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Abstract

Investigating the possibilities of building components with 120  m high thick-
ness layer, which olérs higher productivity than the 40  m or 60 m layers,
has been hindered by the ability to achieve acceptable surface roughness. To
mitigate this, a new strategy for printing components, in which a 40 or 60 m
layer is utilized to print a shell outside a120 m core, has been investigated. This
study looks into how the shell thickness and shell/core overlap influence the
microstructure. The 120 m is a new development suitable for the core and can
also be solely utilized to print certain parts of the burner, support structures or
other components where it is more able to satisfy material criteria. For these rea-
sons, it is also of interest to investigate the influence of the laser energy density
on the microstructure and properties when having solely this layer thickness.

For the core-shell geometry study, it is indeed seen that using this strategy
gives a lower roughness and the influence of the parameters on the microstruc-
ture has been only seen on dilérent printing functions.

Forthe 120 mthereis a correlation between energy density and the mechan-
ical performances. The ED influences the grain sizes, and when these become
too big they lead to poor mechanical results.
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Introduction

Gas turbines are employed in a multitude of settings and have seenincreasing
usage worldwide. This trend is expected to persist due to economic develop-
ment, population growth, and industrialization.

Their application extends beyond power generation to aviation and various
vehicle types, making a considerable impact globally. Ongoing research and
development aim to enhance their performance, with environmental consider-
ations being a primary focus in the energy sector, especially regarding energy
conversion elgiency. To mitigate environmental impacts, strategies include
improving energy conversion elgiency to yield more energy per unit of car-
bon dioxide and greenhouse gas emissions, and enhancing turbine production
elgdiency.

Understanding the factors that influence production eldiency is crucial.
Traditional casting methods are used for turbine production, but certain compo-
nents can also be crafted using a technique known as additive manufacturing.
Among these methods, laser powder bed fusion stands out as a significant break-
through in manufacturing technology. It olérs unprecedented design flexibility,
enabling the production of complex geometries as long as the laser is provided
with the correct input parameters. This method builds components layer by
layer, with each powder layer fused by a laser. Adjusting the printing parame-
ters can aléct the properties and eldiency of the process, between this stands
out the layer thickness, and greater thickness generally means better eldiency.

The selection of materials for turbine components is also critical due to the
extreme temperatures they must endure. Nickel-based superalloys are typically
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preferred for their high-temperature resilience, with Hastelloy-X being one of
the material of choice for burner components.

CONTEXT AND AIMS

The aim of this project is to increase the eldiency of the printing process in
LPBF by using of a higher layer thickness of Hastelloy-X than the one usually
adopted in literature, while maintaining an acceptable quality of the products.
This is attempted by using a layer thicknesses combination using the core-
shell, a new geometry that is composed of two parts, an inner core of the
higher thickness layer of 120 m, and an outer shell of the classical thicknesses
of 40 m/60 m, to allow for a smoother surface roughness. The goal is to
study the microstructure of this geometry to understand how do the overlap,
shell thickness and printing strategy influence the core-shell microstructure
properties and surface roughness. It is fundamental to investigate if the 120

m core has the desired strength for the intended applications, this is done
by studying how the the energy density influence the mechanical properties
and the microstructure in samples made only with the 120 m layer thickness.
At the end of the thesis, it is expected to have a good overview of how all the
dilérent variables (whether these are the print parameters, or the laser ones) will
aléct the overall condition of the structure, specifically the surface roughness
and the microstructure for the core-shell geometry, and the microstructure and
mechanical properties for the 120 m samples.

THEsIs OUTLINE

Regarding the structure of the thesis itself, it will be as follows. It begins
with an explanation on how gas turbines work and the theoretical principles
behind it and why we need certain properties from the materials. After there
is a summary on Hastelloy-X, followed by an explanation on how LPBF works
with a focus on what the process parameters are, their elécts, and the defects
that can occur during this process.

After there is brief description of the methodology used for the cutting of
the samples and on how all the structural and mechanical analysis have been
conducted and their instruments.
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After that, a preliminary evaluation to justify the study is presented, regard-
ing the surface roughness and how it behaves with the new geometry.

After having established the validity of the study, the two following chapters
show the results collected from the two batches of samples that have been
examined. The first being the core-shell geometry, the second the high layer
thickness one of 120 m..

Finally, there is a final analysis of all the results, and the conclusions of the
project and thesis, alongside the future work that could be conducted after the
project.






Literature Review

In this chapter, an overview of the state of the art and some theoretical
concepts necessary for the understanding of the work done during the thesis
will be presented. The subjects approached will be the working principles of
gas turbines, the material used for this project and additive manufacturing for
metallic parts.

(Gas TURBINES

A gas turbine operates as an internal combustion engine that converts the
energy from burning fuel within a combustion chamber into mechanical energy.
This process involves propelling a turbine by directing the high-velocity com-
bustion gases through it. Unlike traditional internal combustion engines which
operate intermittently, gas turbines are designed for continuous combustion,
allowing them to handle a greater volume of gas flow.

These engines are characterized by an exceptionally high power-to-weight
ratio. While gas turbines have a simpler design compared to typical internal
combustion engines, their construction and operation demand extreme preci-
sion. This is due to the high rotational speeds and temperatures they reach
during operation. Consequently, the materials and manufacturing techniques
required dilér significantly, often necessitating the adoption of newer, more
sophisticated, and costlier technologies.

There are three primary components that are crucial to the operation of a gas
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Figure 2.1: Turbine scheme with di@rent part [

turbine. These components are central to its fundamental working principle, as
depicted the figure 2.1

(1) a compressor; (2) a combustion system; (3) a working turbine. The fun-
damental operation of a gas turbine is straightforward: air or another working
gas is compressed in the compressor, then ignited in the combustion chamber.
This ignition causes the gas to heat up and expand. The engine harnesses the
energy from this expansion by converting it into rotational movement in the
turbine blades attached to discs on a central shaft, utilizing the dynamic in-
teraction between the gas flow and the blades. The shaft, now spinning and
carrying significant power, can be linked to other devices, such as generators,
for a variety of applications. For eléctive power generation, the turbine requires
a higher pressure at the intake than at the exhaust, a condition facilitated by the
compressor, which boosts air pressure before it enters the combustion chamber.

To improve engine eldiency, researchers have been exploring methods to
raise firing temperatures without causing damage to turbine components, as
well as adapting the basic cycle to recapture heat from the turbine’s exhaust [3l.

But another approach to boost eldiency targets the root of the process —
the manufacturing stage. By fine-tuning the manufacturing parameters, the
production process itself can become more eldient.

HAstELLOY-X

Despite turbine blades being cooled, the materials used for the blades need to
withstand very high temperatures, ranging up to 1200 C in modern turbines 4.
Therefore, the materials used for turbine are usually nickel based superalloys,
capable of resisting extreme temperatures that other materials could not resist.
These alloys also have great mechanical properties, good creep resistance at high
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temperatures, good surface stability, and good resistance to oxidation and corro-
sion. They typically have an austenitic face-centered cubic crystal structure and
often contain alloying elements such as chromium, cobalt and molybdenum [,
For this project, the nickel based alloys is Hastelloy-X.

Hastelloy X is a nickel base alloy with excellent high temperature strength
and oxidation resistance. Although Hastelloy X is primarily noted for heat and
oxidation resistance it also has good resistance to chloride stress-corrosion crack-
ing and has good resistance to carburization, excellent resistance to reducing or
carburizing atmospheres 8. Intable 2.1the composition of Hastelloy X is shown.

Nominal Composition

Weight %

Nickel 47 Balance

Chromium 220
Iron 18.0
Molybdenum 9.0
Cobalt 15
Tungsten 06
Carbon 0.1
Manganese 1 max
Silicon 1.0 max.
Boron 0.008 max
Niobium 0.5 max
Aluminum 0.5 max

Titanium 0.15 max

Table 2.1: Hastelloy X chemical composition[”]

The traditional method to manufacture components is by casting, but in
the modern days a new revolutionary technique is becoming popular, the 3D
printing.

Laser Powper Bep Fusion

Additive Manufacturing (AM) is a method of creating objects by sequentially
adding material in layers to form the final product. This technique can utilize a
range of materials, including polymers and superalloys, and typically involves
a feed mechanism paired with a focused, intense heat source to solidify the
material and maintain the shape of the part.
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Figure 2.2: PBF process schemé!

The adaptation of AM for metal components has its roots in metallic powder
technologies and the application of high-energy beams. This approach olérs nu-
merous advantages over conventional manufacturing methods, particularly the
ability to create more intricate designs and complex geometries. Additionally, it
allows for the consolidation of multiple components into a single, unified struc-
ture during the build process, significantly reducing assembly requirements.
Compared to subtractive manufacturing techniques like machining, AM can be
more material-e@ient, potentially using up to 25% less raw material (&l

While AM is highly suitable for producing small batches and prototypes, it
does face some challenges. Notably, the cost and time investment to fabricate
larger items can be considerable due to the necessity of building the object layer
by thin layer, making AM less practical for large-scale production.

There are various AM technologies for metal alloys, but they generally share
a core principle: the joining of metal in forms such as powder, wire, or sheets
into a solid part. This is achieved by melting and subsequently solidifying the
material using an energy source, such as a laser, electron beam, or ultrasonic
waves. Powder Bed Fusion (PBF) is one of the most prevalent AM processes. A
simplified representation of this process can be seen in the provided figure 2.2

In PBF manufacturing, a powder bed is created by applying a layer of powder
across the work area using a rake. Then, the energy source will melt the new
layer of powder according to the part geometry, which cools down rapidly, and
the work platforms descends to let a new layer of powder be raked and spread
across the work area again, repeating the process®. For this thesis, the process
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of laser powder bed fusion will be approached in further detail.

A fresh layer of powder is spread across the build area for each new stratum.
Subsequently, a laser traces the pattern of the current layer that corresponds to
the final object’s geometry. The targeted powder is completely melted by the
laser, forming molten pools that solidify upon cooling to create the layer. After
each pass, the build platform descends by the thickness of one layer. Powder
that the laser does not melt remains in place, serving both as a foundation for
subsequent layers and reducing the necessity for additional support structures.
Nonetheless, the complete melting of the powder by the laser can induce residual
stresses due to the extreme thermal gradients encountered during the build
process. This can result in the formation of cracks, warping, and potential
delamination in the finished product [,

Certain aspects of the powder are critical to the success of this process. The
particles must be capable of bonding with each other and adhering suldiently
to the build platform while maintaining cohesion. It is also vital that the gas
flow within the chamber does not dislodge powder particles from the platform
after deposition.

The laser powder bed fusion procedure takes place in an inert and regulated
atmosphere to prevent chemical alterations of the material properties, such as
oxidation or the creation of unwanted compounds. However, the interaction of
the laser beam with the powder layer can release gases from the powder, leading
to spatter that falls outside the melt pool. Particles near the edge of the melt
pool may become partially melted and form irregular clumps that adhere to the
object, potentially alécting its material properties.

The melting process during printing is akin to welding, with powders fusing
together. This phase is characterized by several phenomena: - A melt pool
forms on the surface of the powder due to the laser’s heat. - Heat conduction
expands the melt pool down to the interface. - The generated heat forges a fusion
bond between the current layer and both the underlying layer and adjacent melt
pools11

Therefore, the energy density (E) is a very important parameter for the laser.
It should provide sulgdient energy to melt the powders in both the layer be-
ing processed and the layer before that. This assures the needed solidification
between all the layers. However, excessive energy density will cause the pow-
der to vaporise and create defects. The energy density is alécted by dilérent
parameters, and follows the following equation
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Where P is the laser power, v is the laser speed, h is the hatch distance and t
is the layer thickness. The finished material in the part will appear in the form
of clad beads, joined together to form the solid part.

2.1)

»

Process PARAMETERS

LAser PARAMETERS

The densification of parts created through the LPBF process is significantly
alécted by the parameter of laser energy density, which is dependent on a
mix of laser settings. In instances of low laser energy density, often due to
high scanning speeds, incomplete melting occurs, which can result in porosity
and discontinuous tracks. However, further increasing the laser energy density
actually reduced the density, as the low scanning speed led to spheroidization
and molten pool breakdown. Unstable molten pools with small circumference-
to-length ratios form under these conditions, eventually reaching a point of
necking and breaking apart into beads—a process known as balling [*2.

Increasing hatch spacing and scanning speed substantially reduced the den-
sity of the fabricated parts. Reducing the scanning speed while maintaining
constant laser energy allowed for more interaction between the laser and ma-
terial, resulting in better densification. Overlapping scan lines, which emerge
when discussing hatch spacing, refer to the extent of overlap between consec-
utive scanning lines. ldeally, hatch spacing is chosen to range from half to the
full width of the melt pool to ensure strong bonding between adjacent tracks.
Selecting a scan spacing wider than the laser spot diminishes overlap and leads
to weak bonding and porosity.

Layer thickness also plays a crucial role in the LPBF process, influencing
mechanical properties and dimensional accuracy. Selecting a suitable layer
thickness in relation to other processing parameters is key. Too large a layer
thickness means that complete melting of the powders may not occur due to
insul@ient laser power, leading to large voids and a decrease in part density.
Thus, an optimal layer thickness is essential for fine resolution and strong bond-
ing between layers with minimal defects. A smaller layer thickness facilitates
the thorough fusion of interlayers by allowing more laser energy to reach the

10
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powder bed, promoting repeated melting of the layers, increasing density, and
improving wetting properties 13,

One research identified a critical layer thickness value beyond which suc-
cessful remelting of layers was unachievable, leading to a rough and irregular
surface finish. Conversely, using a lower layer thickness resulted in defect-free
surfaces and no heat-alécted zones due to the sulgdient energy available for
complete melting of the smaller powder volume 14119,

In summary, increased densification is associated with higher laser power
and decreased scanning speed, layer thickness, and hatch spacing.

SCANNING STRATEGY

The presence of uneven thermal gradients during the LPBF process can give
rise to defects such as porosity, residual stresses, and suboptimal surface quality.
To address these issues, researchers have developed various scanning strategies
to manage the thermal gradients throughout the heating and cooling phases,
with the goal of producing parts that are virtually defect-free and fully dense .

One eléctive method to minimize defects like porosity involves the use of
remelting, which entails melting the powder bed multiple times before adding
a new layer of powder. This technique helps to eliminate surface irregulari-
ties, contaminants, and oxides, and it enhances densification, especially in cases
where other parameters fail to achieve complete density. However, the remelt-
ing process is time-intensive and requires a significant amount of energy. To
prevent the introduction of residual stresses or cracks, it is recommended to
perform remelting with a lower energy density. The impact of remelting on part
densification also hinges on the judicious adjustment of other process parame-
terst1d,

PROPERTIES

MIRCOSTRUCTURE

The microstructural characteristics of parts produced by LPBF are deter-
mined by brief cooling periods. The process’ rapid and directional solidification
leads to the formation of finer microstructures within LPBF parts. By adjusting
the LPBF process parameters, one can influence the phase compositions, the
proportions of dilérent phases, and the grain sizes. The part’s performance is

11
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closely linked to the thermal cycles it undergoes during production, which in-
clude intense cooling and heating rates, significant temperature gradients, and
abrupt temperature changes. The rate of solidification plays a pivotal role in
defining the final microstructure of an LPBF part.

All LPBF process parameters, such as layer thickness, scanning speed, hatch
spacing, and laser power, have a considerable impact on how the microstructure
evolves!1€

When the molten pool is superheated due to longer interaction times be-
tween the laser and the material, high-temperature surfaces are created. This
can also lead to high energy density when the scan speed is decreased or the
laser power is increased, which in turn raises the base temperature. These condi-
tions decrease the temperature gradient and the cooling rate, yielding a coarser
microstructure. In contrast, settings that result in lower laser energy density
prevent superheating, maintain an average temperature gradient, and ensure a
proper cooling rate that promotes the development of more refined grains.

In comparison to other additive manufacturing techniques, LPBF utilizes a
smaller laser spot size and thinner layer thickness, which leads to the creation
of smaller melt pools and, consequently, finer-grained microstructures [13.

MEecuANICAL PROPERTIES

When comparing components produced by the Laser Powder Bed Fusion
(LPBF) process with those made through traditional methods such as casting,
it's evident that LPBF-fabricated parts often exhibit superior yield strength. This
enhanced strength is primarily due to the LPBF process’ nature, which involves
the rapid solidification of small quantities of melted material. This rapid cooling
leads to the formation of finer grains and microstructures within the part.

Reduction in laser energy input correlates with a significant decrease in
the part’s yield strength and ultimate tensile strength. This phenomenon is
attributed to the formation of lower-density parts when insuldient laser energy
is supplied .

The directional orientation of layer construction in the LPBF process also
significantly al@cts the tensile strength of the final product. Parts that had
laser scanning paths parallel to the direction of tension displayed higher tensile
strengths compared to those with scanning paths perpendicular to the ten-
sion (17,

12
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Components fabricated with scanning in a transverse (crosswise) direction
showed higher tensile strength than those scanned longitudinally. This im-
provement was linked to the use of shorter scanning vectors, which are more
el@ctive in absorbing the overall energy compared to longer scanning paths.

Layer thickness is yet another factor that impacts tensile strength, as it in-
creases as the layer thickness is reduced. As previously discussed, thinner layers
contribute to stronger bonding between layers and a higher density of the part.
However, excessively thin layers can present challenges in evenly spreading the
powder bed and may lead to lower production eGiency  [13.

DEereCTS

All the AM processes, including the LPBF process, are the modern way of
manufacturing. These methods have lots of advantages, but they also come with
setbacks. LPBF is no exception. The output result of the LPBF process depends
on various co-related parameters, making it challenging to optimize the process
and making the part prone to defects. Also, a lot of work still needs to be done
to overcome all the defects and produce defect-free products through the LPBF
process. Some of the significant defects influencing the result of the LPBFed
parts are discussed below.

Porosity

In the Laser Powder Bed Fusion (LPBF) process, the full melting of metal
powders leads to the formation of melt pools that are inherently unstable. With-
out the proper selection of process parameters, this can result in various defects,
including porosity. There are three main types of pores that can arise in LPBF:
fusion pores, gas pores, and shrinkage pores.

Lack of fusion occurs when the laser’s energy density is too low, leading to
inadequate heat penetration. This causes the top layer of the previously melted
and solidified material to not re-melt properly, resulting in weak bonding with
subsequentlayers. The mainreasons for fusion pores include insulgdient overlap
of melting tracks, shallow melt penetration, and process parameters such as low
laser energy density, high scanning speed, wide scanning spacing, and thick
layer application. These pores typically appear along layer boundaries where
incomplete melting happens and are less present in areas where the layers bond
well.

13
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Gas pores are the result of trapped gas within the molten metal failing to
escape and forming a pore along the scanning path. During the process, the
formation of cavities can occur, and when the fluid forces equilibrate with the
vapor pressure inside these cavities, it can lead to the collapse of the liquid phase
and the creation of pores.

Shrinkage pores develop during the solidification phase when there isn’t
enough molten metal to fill the space. Because of surface tension, gas that is
trapped tends to form spherical bubbles, making gas pores typically round in
shapel18.

HicH Surrace ROUGHNESS

Surface finish quality is a significant concern for components fabricated using
the Laser Powder Bed Fusion (LPBF) method, and it remains a notable limitation
in the broader field of Additive Manufacturing (AM). The primary cause of
surface roughness in LPBF-produced parts is often attributed to oxidation from
atmospheric gases and the adhesion of partially melted powder particles to the
surface of the part.

In the LPBF process, unutilized powders are retained within the build area,
remaining in the powder bed. This situation presents the ongoing risk of these
particles sticking to the surface of the part.

During the melting process, small spherical formations known as "balling"
can occur within the melt pool. These are propelled to the periphery of the
melt pool by the internal surface tension gradient. Upon cooling, these spheres
solidify at the edges, contributing to an uneven surface finish. To mitigate this
balling eléct and improve surface smoothness, adjustments can be made such
as increasing energy density, using higher laser power with slower movement,
applying thinner layers, and optimizing hatch spacing.

Another factor that alécts the surface texture of LPBF parts is the so-called
"stair-stepping" phenomenon, which is related to the number of layers in the
build. As the thickness of individual layers increases, so does the surface rough-
ness. Therefore, one must consider the balance between minimizing surface
roughness and optimizing the build time of the product, as these two factors are
often at odds with one another [13,

14
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CRrACKs

Within the Laser Powder Bed Fusion (LPBF) process, two primary types of
cracks can be distinguished: cold cracks and hot cracks.

Hot cracks, also known as solidification cracks, tend to occur towards the end
of the solidification process. These cracks typically form due to deformations in
the part’s solid structure as it cools and solidifies. Additionally, hot cracks may
arise from inadequate fluid flow within the molten region of the material.

Cold cracks, onthe other hand, are more prevalentin LPBF and are attributed
to residual stresses. The LPBF process is characterized by high cooling rates and
significant temperature gradients caused by its rapid melting and solidification
cycles. As the material in LPBF repeatedly goes through thermal cycles, the
solidified sections quickly contract and expand, leading to unavoidable residual
stresses. These stresses can be divided into two main categories: structural and
thermal stresses.

Thermal stresses occur due to uneven heating across dil@rent local areas.
This causes varying rates of expansion and contraction near and further from
the melt pool, with thermal stresses often being the primary culprits for crack
initiation in parts fabricated by LPBF.

Structural stresses develop from the volumetric changes that parts undergo
during phase changes. If the internal residual stresses exceed the material’'s
yield strength, the part may deform or cracks may form as a means to relieve
stresg13,

Experimental findings suggest that to alleviate residual stresses, strategies
such as remelting tracks and preheating the substrate can be e@ctive [19,

15






Methodology

The experimental procedure for this thesis is described in this chapter. In
particular, first the samples geometries and parameters will be described with an
explanation on why they were chosen. Then the procedure for the test performed
will be illustrated. These procedures include also the cut-up, grinding and
polishing of the samples done before the examination.

BATCHES

The study was conducted on two dilérent batches of samples, the first was
done to examine the core-shell printing strategy, with a core made of 120 m,
and an outer shell of 40/60 m. The second one is to examine the strength of the
120 m core and evaluate whether the mechanical properties are suitable for the
desired applications.

Core-sHELL GEOMETRY BAaTcH

The octagon geometry, shown in Figure 3.1was chosen so that three rough-
nesses could be taken in the same sample: the downskin, vertical, and upskin.
By literature, these three are quite dilérent when done with the additive man-
ufacturing process, with the downskin having the higher roughness.

The variables for this batch were four, listed in the table 3.1

Three of the parameters in this first batch belong to the scanning strategy:
the printing strategy describes which pattern is followed by the laser to print
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3.1. BATCHES

Labelled top surface

.,

Downskin
" Vertical
skin

Front view

Figure 3.1: Octagon sample with diBrent orientation of the surface explained 2@

Description Values
Shell thickness Distance from overlap to surface 1lmm 2mm 3mm
Overlap Thickness | Overlap width where the core and the shell meet | 0.09mm | 0.12mm | 0.15mm
Printing Strategy Strategy used to print Standard | EOS
Outer shell Layer Thickness layer of the outer shell 60 m 40 m

Table 3.1: Parameters varied in the core-shell batch and description
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CHAPTER 3. METHODOLOGY

Figure 3.2: Core-shell function functions, standard on the left, EOS on the
right [20

each layer; the shell thickness indicates how thick is the outer shell which goes
from the surface until the the core is met; the overlap thickness is the width
of the line where the laser of the core and the laser of the shell meet. The last
parameter is the outer shell thickness layer which can be in our case either 60 m
or 40 m. These two are the classical thicknesses used for hastelloy-X and which
have been thoroughly investigated in literature to produce optimal results.

In the "standard" printing function, there is a clear and even o[Set from the
outer surface of the print to where the print overlaps with itself. This means
that when the printer is laying down layers, the transition from the outermost
layer to the layers that overlap is uniform. This uniformity can be crucial for
ensuring structural integrity and a smooth surface finish. In contrast, the "EOS"
printing function lacks this clear and even olSet. The overlap may be irregular
or inconsistent. The other dilérence between the two functions consist in the
alignment of exposure vectors; The "standard" printing function is described as
having exposure vectors that align properly between the core and the shell of
the printed object. Exposure vectors can be thought of as the paths or directions
along which the printing material is cured or solidified, the EOS on the other
hand does not have this. Figure 3.2 shows visually the dilérence between the
two functions.

To compare the surface roughness with the 120 m, an octagon sample with
this layer thickness was also printed.

For confidentiality reasons the laser parameters and the resulting energy
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3.1. BATCHES

density for this batch will not be addressed, but that is relatively not relevant in
this study as these parameters were kept constant.

In practice 18 samples were printed for the 60/120 and 18 for the 40/120
standard functions. These samples were printed using all the combination of
the three overlap thicknesses and the three shell thicknesses. Then they have
been printed for each combination twice for repeatability. For the EOS function
only six samples were printed, three variation of the shell thickness with the
overlap thickness kept constant at 0.12 m, and then printed twice like the others
for repeatability. In total 42 samples were printed to be investigated in this batch.
Table 3.2sums up the parameters variation.

core-shell function Eos print core function core-shell function

60/120 octagons 60/120 octagons 40/120 octagons

overtapp (mm) shell thickness(mm) no of samples label 1 label 2 overlapp (mm) shell thickness(mm) no of samples label 1 label2 overlapp (mm) shell thickness(mm)  no of samples label 1 label 2
0.09 1 2 6911 6912 0.09 1 2 4911 4912
0.12 1 2 6211 6212 0.12 1 2 E6211 E6212 0.12 1 2 4211 4212
0.15 1 2 6511 6512 0.15 1 2 4511 4512

0.09 2 2 6921 6922 0.09 2 2 4921 4922
0.12 2 2 6221 6222 012 2 2 E6221 E6222 0.12 2 2 4221 4222
0.15 2 2 6521 6522 0.15 2 2 4521 4522

0.09 3 2 6931 6932 0.09 3 2 4931 4932
0.12 3 2 6231 6232 012 3 2 E6231 E6232 0.12 3 2 4231 4232
0.15 3 2 6531 6532 0.15 3 2 4531 4532

Table 3.2: Coreshell batch parameters

120pm BaTcH

The test specimens used for this study are of two types: one for the mechan-
ical testing and the other for microstructural analysis. For the latter, a simple
cube geometry was picked as it was easy to print and the surface had already
been investigated. The goal in this study is to correlate the energy density to the
mechanical properties and the microstructure thus, the parameters varied are
are the laser one: laser power, laser speed, and hatch distance. For confidential-
ity reasons these parameters will be treated together, meaning that the results
will be compared only with the energy density, which is the direct product of

the change in the laser parameters, as shown in3.1.2
_ %> B..
P30T BR< B.o<< .O<< ...

For the mechanical investigation, 33 tensile test bars were printed in order to
assess the mechanical properties, present in6.1

Sample T135| T45 | T15 | T155| T125| T75| T165| T55 | T95 | T115| T25 | T145| T85 | T35 | T103 | T65 | T163
ED (J/mm~2) | 291 | 3.14 | 3.33| 3.47 | 3.52 | 3.58| 3.58 | 3.58 | 3.64| 3.68 | 3.88| 3.89 | 3.93 | 3.98| 4.00 | 4.12| 4.16
Sample T123| T173| T73 | T113| T143 | T53 | T83 | T133| T13 | T153 | T23 | T43 | T105| T33 | T63 | T93
ED (J/mm~2) | 4.17 | 434 | 435| 4.40 | 444 | 4.47| 447 | 447 | 461 | 463 |4.85| 487 | 500 | 5.15| 544 | 5.78

Table 3.3: Mechanical table parameters

20



CHAPTER 3. METHODOLOGY

Figure 3.3: Tensile bar machined?

Figure 3.4: Build plate of the octagons analysed!29

To perform the tensile test in the machine, the bars need to machined to
obtain a shape like the one in figure 3.3 with a circular cross section of 5 mm
and threaded holders. It is important to remember that all these samples were
printed at 90 degrees to the build plate, in order to compare the results.

The figure 3.4shows the build plate where the octagons where printed for the
core-shell batch. Also test bars for the mechanical tests are present in the build
plate but it's only a reference as the ones printed for this study were printed at
90 degrees in another printing section.
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3.2. TESTS

TEsTS

SURFACE ROUGHNESS

For the surface roughness, three measurements for the downskin, 3 for the
vertical, and three for the upskin were taken for each sample. The measurements
were performed with a profilometer, a instrument used to measure the surface
roughness of an object. Surface roughness refers to the texture of a surface and
is composed of a series of microscopic peaks and valleys. The profilometer can
provide a quantitative assessment of the surface’s irregularities. The parameter
used to evaluate the roughness itself is Ra, which stands for Roughness Average.
This parameter is a statistical measure that calculates the average deviation of the
surface peaks and valleys from the mean line over a specified length. Essentially,
it's the arithmetic average of the absolute values of the surface height deviations
recorded within the evaluation length.

SAMPLE PREPARATION

The sectioning of the samples had to be performed for the microstructural
analysis of the octagons and of the cubes. The cup was performed at 90
in respect to the platform orientation. After sectioning, all the samples were
mounted in bakelite before grinding and polishing. After polishing, the sam-
ples were analysed with the light-optical microscope (LOM). When the melting
pools were to be examined, the sample was etched. The agent used for etching
was oxalic acid. Some of the samples for the 120 m batch were chosen to be
examined under the electron microscope, in which case the mounting was done
with bakelite with carbon filler to secure the conductivity for examinations with
the scanning electron microscope (SEM) instead of the standard wood filler.

MICROHARDNESS

The microhardness measurements were performed on non-etched cross-
sections, in accordance with the 1ISO 6507. Five indications at two dilérent
heights, one on top and one at the bottom were taken, and 3 indications in the
middle of the height, with HV1, were made on each cross-section. The micro-
hardness was examined for both batches. In the second, the 120m one, only six
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samples out of 33 were investigated, the criteria was to choose the samples that
could help the most to correlate a good yield strength with the microstructure.
Instead for the core-shell batch all the samples were investigated.

MICROSTRUCTURE

The samples were examined using a light optical microscope (LOM). The
porosity measurements were carried out using a software to calculate the per-
centage area of pores in 1 mn? at five non-overlapping dilérent sites in the cross-
sections and the examination for cracks and other defects were performed. Like
for the microhardness explained in the previous section, for the 120 m batch,
only six samples were chosen to be investigated, while all samples were analyzed
from the core-shell batch.

MEecHANICAL TESTS

The mechanical tests were performed on all the 33 tensile test bars following
the standard 1SO 6892-1, all performed at room temperature. After the tensile
test, the area reduction and elongation were measured.

ScanNING ELECTRON MICROSCOPE

For the electron microscope three cubes from the 120 m batch were chosen,
using as criteria the results from the mechanical test and the microsturcural
analysis. The purpose of this analysis was to trace the origin of the mechanical
properties to the grain structure. A Zeiss GeminiSEM 450 was used for the
analysis.

M290,/M400

The printing machine used were a EOS M-290 and a M400-4, that use laser
powder bed fusion, which is a subset of powder bed fusion technologies. The
machines are composed by: the laser system, a high-powered fiber laser, typi-
cally around 400 watts; the optical system, that includes the scanning unit and
optics that direct the laser beam across the powder bed; the build chamber, a
sealed environment where the build platform and powder bed are and main-
tains a controlled atmosphere to prevent oxidation during the printing process;
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3.2. TESTS

the build platform, that lowers incrementally with each layer of powder that
is fused by the laser; the powder delivery system that consists of hoppers and
recoaters that distribute a thin layer of metal powder across the build platform;
the powder handling and recycling; the cooling system; a filtration system; the
monitorning and control system; and finally the software, which is used to
prepare and optimize 3D models for printing.
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Pre-evaluation : Surface Roughness

In this chapter the evaluation conducted prior to the start of the study is pre-
sented. The question that has to be answered is how does the surface roughness
behaves with the new printing strategy of the core-shell.

REesuLts

A summary of the measurements taken (Ra values), to have a better overview,
is presented in the table 4.1

120 m | 40/120 m | 60/120 m | 60/120 m EOS
Vertical 1291 m | 7.06 m 6.59 m 6.40 m
DownSkin | 27.36 m | 25.01 m | 13.93 m *
UpSkin | 1525 m | 7.89 m 8.44 m *

Table 4.1: Roughness sum up

DI1scuUssSION OF THE RESULTS

Looking at the 60/120 m, both for the standard as well as for the EOS
function, the results for the surface roughness are in line with what was expected.
The outer shell with a lower layer thickness brings down the roughness of the
120 m core to acceptable results.
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4.2. DISCUSSION OF THE RESULTS

While looking at the 40/120 m we see something that might look like a
contradiction to what was just stated, as the roughness, for the downskin in
particular, remains quite high, while according to literature it should be even
better than the 60/120 m. But this can be explained remembering that the layer
thickness is only one of the parameters influencing the roughness. Also the
laser parameters and the resulting energy density play a role in it, and to obtain
the best surface for each layer thickness the other parameters need to be first
optimized, and it is not known if the optimized parameters have been utilized
in each case for our study. The investigation of the surface parameters is beyond
the scope of the thesis. Butitis known in literature that a higher thickness, such
as 120 m, leads to the staircase eléct, and thus to a poorer surface roughness.
Based on these results, given the parameters that is presently used to print the
surface, itis justifiable to use the core shell approach as they confer lower surface
roughness. The low roughness demonstrated by the 60/120 m also indicates
that it can eventually be the preferred approach with additional advantage that
it has higher productivity than the 40/120 m approach.

An interesting observation is that, apart from knowing that for higher layer
thicknesses the roughness increases, we know also that within the same set
of samples the surface quality of vertical downskin and upskin areas varies
significantly, with only the downskin posing challenges for certain requirements.
As shown in the burner model in Figure 4.1, this component features all three
orientations. This presents an opportunity to explore the use of dilérent layer
thicknesses within the same print, tailored to the specific parts of the burner
and their orientations. Another potential strategy involves utilizing thicker
layers for the support structures, where the demands for surface roughness and
mechanical properties are less strict.
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Figure 4.1: Burner model with support structure [29
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Core-shell Geometry Study

In this chapter the results from the core-shell batch will be discussed. The
tests performed were done to examine the microstructure, specifically for the
microhardness, the porosity and the presence of defects. The total number of
samples examined is forty-two.

REsuLTs FROM THE MICROHARDNESS

This section presents the results from the microhardness analysis, for which
the whole forty-two samples were examined. The two tables below show the
results from the microhardness analysis done on the all the samples. Table 5.1
shows the microhardness of the area of the core of the samples, while table 5.2
show it in the layer of the shell.
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5.1. RESULTS FROM THE MICROHARDNESS

Standard 60/120 Microhardness [HV1] 1mm 2mm 3mm

0.09mm 243 243 240
0.12mm 245 240 244
0.15mm 251 247 242

EOS 60/120 Microhardness [HV1] Imm 2mm 3mm
0.12mm 243 248 245

Standard 40/120 Microhardness [HV1] 1mm 2mm 3mm

0.09mm 238 252 249
0.12mm 249 243 248
0.15mm 250 246 249

Table 5.1: Results of the microhardness in the cores-shell geometry taken in the
core
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CHAPTER 5. CORE-SHELL GEOMETRY STUDY

Standard 60/120 Microhardness [HV1] 1mm 2mm 3mm

0.09mm 241 242 237
0.12mm 246 238 244
0.15mm 255 245 241

EOS 60/120 Microhardness [HV1] Imm 2mm 3mm

0.12mm 241 244 244

Standard 40/120 Microhardness [HV1] 1mm 2mm 3mm

0.09mm 241 254 248
0.12mm 249 245 251
0.15mm 255 247 249

Table 5.2: Results of the microhardness in the cores-hell geometry taken in the
shell

ResuLTs FROM THE POROSITY

This section presents the results from the microscope analysis of porosity.
The two tables below show the results from the porosity analysis done on the all
the samples. Table5.3shows the porosity of the area of the core of the samples,
while table 5.4show it in the layer of the shell.
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5.2, RESULTS FROM THE POROSITY

Standard 60/120 Porosity 1mm 2mm 3mm

0.09mm 0.16% 0.12% 0.12%
0.12mm 0.14% 0.14% 0.11%
0.15mm 0.16% 0.10% 0.11%

EOS 60/120 Porosity Imm 2mm 3mm
0.12mm 0.19% 0.18% 0.19%

Standard 40/120 Porosity 1mm 2mm 3mm

0.09mm 0.18% 0.13% 0.11%
0.12mm 0.15% 0.18% 0.12%
0.15mm 0.18% 0.17% 0.11%

Table 5.3: Porosity results from the core

Standard 60/120 Porosity 1mm 2mm 3mm

0.09mm 0.09% 0.14% 0.07%
0.12mm 0.15% 0.05% 0.07%
0.15mm 0.14% 0.12% 0.06%

EOS 60/120 Porosity Imm 2mm 3mm
0.12mm 0.10% 0.15% 0.16%

Standard 40/120 Porosity 1mm 2mm  3mm

0.09mm 0.09% 0.09% 0.14%
0.12mm 0.15% 0.11% 0.08%
0.15mm 0.07% 0.14% 0.06%

Table 5.4: Porosity results from the shell

All measurements are within acceptance limits for the Siemens standard for
both the shell and the core, between 0.06% and 0.19% and no correlation appears
between the parameters and the porosity values.
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CHAPTER 5. CORE-SHELL GEOMETRY STUDY

RESULTS FROM THE DEFECTS ANALYSIS

This section presents the results from the microscope analysis for presence
of defects. At the analysis at the microscope for some samples defects at the
overlap, between the shell and the core, appear. As seen in figure 5.1 these
defects trace a quasi-line showing clearly where the core and the shell meet. In
figure 5.2a more detailed shape of these defects can be seen.

Figure 5.1: Microscope image x50 overlap defects
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(a) Microscope image x50 details of (b) Microscope etched image x100
overlap defects details of overlap defects

Figure 5.2: Detail of the microstructure of the defects at the overlap
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5.4. DISCUSSION OF THE RESULTS

Looking at all the samples this overlap line doesn't appear with the same
defects intensity in all the samples. One trend that appeared looking at the
various samples is that the ones built with the EOS function have way less
defects of this kind, compared to the the ones made with the standard one. In
5.3two representative samples from each function are presented.

2

10?2||.lm

(a) EOS function  (b) Standard function

Figure 5.3: EOS function on the left and standard function on the right

Di1scuUsSION OF THE RESULTS

The microhardness didn't show any correlation for any of the parameters
investigated, as well as the porosity. This is true both for the shell as well as for
the core. Usually the porosity and the microhardness are correlated with the
energy density, thus the core was expected to stay the same, but it is interesting
to note that there is not a significant change between the core itself and the
corresponding shells. One would in fact expect that for the core of 120 m a
higher porosity was to to be found. All the 120 m layers in this batch have been
printed with the same ED, so it was not possible in this batch to investigate the
correlation of the ED with the porosity, but the parameters used appear to work
very well with this layer. For disclosure reasons the parameters of the energy
density used for the core are not known.

34
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The defects found show the typical shape of the lack of fusion. Also looking
at the etched samples in figure 5.2bthis is more clear.

Comparing the various samples the EOS function shows significantly less
defects compared to the standard one. The dilérence between these two function
in how the laser moves; the standard function has a clear and even olSet from
outer surface and the vectors align properly between core and shell. The lack
of fusion is usually formed where there is insuldient laser energy density.
This insuldiency leads to poor heat penetration, and the already melted and
solidified layer’s top layer doesn’t get re-melted. It could be that the second laser
passing a second time with a dilérent direction could be helping the remelting
of the overlap zone.

Apart from understanding fully the origin of these kind of defects, future
investigation should be done to investigate whether these defects are important
enough to compromise the quality of the final product of not.
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120pum samples Study

In this chapter the results from the 120 m batch will be discussed. The tests
performed are the mechanical testing, from which six samples are selected to
study the microstructure. Then the results from the electron microscope of three
selected samples will also be shown.

MEcHANICAL TEST

This section presents the results from the tensile test. At the end of the
discussion, the samples of interest for the following analysis are highlighted.

RESULTS FROM THE MECHANICAL TESTS

In the following table 6.1, the results from the mechanical tests are presented.
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6.1. MECHANICAL TEST

ED [J/J/mm~2] E-Modulus [Gpa] Yield Strength[N/mm2]  Tensile Strength[N/mm2]  Elongation[%] AreaReduction[%)]

291 154 475 703 42.67 80.11
3.14 182 487 781 25.32 39.40
3.33 186 491 728 33.57 46.42

3.47 201 480 717 34.25 43.07
3.52 153 502 730 41.52 66.92

3.58 151 463 702 40.39 74.39
3.58 176 467 698 35.13 53.39
3.58 155 474 703 40.55 70.94
3.64 255 454 706 40.75 71.58
3.68 213 475 720 38.87 69.09
3.88 136 479 714 41.48 71.70
3.89 204 476 714 38.63 70.82
3.93 170 462 682 27.21 50.61
3.98 205 467 698 35.85 54.39
4.00 157 479 710 41.49 77.72
4.12 154 482 711 42.00 70.17
4.16 162 446 681 37.48 65.38
4.17 145 463 692 37.44 76.68

4.34 127 453 683 40.37 70.72
4.35 179 471 704 35.22 64.81
4.40 150 451 685 40.80 73.88
4.44 139 465 694 41.12 80.46

4.47 188 445 687 41.18 75.80
4.47 182 452 689 39.80 76.29
4.47 158 486 685 37.71 63.28
4.61 148 450 680 37.66 76.39
4.63 158 477 708 41.83 71.91
4.85 162 441 674 42.00 78.38
4.87 153 455 670 29.57 49.47
5.00 163 441 682 40.98 70.07
5.15 149 438 675 43.45 79.50

5.44 147 445 675 41.81 74.50
5.78 163 433 676 40.41 75.30

Table 6.1: Mechanical table with highlighted in green the two best yield
strengths, in yellow the two middle ones and in red the two worst ones.

Figure 6.1: Yield strength graph against energy density plot
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Figure 6.2: Tensile strength against energy density plot

Figure 6.3: Elongation against energy density plot
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6.1. MECHANICAL TEST

St ¢ B

Figure 6.4: T63 stress-strain curve

E)
St o B

Figure 6.5: T135 stress-strain curve

As shown in the plot in figure 6.1and 6.2there is a clear trend for the yield
and tensile strengths with the energy density.

The elongation does not respect this trend, and appears to be random, but all
the values found are acceptable for the Siemens standards. According always
to the Siemens standard all the tensile strength are above the limits, while for
the yield strength only one of the samples, the T93 gives an acceptable result for
Siemens acceptability criteria. In 6.4and 6.5are shown the stress-strain curve of
samples T63, which is the one displaying the best yield and the T135, which is
the one with the worst one.

DiscuUsSION OF THE RESULTS

There is a correlation between the ED and the mechanical performances in
the yield strength and and the tensile strength. This is in accordance with
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literature as these two properties are directly influenced by the ED. The highest
values for these two should be found in a middle point between a high energy
density and a low one, since as the laser energy input decreases, the melting
of the particles worsen, but at the same time a lower energy density leads to
finer grains, which in return lead to higher mechanical property values. To
investigate further this correlation experimentally the microstructure for some
selected samples is investigated. The samples in question are the highlighted
one in table 6.1 The criteria used is the one of selecting the one with the best,
worst and medium yield strength as this is the only parameter out of spec for
Siemens standard. This is because investigating further what gives poor results
is critical to find the best set of parameters for future components.

One interesting thing to notice is how the trend for both the yield and tensile
strength seems to indicate that the lower the energy density the higher these
two values. But it is known from literature that there is a lower limit where the
minimum is reached and where a drop in the fabricated part’s yield strength
and ultimate tensile strength happens, due to the low-density parts caused by
the low supply of laser energy. If the points are examined closely in the section
of lower energy density the last values seem to be decreasing actually, but they
are two few to be able to distinguish a trend from some outliers. It would
thus be interesting to investigate how the yield strength behaves with lower
energy densities to see whether the peak reached, or if the yield strength keeps
increasing.

MICROSTRUCTURE

This section presents the results from the microstructure analysis. Both the
microhardness and the porosity have been investigated. Also a brief description
of the data analyzed and which samples are of importance for the following
analysis of the electron microscope is reported.

RESULTS FROM THE MICROSTRUCTURE ANALYSIS

The following table, 6.2shows the results obtained from the microstructural
analysis for the micro-hardness and the porosity and in figure 6.7 and 6.6 the
plots are shown.
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6.2. MICROSTRUCTURE

SAMPLE ED[J/mm”2] Mirco-hardness[HV1] Porosity[%]

63 3.33 244.67 1.50
93 3.52 239.89 0.17
65 4.17 233.83 0.80
163 4.44 245.00 0.20
45 5.15 238.50 0.17
135 5.78 244.00 0.28

Table 6.2: Microhardness and porosity in the 120micrometers batch correlated
with the energy density table

Figure 6.6: Porosity graph (green line) on energy density, with a second violet
line of the elongation for comparison

There is not a clear correlation between ED and porosity. Periodically occur-
ring linear lack of fusion defect

Figure 6.7: Microhardness graph on energy density
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Figure 6.8 shows two samples at the microscope at mag50x. The sample T63
exhibits periodically occurring linear lack of fusion defects, the sample is the
only sample showing such poor porosity and with this recurring pattern. Onthe
right instead there is the sample that shows the best yield strength, and whose
porosity is within the accepted parameter.

(a) Microscope Picture T63 (b) Microscope Picture T93

Figure 6.8: Microscope Pictures

Di1scuUsSION OF THE RESULTS

We know from literature that the laser parameters should influence the poros-
ity, so even though it might seem strange that the energy density doesn't directly
aléct the porosity, is must be remembered that the parameters should also be
looked at separately, it would be interesting so to investigate further what gives
a high porosity separating the parameters of the energy density(hatch distance,
laser power, laser speed).

Looking back atthe results obtained with the elongation, it can be noticed that
not only they both don’t seem to be correlated with the energy density but they
follow the same trend visible in 6.6, specifically they look inversely correlated.
A relation between the microhardness and the energy density doesn’'t seem to
appear.
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