fumes. The device is equipped with preheating up to 500°C. [95].
The technical specifications from the producer are the following:

Build space © 140 mm x H 190 mm

@55 mmx H 190 mm

Laser Configuration Single Mode resp. AFX Multi Mode

400 W /500 W/ 700 W/ 1000 W/ 1200 W AFX
Green Single Mede 200 W/ 400 W

Optics configuration / Spot size F-Theta / 80 pm
R oo e
Process monitoring options Coaxial pyrometer

Preheating temp / build space 500 °C /@ 140 mm x H 150 mm
Downto 01
Max scan speed 12 m/'s
Inert gas type / pressure Argon 4.6/ 6 bar
Nitrogen / 6 bar
Vacuum / < 2 mbar
Inert gas consumption <5 'min during process
< 60 I'min during purging
0 - 5 Vmin for vacuum
<10
ISO 8573-1:2010 [1:4:1] / 6 bar
<ot
2450 mm x 1500 mm x 2320 mm

Machine weight w/o powder 850 kg

Table 9. Technical specifications of AconityMINI
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3.3.2 Parameters of the samples

Two batches of samples (10*10*10 mm?) have been used in this study. The first one is samples of
S2 + 10%SiC with no preheating. The second, samples of S2 + 10%SiC with a preheating of 500°C
applied. In all of them has been regulated a Gaussian laser distribution with a laser spot size of 80
KM, no supports, a scan strategy of 90°/90°, a hatch distance of 80 um and a layer thickness of 30
pum. Also, argon was used as the inert gas. The parameters that change between the samples are the
laser power, the scan speed and, thus, the VED. In the second batch, they were adapted considering
the best samples of the first batch. The parameters of each batch are listed in Table 10 and Table 11.

e Batch 1: S2 + 10%SiC no preheating

Sample P [W] Vs [mm/s] VED [J/mm3]
7 150 600 104
8 150 800 78
12 175 800 91
13 175 1000 73
10 175 400 182
16 200 500 167
17 200 600 139
14 200 700 119
18 200 800 104
Table 10. Printing parameters of batch S2 + 10%SiC with no preheating
e Batch 2: S2 + 10%SiC with preheating of 500°C (P500)
Sample P [W] Vs [mm/s] VED [J/mm3]

1 175 500 146
2 175 600 122
3 175 700 104
4 200 700 119
5 200 600 139
6 200 800 104
7 200 1000 83

8 200 1200 69

9 200 700 119

Table 11. Printing parameters of batch S2 + 10%SiC P500
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3.4 Microstructural characterization

3.4.1 Samples preparation

In order to analyse and perform the full characterization of the samples, the internal cross-sections
of the cubes are needed. The cubes were cut from the substrate and cut again vertically in three parts.
It was cut in three to be able to use the same sample in different analysis if needed. In case Differential
Thermal Analysis (DTA) was required, one of the three parts is also cut in three due to the necessity
of smaller parts. The cutting is done with the Spark Erosion Machine. It is basically a manufacturing
device used to cut or create shapes using sparks coming from the current discharges between two

electrodes separated by a dielectric liquid [96].

After cutting, the samples are stored in a bakelite using a powerful hot mounting press named Struers
Citopress-1. The procedure to create this bakelite is to put both the sample and bakelite powder
inside the machine hole. It is then heated and pressed together to finally obtain the bakelite with the

cross sections visible.

Figure 33. Struers Citopress-1 [97]

However, the surface needs to be polished so a clear and plane surface is obtained. The polisher used
is Struers Tegramin-30. It is an automatic, microprocessor-controlled machine for polishing and
grinding on a 300 mm disk with a cone [98]. It uses a wear paper with some lubricant to polish the

surface with rotational movements.
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Figure 34. Struers Tegramin-30 [98]

The samples in the bakelite after all this procedure have the following appearance:

Figure 35. Sample prepared in the bakelite and polished

3.4.2 Optical Microscope (OM) and Stream Analysis Software

The optical microscope used to analyse the cross sections is the Olympus BX60M along with the
software Stream Motion used to see in real live what the microscope is focusing and take the
interesting pictures. It has six different magnifications: 2,5x, 5x, 10x, 20x, 50x and 100x. The
reflected light is powered by a 12V 100W lamphouse [99].

-
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Figure 36. Olympus BX60M [99]
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The OM was used to see the defects present in the samples, the melt pools morphologies and sizes,

analyse the microstructure and take overviews of the cross sections to obtain the porosity values.

However, the melt pools and microstructure require a previous etching of the surface in order to be
observable. An etching is a technique where a reactive liquid is impregnated in the sample and,
depending on the liquid, different microstructures are highlighted. In this study the liquids used are
Nital 2% and Alkaline Sodium picrate at 90°C. The first one is the most used for steels and it is
excellent for revealing martensitic microstructures. Also, it is good for revealing ferrite in martensite
matrix and for showing ferrite grain boundaries in low carbon steels. Alkaline Sodium picrate reagent
is used to colour cementite, whether it is in pearlite or primary cementite in white cast iron [100].

Furthermore, the porosity analysis required the overviews at 2,5x and a software to mark and quantify
the holes. The program used is Stream Analysis Software. The program allows the user to delimitate
a zone of interest manually. Inside the zone, is able to quantify the dimension of the holes and the
average value, the total area of porosities and the percentage of porosity. Indeed, this is based on a
2D cross-section overview that may differ from another of the same sample.

3.4.3 Scanning Electron Microscope (SEM)

To deeply analyse the samples surface a SEM was used. It uses an electron beam that interact with
the atoms of the sample and gives information regarding the topography and composition [101].
More specifically, the model used is Tescan Clara Ultra-High Resolution SEM. Before using the
SEM, though, the samples in the bakelite need further preparation. A conductive bond between the
sample and the bottom of the bakelite needs to be formed. Thus, silver painting has been used.

‘~.

A
Figure 37. Tescan Clara UHR SEM [102]

Electron Backscatter Diffraction (EBSD) and Energy-dispersive X-ray spectroscopy (EDX) tests
have been also conducted by means of the SEM. The first one enables the sample’s microstructure
to be analysed, visualized and quantified [103]. The second, is used for the chemical characterization
of the sample [104].
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3.5 Thermo-Physical Analysis

3.5.1 Pycnometer

The density values of the samples, that can be related to the porosity, defects and overall quality,
have been measured with a pycnometer. It has been used a gas pycnometer from the company
Micromeritics model AccuPyc Il 1345. Gas pycnometry is recognized as one of the most reliable

techniques for obtaining the absolute, true, skeletal and apparent volume and density [105].

Figure 38. AccuPyc 11 1345 [105]

For each sample 5 different density values have been obtained, considering the average.
3.5.2 Differential Thermal Analysis (DTA)

STA 449C Jupiter from the company NETZSCH was used to carry out DTA tests on the samples
after the LPBF process. The test consisted in heating and cooling with no isothermal time in between.
However, the heating and cooling rate from the DTA (5°C/min and 20°C/min respectively) is much

slower than what actually happens in LPBF (peak cooling rates of 40°C/us) [106] so it is an approach.

Figure 39. STA 449C Jupiter from NETZSCH [107]

52



< ¢ LIEGE université
Q» Sciences Appliquées

3.6 Hardness test

Emco test M1C 010 was used to perform macro hardness measurements. It provides the value of
macro hardness at small test forces, doing an indentation in the as-polished sample. The range of HV
available goes from HV 0.1 to HV 30 [108]. The machine can switch between an optical microscope
and the indenter so the user can firstly select where the indentation is going to be placed. In the
experimental part a grid of indentations has been performed to see the tendency of the hardness as a
function of the height of the layer. HV 5 have been used in all the sample except in the top layer, in

which HV 1 was used to precisely calculate the value in only this region. The samples used were the
best (in terms of high density and defect-free) for both batches.

Figure 40. EMCO test M1C 010 [109]
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Figure 41. Grid of indentations in sample 14 without P500
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4 RESULTS

4.1 Printing process

4.1.1 S2+10%SiC

The printing of samples with S2 + 10%SiC with no preheating was performed firstly. The batch
appeared with cracks in every sample, mainly horizontally close to the substrate. Also, sample
number 18 appeared with a huge vertical open crack. The best sample visually was number 14, even

if it presented a small crack at the bottom.

cracks

Figure 42. Batch 1 of S2 + 10%SiC a) front image b) lateral image c) crack in sample 18

Figure 43. S2 + 10%SiC samples in the substrate
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However, in most of the studies sample number 17 was not considered due to a problem on the

cutting process that made it impossible to analyse.

4.1.2 S2 +10%SiC with preheating

Since the final objective of every AM material research is obtaining crack-free fully dense samples,
which was not accomplished with S2 + 10%SiC, a preheating on the baseplate was added. The
parameters can be seen in Table 11. Interestingly enough, the best observable sample had the same
parameters as the best sample with no P500. This time no cracks nor major defects could be observed.

The printing process was fluid with no significant problems detected.

Figure 44. S2 + 10% SiC P500 samples in the substrate

4.2 Post-process analysis

4.2.1 Pycnometry density evaluation

The density of each sample for both batches is visible in Table 12. Figure 45 shows the density as a
function of the VED applied. The value of sample number 18 has not been taken because of the

vertical crack.

55



k. § LIEGE université
.y Sciences Appliquées

Batch Sample Average density [g/cm3]
7 7.685
8 7.621
12 7.653
No Preheating 13 6.427
10 7.515
16 7.548
14 7.599
18 -
1 7.469
2 7.551
3 7.538
4 7.547
Preheating 5 7514
6 7.570
7 7.525
8 7.565
9 7.530
Table 12. Density of all the samples of S2 + 10%SiC
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Figure 45. Density vs VED graph in every S2 + 10%SiC sample
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4.2.2 Cross sections

Cross-section overviews at 2.5x magnification were taken in every sample in order to check internal
defects, such as porosities and cracks. Besides, they were used after etching to see the microstructure

and the top layers.

e Batch 1: S2 + 10%SiC no preheating
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Figure 46. Cross-sections overviews of samples of S2 + 10%SiC

e Batch 2: S2 + 10%SiC P500
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Figure 47. Cross-sections overviews of samples of S2 + 10%SiC P500

4.2.3 Defects quantification and characterization

Using Stream Analysis Software, the percentage of porosities in every sample has been quantified.

Batch Sample Porosity [%]
7 0.879
8 0.992
12 0.085
No Preheating 13 0.754
10 2.263
16 0.699
14 0.051
18 0.043
1 1.249
2 0.323
3 0.072
4 0.082
Preheating 5 0.036
6 -
7 0.494
8 0.902
9 0.007

Table 13. Porosity values for all S2 + 10%SiC samples
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Porosity of sample number 6 of batch 2 was not possible to quantify due to difficulties to identify

what were porosities in the cross-section.

The values of porosity as a function of VED were put on a graph along with the values of the samples
produced with only S2 of “Fabrication and characterization of low-alloyed tool steel obtained by
Selective Laser Melting,” 2023 [1]. Figure 48 also shows acceptable values of porosity for S2 (grey
rectangle), for S2 + 10%SiC (blue rectangle) and for S2 + 10%SiC P500 (orange rectangle). The
acceptable values for S2 + 10%SiC are in between the range of the acceptable values of S2 but with

a much smaller range. However, when preheating is added the range increases again.
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Figure 48. Porosity values of only S2 and S2 + 10%SiC with and without preheating batches

Furthermore, using the cross-sections, the type of porosities were also evaluated. In every sample,
little rounded gas porosities were found. Thus, it was not possible to relate this kind of porosity to

any parameter. In some samples, though, the quantity was higher than in others.
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Figure 49. Gas porosities in sample 4 of S2 + 10%SiC P500

On the other hand, LOF porosities were also found in both preheated and non-preheated samples.
This time, this type of defects appeared only in the samples with low VED. Some examples can be

seen in Figure 50.

Figure 50. LOF defects in a) sample 3 of S2 + 10%SiC b) sample 7 of S2 + 10%SiC P500 c) sample 8 of S2 + 10%SiC
P500
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Similarly, keyhole porosities were also identified in some samples. These defects were concentrated

only in samples with high VED.
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Figure 51. Keyhole porosities in samples 10 and 16 of S2 + 10%SiC P500

Also, cracks were found in every non-preheated sample and in some preheated too.

Figure 52. Cracks in samples 7 and 8 of the non-preheated batch

As a summary, a table showing which defects were found in each sample is constructed. Green ticks
mean that the sample is free or nearly free of the said defect. The red “X” means that it contains this

type of defect.
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e Batch 1: S2 + 10%SiC no preheating
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Table 14. Defects in S2 + 10%SiC samples

e Batch 2: S2 + 10%SiC P500
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Table 15. Defects in S2 + 10%SiC P500 samples

The table is organized in decreasing VED. Thus, the relation between VED and type of defects is
clear. High VED implies keyhole porosities. On the contrary, low VED is associated to LOF
porosities. The VED from which each type of defect starts to appear is also different depending on
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the preheating. Regarding keyhole porosities, only samples with 167 ] /mm?3 or higher exhibit them
in non-preheated samples while preheated samples with 139 J/mm3 or higher already show this
defect. However, LOF seems to appear much easier in non-preheated samples because 104 J /mm?3
samples appear with LOF whereas the same VED in preheated samples do not exhibit it. In preheated
samples LOF starts at 83 J/mm3. That means preheating has a significant effect on shifting the
process map. Besides, in non-preheated samples more defects are present.

4.2.4 Melt pools characterization

Etching the samples allowed to see the layers depths and morphologies. Focusing on the top layer,
values of its depths were taken in different points of each sample.
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Figure 53. Top layer depths and morphologies of a) sample 10 with no preheating b) sample 16 with no preheating c)
sample 2 with preheating d) sample 9 with preheating

With the different values an average per sample was calculated. The values of top layer depth as a
function of the VED of both batches plus the only S2 samples of the study “Fabrication and
characterization of low-alloyed tool steel obtained by Selective Laser Melting,” 2023 [1] were put in
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a graph. In some preheated samples, however, was difficult to identify the top layer so no value was

obtained. The tendency line for each batch was also included.
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Figure 54. Top layer depths as a function of VED in only S2 and preheated and non-preheated S2 + 10%SiC samples

It can be observed that increasing the VED result in deeper top layers. Also, at the same VED, S2
samples tend to have higher values of top layer depth than S2 + 10%SiC. Out of the two batches with
SiC, though, preheated samples have higher top layer depth.

4.2.5 Microstructure

In order to analyse better the microstructure, we are going to focus on one preheated and one non-
preheated sample. These are sample 14 without preheating and sample number 9 with preheating,
since they are the best ones of each batch. OM, SEM, EDX and EBSD analysis were performed. In

this section all the relevant microstructural aspects will be showed.

Firstly, the OM of sample with no preheating depicts a clear needle-shaped phase uniform in the

whole sample whereas in sample number 9 different zones can be well identified.
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Figure 55.0M of sample number 14 with no preheating and sample number 9 with preheating

The top layer in sample number 9 has a microstructure in form of brown elongated dendrites in
contrast to the center of the sample that has a much more uniform, compacted and coarse zone.
Furthermore, big grains separated by a yellow grain boundary phase can be observed all over the
sample with the Alkaline sodium picrate. This can be observed in Figure 56.

Figure 56. OM images depicting the microstructure of a) top layer b) center of the sample c) amplified zone A of the
sample center
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SEM analysis performed also depicted differences between the zones inside the samples. Different
microstructures were present in the top layer, in the heat affected zone (HAZ) and in the middle of

the sample. Each zone was designated as zone 1, 2 and 3 respectively.

Figure 57. SEM of the top layer of S2 + 10%SiC P500 sample at different zones and a) 12.3 kx magnification b) 6.84 kx
magnification

Figure 57 depicts clear elongated dendrites as the ones that were seen with the OM. In the HAZ,
however, it can be observed a zone with no elongated dendrites with a white phase growing inside
the darker zone, shown in zone 2AA of Figure 58.

- 10.04mm 4Q8SECOMPO
5 QSiC PS00 SLM 9 Etching Alkalin 2.07 kx

Figure 58. SEM images of the HAZ microstructure of sample 9 with P500 at a) zone 2 b) zone 2A c) zone 2AA
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Similarly, in the center of the sample a non-elongated microstructure is obtained. In certain zones,

epitaxial growth in the melt pool is well identified, as can be seen in Figure 59.
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Figure 59. SEM images of the center of the preheated sample 9 showing a) general microstructure b) morphology of the
melt pools c) epitaxial growth

Having seen that different phases are present inside the preheated sample, EDX analysis was
performed to better identify them. It was also evaluated in zones 1, 2 and 3.
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Figure 60. Composition in atomic % of phases in zone 1 of sample 9 with preheating

In the top layer the composition of each phase was evaluated. There were 2 differentiable phases also
seen in OM and SEM analysis. 3 points in each phase were considered. The composition is the
average between the 3 points of the same phase. The results can be seen in Figure 60. Moreover, in
the HAZ the additional phase identified in Figure 58 was also analysed. In this figure, points 1,2,3

are this new phase formed in between the dark zones.

10,82 76,11
STD 2,08 0,64 0,11 TAF 0,07 1,66 0,18
456 841 414 140 668 0,36 78,64 035
L 285 081 0,06 038 013 2,60 038
789 446 385 104 711 0,30 83,10 0,10
L 0,17 025 012 001 0,03 034 005

230201 05 S210SIiC P500 SLM 9 Etching Alkaline
MAG: 44.4kx HV:15kV WD:10.2 mm

Figure 61. Composition in atomic % of phases in zone 2 of sample 9 with preheating

Finally, in the center of the sample apart from the three different zones present in Figure 61, the grain
boundaries also stand out. Because of that, the composition of this phase was also evaluated. The
composition that represents the yellow grain boundaries depicted in the Alkaline sodium picrate
image taken with the OM (Figure 56) is point number 1.
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Within big carbide

i
1 9,40 4,17 6,98 0,34 78,66 0,43
STD 1,23 0,58 0,75 0,09 1,25 0,23
2 5,09 2,75 7,79 0,41 83,68 0,25
STD 0,19 0,22 0,19 0,05 0,22 0,04
3 4,63 2,03 7,81 0,28 85,13 0,10
STD 0,65 0,61 0,28 0,07 0,73 0,02

230201 05 S$210SiC P500 SLM 9 Etching Alkaline
MAG:73.9kx HV:15kV WD: 10.2mm

Figure 62. Composition in atomic % of the center of the preheated sample

Finally, EBSD analysis was also performed in both preheated and non-preheated samples. As seen

in Figure 63, identified phases are higher in the non-preheated sample because of the zero solution.

Preheating s—
R TR A (e S %
v ';\\\a | Zero solution 36% |
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SE: Pattern Quality
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SE: Pattern Quality
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SE: Phase Map
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SE: Phase Map
Px:0.10 pym - MapSize: 600 x 450
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Figure 63. EBSD images a) Pattern Quality of non-preheated sample b) Pattern Quality of preheated sample c) Phase
Map of non-preheated sample d) Phase Map of preheated sample
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In the non-preheated sample, the pattern quality shows a needle-shaped structure of non-identified
phases surrounded by recognised austenite. Apart from that, some ferrite HCP was also identified.
Thus, the typical structure of martensite needles plus austenite is highly probable, also considering
previous studies seen in the paragraph 2.3. On the other hand, a pattern quality in form of elongated
dendrites is obtained when preheating is added. The main phase or dendrites are identified as BCC
ferrite. The phase in between the dendrites, though, is not-well identified. However, some cementite
is represented. There are some concrete zones, also, that have punctual concentrations of austenite
but are not abundant.

Also, the IPF showed relevant differences between preheated and non-preheated samples. Non-
preheated samples tend to grow the grains epitaxially whereas preheated ones have a more uniform

and not epitaxial growth of grains.

SE: IPRZ SEFZ
Px: 0.32 ym MapSize: 600 x 450 Px: 1.73 um MapSize: 500 x 375

Figure 64. IPF in Z direction of a) non-preheated sample 14 b) preheated sample 9

426 DTA

The DTA results help to understand the transformations happening during the printing process and,
thus, the final phases that are present. For this study, only a limited part of the heating curve (up to

1000°C) was considered. The results of the analysis were the following:
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Figure 65. DTA of preheated and non-preheated samples
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A summarizing table is constructed to see the most relevant peaks and its reactions:

Reaction or phase
Peak Start temperature [2C] | End temperature [2C]
transformation
Precipitation of secondary
1 235 300 P ‘
carbides
Precipitation of I
2 460 495 P ) e
carbides
Martensite to fernite +
3 635 675 )
carbides type III
-+ 695 735 Anstenitization
Dissolution of carbides
5+6 805 850
type Iand II
Dissolution of carbides
7 895 910
type III
Dissolution linked to
8 925 935
HAZ
a 430 475 Dissolution of carbides
b 625 725 Bainite to austenite
c 810 825 Dissolution of carbides
d+e 850 885 Dissolution of carbides
Dissolution of carbides
f 910 915
type III
Dissolution linked to
g 925 935
HAZ

Table 16. Principal DTA peaks of S2 + 10%SiC

4.2.7 Hardness

Macrohardness tests have been performed in non-preheated sample 14 and preheated sample number
9. A grid of indentations was done at HV5. The top layer, though, was perforated at HV1 as explained
in section 3.6.

The average value for each row was calculated to see the tendency of hardness as a function of the

distance to the substrate. The average value of all the sample disregarding the value of the top layer
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(which can have a very different value from the rest of the sample) is noted on the bottom of the
graph (564 HV preheated sample and 624 HV non-preheated). The value of the top layer hardness is
550 HV and 523 HV respectively). The standard deviation in each row is also represented to see if

the values follow similar values in the same row or not.

1

|

: I S2+10SiC SLM 14
— STD1

|

|

[0 52+10SiC P500 SLM 9
= STD2

Distance from the substrate [mm)]

1
0 | | 1 1 1 =

400 500 564 600 624 700

Hardness [HV]

Figure 66. Hardness values as a function of the distance to the substrate of batch 1 and 2

The values of hardness clearly differ from one another. In sample number 14, the average value of
the rows is way higher than the average of sample number 9. Despite that, the top layer value of
hardness is higher in sample 9 than in sample 14. Moreover, the general values in the non-preheated
sample are so different compared to the top layer one. In the preheated sample the values are similar

though.
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5 DISCUSSION

The aim of this work is to develop the alloy S2 + 10% (in vol.) SiC by LPBF. In a previous work of
the same team “Fabrication and characterization of low-alloyed tool steel obtained by Selective Laser
Melting,” 2023 [1], the tool steel AISI S2 was processed by LPBF as material reference. Therefore,
in this chapter will be explained the effect of SiC addition on the processability and on the
microstructure. In particular, a comparison between S2 and S2 + 10%SiC is done. Moreover, since
a substrate preheating to obtain fully dense, defect-free samples of S2 + 10%SiC was applied during
the LPBF process, the effect of the preheating will be discussed.

5.1 Shifting of the Process Map

The ultimate objective of this work is to find the optimal process parameters to obtain fully dense,
defect-free samples with the composition S2 + 10% (in vol.) SiC. Therefore, different combinations
of parameters were tested and their effect on the final part was studied, with particular attention to
the influence of the VED. Finally, a process map was developed by combining the results of the
density evaluation, the percentage of porosity and the types of defects. The main factor that has been

identified as influencing on finding the optimal parameters is the preheating.

The parameters for the production of batch 1 (S2+10%SiC without preheating) were selected starting
from the process map of the tool steel AISI S2, visible in Figure 67.
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Figure 67. Process map of S2 samples built by LPBF
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Since SiC is added in 10% in volume, a high amount of carbon is present. According to previous
studies, it affects the processability because increases the tendency of crack appearance. This is due
to a reduction of wettability of the melt pool and the carbide formation that lead to embrittlement.
[78][5][4]. Furthermore, it shifts the parameters at which certain defects appear [4] and,
consequently, the parameters at which optimal samples are produced. Therefore, from the process
map of AISI S2 only limited combinations of parameters were chosen. In particular, laser power of
150, 175 and 200 W and scan speed ranging from 400 to 1000 mm/s.

The results were indeed different. Sample number 13 was the only with scan speed of 1000 mm/s
and resulted in such a low density compared to the others of the same batch (considering the sample
with higher density of the same batch, its density is 15% lower). The rest of the samples were in
between 150 - 200 W and 400 - 800 mm/s and had similar high density. This differs from the only
S2 samples since the same parameters resulted in unprocessable samples and samples with low

density. Only the sample of 200 W and 750 mm/s in this range was an optimal high-density sample.

When it comes to the percentage of porosity seen in the 2D images, in non-preheated samples we
find 3 different samples with porosity values under 0.1%. These are samples with high power (175-
200 W) and 700 — 800 mm/s. The rest of the samples have similar percentages, around 0.8%, except
for sample number 10. It is the only one with a scan speed of 400 mm/s and has a porosity around

2.2%. Then, we can distinguish samples with really good, with regular and with bad values of

porosity.

Related to the percentage of porosity, the types of porosity appearing in the samples depend also on
the VED. Table 14 depict the different types of porosity that appear in each sample and it was
confirmed that high VED generates keyhole porosity and low VED generates LOF. With the addition
of SiC, however, LOF starts at samples with lower VED than 104 | /mm3whereas with only S2 starts
at 83 J/mm3. Similarly, the optimal combination is also shifted towards higher VED (91 — 119
J/mm?3 in comparison to the 50 — 111 J /mm?3 of the only S2.

Therefore, the conclusion that SiC shifts the process map towards higher VED can be taken. The

resulting process map of S2 + 10%SiC with no preheating can be seen in Figure 68.
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Figure 68. Process map of S2 + 10%SiC built by LPBF without preheating

However, despite some few parameters combinations that is possible to achieve high density and few
defects, all the samples show cracks. In order to avoid cracks, previous works already shown the
beneficial effect of the preheating [82], [85], [87], [110]. Therefore, a second batch of samples with
the same powders (S2+10%SiC) was processed by applying a substrate preheating of 500°C. Indeed,
after production, all samples did not exhibit cracks. Moreover, for this batch, a further refinement of
the parameters was done starting from the process map obtained from the first batch without
preheating. In particular, the samples of 150 W were excluded because of the bad previous results.
The samples were focused on 175 W with lower scan speed (500 — 700 mm/s) and 200 W with higher
scan speed (600 — 1200 mm/s).

Comparing the two batches with and without preheating, a further shifting of the process map is
visible. Regarding the density, the only sample with 500 mm/s of scan speed of the preheated batch
stands out for a lower density compared to the others (5% lower density). Therefore, the worst
parameters in terms of density were in a range considered acceptable in samples without preheating.

The rest of the samples of the batch can be considered as fully dense (maximum 2% lower density).

Moreover, in the preheated batch we can also see samples between 600 and 700 mm/s with really
good values of porosity (porosity < 0.1%) and the other samples with regular porosity values. There
are not really bad values of porosity since the worse one is 1.2%. In the non-preheated batch, samples
such as the one with 800 mm/s and 200 W were considered of bad porosity whereas with preheating

it was one of the best. Preheating generates a general shifting in terms of porosity as well.
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Figure 69. Process map of S2 + 10%SiC built by LPBF with preheating at 500°C

Considering the three processes map, the optimal parameters have been definitely shifted even
though the bests samples have the same parameters in both S2 + 10%SiC batches. In the case of only
S2 the optimal parameters were around 50 - 111 J/mm?3. With the addition of SiC, the optimal is
shifted into higher VED (91-119 J/mm3). If finally preheating is added, the optimal is slightly
shifted towards 104 - 139 J/mm?3. This changes are due to the SiC and preheating effect.

5.2 SiC effect on cracks appearance

As explained at the beginning of this chapter, comparisons with the work on the development of S2
as material reference are necessary to understand the effect of SiC addition. S2 samples did not show
cracks after the process. On the other hand, all the samples made of S2 + 10%SiC exhibit cracks.

The appearance of cracks is due to the carbon within the samples.

The first thing to note is that the range of low porosity values decreases with the addition of SiC, as
seen in Figure 48. This is something that has been seen in different studies with increasing carbon
content [4]. This carbon increment tends to increase porosity values, making it more difficult to find
acceptable values of porosity. This is because with the addition of SiC there is a reduction of the melt
pool wettability [78]. In case of S2 + 10%SiC, the acceptable values are not exactly in the middle of
the S2 range but a little shifted towards higher VED. This can be related to Figure 54, that shows that

in order to get the same melt pool size, more VED is needed for S2 + 10%SiC. Since depending on
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the melt pool size porosities appear, if more VED is needed to have the same melt pool logically

more VED is needed to reach the acceptable values of porosity.

The top layer depth is also affected by SiC. The fact that with higher VED deeper top layers are
obtained is due to the increase of energy given to the powders, that results in deeper melt pools that
can be better seen in the top layer. Apart from that, S2 samples have higher top layer values than the
batches with SiC for the same VEDs. Therefore, it can be said that the addition of nanoparticles
decreases the depth of the melt pool. A possible explanation can be related to the melting point. SiC
have a much higher melting point than S2. Because of that, when SiC is added, the powders in the
border of the melt pool will not reach the needed temperature to melt. Thus, the melt pool will be

reduced since a fraction of powders that would melt with only S2 will not when adding SiC [111].

Apart from that, the characterization of the S2 microstructure showed the presence of martensite in
the whole sample. In-situ thermal treatments natural from LPBF distinguished different types of
martensite inside the sample, though. In the top layer untampered martensite was identified along
with an austenitization zone. However, due to the heat of next layers, a tempering of the martensite
occurs in all the other layers [1]. When SiC is added, though, big needles of martensite can be seen
in the OM surrounded by retained austenite. SiC turns the microstructure into a much more austenitic
structure, where the martensite is joined by retained austenite that could not reach Ms. This is due to
the carbon content increment, that reduces Ms temperature of the samples. Therefore, martensite is

not reached in that many zones of the sample, staying as austenite.

Similarly, looking at Figure 63 phase map, it can be seen that the main phase recognised is austenite
whereas the non-recognised parts have the needle-shape typical from the martensite. As seen in
previous studies, tool steels usually solidify as martensite plus retained austenite due to out-of-
equilibrium conditions [81]. High cooling rates and high carbon content end up in martensitic
supersaturated structures with high internal stresses. This first approach is reaffirmed when looking
at DTA, that confirms these final phases. Looking at Figure 65, S2 + 10%SiC have 3 marked
exothermic peaks, meaning supersaturation phases, followed by a group of endothermic ones. First,
peak 1 is an exothermic reaction that should be related to the precipitation of secondary carbides
inside the martensitic phase in a supersaturated state. Sharp exothermic peak 2 may correspond to
the precipitation of carbides type Il along with a significant heat released. Later, martensite turns into
ferrite and carbides in peak 3. Peak 4 correspond to a broad endothermic peak, which is
austenitization. Finally, peaks 5 + 6, 7 and 8 may correspond to a dissolution of previously

precipitated carbides.

Therefore, it can be said that all the results lead to the typical tool steel microstructure, with
martensite needles plus retained austenite due to high carbon content that reduce martensite

formation. Furthermore, two different types of martensite are formed during the printing process.
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The first one, and the most typical one, is formed due to the rapid cooling (BCC). The second, is

known as “€ martensite” and is formed due to high amount of stresses, the same ones that generate

cracks (HCP).

Also, Figure 64 show long elongated grains growing epitaxially that are typical also of LPBF
fabricated tool steels with no preheating. The thermal gradient in the middle of the sample causes the
formation of elongated grains following the building direction and the heat flow. Nevertheless, it has
been identified that SiC influences slightly the epitaxial growth reduction. SiC increases the
absorptivity of the sample. Then, it has the capacity to absorb more energy and takes more time to
solidify after the laser melting. Indeed, less cooling rate is affecting the sample. Because of that, there
will be less thermal gradient since the previous layer is going to be hotter when another layer is added
on top. The main reason for epitaxial growth formation is the grains following the heat flow generated

by the thermal gradient. If the thermal gradient is reduced, epitaxial growth is also reduced.

Summarizing, SiC changes the type of microstructure, which results in different martensite type and
consequently higher residual stresses within the microstructure. This causes cracks nucleation and
propagation during the printing process.

5.3 Advantages of substrate preheating

As explained in chapter 5.2, the addition of SiC cause cracks in all the samples. Therefore, since the
goal is to obtain a part defects-free, a substrate preheating of 500°C was applied. As explain in
chapter 5.1, no cracks were detected after the printing process. This is due to the effect of the
preheating on the microstructure that reduces the internal stresses and affects all the properties of the

samples.

In Figure 48, the range of acceptable porosity values is increased again with the addition of
preheating. This phenomenon reduces the internal thermal gradient and the internal stresses, giving
samples with less porosities and less cracks [86]. It can also be observed that the acceptable VEDs
for non-preheated samples are again inside the range of acceptable values of the preheated ones.
These values, however, are shifted towards less VED inside preheated-samples range. Similar to the
previous section, it can be related to the top layer depth. If, according to Figure 54, less VED is
needed to obtain the same top layer depth, makes sense that less VED is needed to obtain low porosity
values. Overall better results in the defects can be related to the reduction of porosity caused by the

addition of a preheated baseplate.

Moreover, regarding Figure 54, as mentioned before, it can be seen that preheating also slightly shifts

the tendency line of the non-preheated samples. The effect is a little increase of the top layer depth.
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The powders are not only receiving input energy from the laser but also from the baseplate. Overall,

more energy is given to the powders increasing the size of the melt pool.

When it comes to the microstructure, indeed, applying a preheating reduce the thermal gradient and
solidification rates. This thermal gradient and high solidification rates typical from LPBF lead to
internal stresses and supersaturated structures that end up in cracks [85]. With the reduction of the
solidification rate no martensite can be formed, so no brittle supersaturated phase is present, as seen
in the DTA. Of course, OM and EBSD images do not show the typical martensitic needles that could
be observed without preheating (Figure 55 and Figure 63). Instead, since the cooling rates are lower,
a different type of microstructure is formed.

The first thing to consider is that, as previously seen and according to the DTA, no exothermic
reactions are present in the solidification process. That means no precipitation occurs so no
supersaturation is present in the sample. With that being said, Figure 63 depicts that the main
recognised phase is BCC ferrite in form of elongated dendrites. However, since no supersaturated
phases are present in the sample it is considered as BCC “bainitic ferrite”. This phase can be well
seen in Figure 57 and it corresponds to the darker “islands” or upper phase present in the SEM of the
top layer. It will be named phase 1. When alkaline sodium picrate etching is applied, this phase is

seen as brown dendrites.

In the printing process, then, the first solidification steps after the melting of the laser can be seen in
the top layer since no heat of further layers is involved in the microstructure. It can be observed in
Figure 57 the solidification in form of dendrites of the bainitic ferrite and another phase richer in
carbon and molybdenum (Figure 60). This whiter zone, or the surroundings of the dendrites phase,
is assumed to be cementite and will be named as phase 2. This phase is not well identified according
to the pattern quality but in the phase map is shown as basically cementite. When this lack of
recognition happens, is normally because the phase is supersaturated or because of distortions. Since
there are no supersaturated phases according to the DTA, the cementite is present as a distorted phase

due to out-of-equilibrium conditions. In the etching, this phase can be recognized for its blue colour.

When other layers are put on top, in the HAZ a precipitation inside the cementite occurs due to the
heat, converting the previous cementite into precipitates and more cementite, this time less rich in
Silicon. Figure 58 shows this white precipitates inside the cementite phase. Furthermore, in this HAZ
a general refinement of the microstructure occurs, as seen in Figure 58, turning the bainitic ferrite
dendrites into a much more homogeneous, uniform and coarser zone. Finally, in every zone, but
better seen in the middle of the sample (zone 3), we find well identified with the alkaline sodium

picrate the grain boundaries. They are yellow, as seen in Figure 56.

Summarizing the printing process, it can be assumed that from the liquid a nucleation of austenitic

dendrites takes place. The parts remaining turn into cementite. From this austenite dendrites, a
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transformation occurs turning them into bainitic ferrite because of the lower cooling rates due to
preheating and the carbon going to the cementite phase. Without this preheating, martensite would
have been formed. Later, in HAZ, much finer microstructure with no dendrites is obtained, so a

process of precipitation along with a general refinement takes place.

As a summary of the phases present in S2 + 10%SiC P500, a table is constructed.

Alkaline Sodium
Phase Microstructure Pattern Quality Phase Map SEM
Picrate
1 Bainitic Ferrite White Green Upper phase Brown
2 Cementite Dark White/dark Surroundings Blue
3 Precipitates Dark Dark Inside phase 2 Not visible
4 Grain boundaries Dark Dark Not identified Yellow

Table 17. Phases present in S2 + 10%SiC P500 microstructure

Also, the composition of each phase can be also discussed according to the results taken. Stands out
that phases 3 and 4 are richer in molybdenum than phases 1 and 2. The quantity of carbon in phase
2 is higher (more than doubled) than in phase 1 and even higher in phase 3 and 4, being phase 3 the
highest percentage (10.82%). The percentage of silicon is similar in phases 1 and 2 and also similar
in 3 and 4, being these two lower than 1 and 2. It is also worth noting that the same phase may not
necessarily have the same composition in all the zones of the sample. Phase two in the HAZ has less

silicon content than in the top layer, maybe due to a dissolution into the other phases.

When it comes to the epitaxial growth of the grains, Figure 64 shows a clear non-epitaxial growth
with the IPF analysis. However, Figure 59 depicts epitaxial growth with the EBSD. Therefore, we
can say that due to the preheating and SiC, epitaxial growth is reduced. Is not reduced enough to not
see it in any part of the sample but is reduced because IPF cannot identify the epitaxial grains. This

conclusion, however, needs further evaluation.
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6 CONCLUSIONS

From the fabrication and characterization of S2 + 10%SiC samples processed by LPBF, the following

conclusions can be drawn up.

e Adding 10% of SiC to the tool steel S2 shifts down and narrows the process map compared
to that of S2. The trend is even greater for S2 + 10%SiC processed with preheating compared
to S2. With S2 alone, the optimal processing parameters lead to a VED between 50 —111.11
J/mm3, which switches to 91-119 ] /mm3 for S2 + 10%SiC without preheating, and to 104
— 139 J/mm?3 if preheating at 500°C is performed for the MMC.

e The processing maps achieved on both MMCs batches lead to fully dense samples.
Nevertheless, preheating is required to obtain crack-free samples. Cracking that occurs
during processing of S2 + 10% SiC without preheating is due to both the carbon content and
the characteristic out-of-equilibrium conditions of LPBF that together result in the formation

of martensite and the presence of high amount of residual stresses.

e The addition of SiC nanoparticles to AISI S2 changes several properties. Firstly, there is a
decrease of the density of the MMC compared to S2 due to the lower density of the added
SiC. Secondly, increasing the carbon content decreases the acceptable range of porosity
values due to the reduction of the melt pool wettability. Nevertheless, the enhanced carbon
content also promoted cracks occurrence, but this can be inhibited when using preheating.
Furthermore, the reduction of the melt pool size can be related to the higher melting point of

SiC, that reduces the zone of powders that will reach the temperature needed to melt.

e The microstructure obtained in S2 + 10%SiC without preheating is martensite plus retained
austenite because the addition of SiC increase the carbon content which lowers the
temperature range for martensitic transformation, the final point being assumed to be far
below room temperature. Two different types of martensite are present, the thermal one that
is formed due to the rapid cooling (BCC) and another (HCP) formed via deformation due to
high amount of internal residual stresses. Consequently, both the martensitic transformations
and the higher residual stresses within the microstructure will promote cracks during the

printing process.

e Preheating effect yields a slightly higher density within the samples. Besides, the melt pool
size is also increased as seen on the top layer. Preheating allows the formation of bainite

instead of supersaturated martensite, thus lowering the level of internal stresses while
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avoiding the formation of cracks at the same time. In addition, other new phases like

cementite at grain boundaries or small carbides inside grains are formed due to preheating.

Regarding the solidification structure, preheating decreases thermal gradients which helps to
wipe out the epitaxial growth that usually occurs under AM processes. SiC also helps erasing
the epitaxial growth while increasing the absorptivity on the sample, which decrease the

cooling rate.
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7 PERSPECTIVES

Further investigations can be done related to this thesis:

e Perform XRD, quenching dilatometer, nanoindentation and DTA in liquid state tests to better
understand the in-situ thermal treatments and the microstructure phases present.

o Perform wear tests to the as-printed parts to validate and compare them between each other
and between only S2 samples.

e Develop finite element method with Thermo-Calc to predict thermal history. With its new
AM section, it is easier to simulate LPBF conditions and to evaluate the material response

and behaviour.
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9 ANNEXES

Annex 1. Datasheet of S2 powders
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Annex 2. Datasheet of SiC powders
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¢ LIEGE université

Sciences Appliquées

0} KYOCERA

STARCERAM® S UF GRADES 20210517

SEM PHOTOMICROGRAPH

Ea0um M x10000  Fm
Granule scale Primary particle scale
PACKAGING

P 25 kg steel drums with poiyethylene inder
» 12 drums on euro-pallet (300 x 1,200) = 1 packaging unit of 300 kg

STORAGE & HANDLING

The shelf-life for unvestricted processability is dependent on the storage conditions and the specific application
it & used for

Storage and handling are subject 1o the rules and regulations in the country of use.

Store at room termperature in a sealed dosed, oniginal container,

HAZARDS IDENTIFICATION IN ADVERTISING (REGULATION (EC) NO 1272/2008 ARTICLE 48)

none

DOCUMENTATION
An inspection dacumeant in accordance with EN 10204 is suppied with every shipment.

The information contamad harin, and in particular the recammendations relating w the appicacion and end-use of cur products, am
ghen n qood fach based on o curant knowkdgo and Gxperence The Niormarion do Mot CONSIRULY 3 Quarantee with respelt 10
proparties of the products SNCe we hawve Nocontrol ower the Sppilcation mod aliies, N Quarinies & granted with respect to merchantabilty
or feness S0 3 partoular puposs. I & your S0 responSibaty 1o valdate the sultabiity Snd compieten @ss 1or your own wse. We thereton
1GCOM MEnd 10 3Wwdys Parionm 3 1est 20Carding 10 Speciic Ortumsandes. Any labiryin respect of the information in thes data shedt or any
Other witien of ofal recommendation|s] regandng the conderned product & exduded, exaps If othemwise Sxpicitly agreed and excegt in
Caie of deach o pavscaal inpry, rtant or gross reglgence and under any applcable mandatory product lRbity law Technical data ae
SubRCt 10 change without notice. The Newest Wirsion of the wohnical data sheet roplaces Al proceding verdons. The rademarks, trade
names, I0gas and ocher desynations of ongin conkained in this daa thoeot 2 registenad and unregsIered imelleciual property rights of
KYOCERA Fineceramics Pracision Gmbet It i fortadden 10 copy OF w2 information from thes daza <ot in wiholo of in part, especally in
deaings wieh third parties

KYOCERA Fineceramics Precision GmbH - Lorenz-Hutschenreuther-Strasse 81 - 95100 Seib / Germany
Tel: +49 (09287 - 807-0 + E-Mail infoPkyocera-predsion.com - www.kyacera-precision.com
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