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Summary

This research work addresses the application of Additive Manufacturing (AM)
technologies for the production of ferromagnetic components. The design freedom
offered by AM allow to realize component with complex geometry, so new geome-
tries can be made for the most common applications such as the electric motors.
The thesis explore the possibility offered by AM to improve ferromagnetic objects
for lightweight and high performance point of view, with potential in several in-
dustrial sectors. First of all, the printing technique that best lends itself to the
production of these components was investigated. From the studies carried out,
it appears that the optimal technique is the Laser Powder Bed Fusion (LPBF).
After the technique was identified, the printing parameters that influence the mi-
crostructural properties and consequently the mechanical, electrical and magnetic
properties were characterized. Subsequently, post-processing heat-treatments were
analyzed to undestand its influence on the magnetic properties. The results of this
research show that, by means of LPBF| silicon steel parts with permeability (~
3000) and hysteresis loss (~ 85.6 A/m) can be produced. Two new applications,
compared to the technical literature, are presented. A plug of an electromagnet
and an electromagnetic shield. The results of the first application made it possi-
ble to understand some limitations of the printing technology. For example, the
creation of small axial-symmetric objects involves a tolerance with respect to the
axis of revolution to be taken into consideration. The application of the electro-
magnetic screen is completely innovative as there are no applications of this kind
in scientific literature. The results show good shielding properties for this kind of
material, especially after annealing.Finally, we propose that further research should
be aimed at expanding the range of applicability of this printed material , as well
as at the adapting of the alloy’s chemistry for improved ductility to avoid the risk
of in-process cracking.
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Chapter 1
Introduction

Additive manufacturing (AM) can positively affect energy savings from the point
of view of consumption. The improvement of the efficiency of motors in the field of
transport, for example, depends on the ability to reduce losses (thermal, mechan-
ical, drive) during their normal operation. Improving engine efficiency affects fuel
consumption (for vehicles fossil fuel powered) or electricity (for electric vehicles).
Additive manufacturing can be used to modify existing production methods and
the materials used in current technologies for the development of energy in general
or the production of electricity. For example, the production of turbines, heat ex-
changers or specific parts of current systems through this innovative technology to
replace traditional ones. With specific reference to the production process of new
metal components for improvement of efficiency related to both energy production
and consumption, additive techniques, compared to traditional subtractive offer

the following potential advantages:
e Reduction of the time of realization;
« Total absence of limits to the geometry of the products to be made;

o Possibility of geometric optimization and consequent drastic reduction of the

quantity of material used;
o Exploitation of the material to its maximum capacity;
o Possibility of creating complex pieces in single and unassembled blocks;

o Normally, reduction of energy consumption;

1



Introduction

o Possibility of using innovative and more efficient materials;

By comparing costs, it is easy to understand how as the complexity of the object
increases, the costs of the additive manufacturing tends to match those of tradi-
tional manufacturing until, beyond a certain degree of complexity of the prototype
to be made, additive manufacturing allows for costs considerably reduced, not re-
quiring lengthy mechanical processing, assembly, and welding of the components
and, in the case of castings, the creation of molds. [1],[2]. The family of additive
manufacturing processes is particularly attractive for the production efficiency of
items that would otherwise have a high buy-to-fly ratio [3]. The buy-to-fly ratio is
simply the ratio of the mass between the starting material and the final one, that of
the finished part. Buy-to-fly ratios of 10 to 1 (i.e., only 10% of the original material
remains in the finished product) are common in aerospace applications for parts
produced through traditional subtractive manufacturing processes [3]. High buy-
to-fly ratios are achieved, especially when the geometry of the finished part requires
a larger starting block, and most of the volume is removed and thrown away. This
weight reduction is critical not only for the aerospace and automotive market but
also in the medical, and biotechnology sectors, as it allows a significant reduction
in energy and ease of use [4]. Intuitively, it seems clear that the production of parts
through subtractive manufacturing requires removing most of the starting material
and requires a more significant amount of energy compared to additive manufac-
turing. On the contrary, in cases where little material is removed, the manufacture
subtractive may require less energy overall [5]. In subtractive manufacturing, all the
processes that lead to the final product must be included. Examples are drilling,
turning, milling, carving, grinding. During the additive manufacturing process, en-
ergy is required for the transport of the stored material, obtain and maintain the
appropriate thermal and atmospheric conditions, and activate the motors for the
phases of positioning of objects, melting metal parts, powering sensors for moni-
toring and process control. Energy consumption varies widely depending on the
process used and it is also unique for each type of machine used [5]. Some works
in the literature compare the costs [1].[6] and the energy consumed [7] - [8] in re-
lation to different 3D printing techniques employed. Zhang et al. [9] developed
an additively constructed microchannel heat exchanger in Inconel 718. Compared
to similar exchangers made for traditional manufacturing, this exchanger allows a
25% increase in efficiency concerning the exchange of energy. Romei et al. [10]

proposed a tubular exchanger in 316L stainless steel resistant to high temperatures
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for use in spacecraft, built with the SLM technique. Studies on the improvement of
roughness in heat exchangers with micro-channels made with laser additive tech-
nology (Laser Bed Fusion) were done by Kirsh and Thole [11]. The manufacturing
mechanism is reported in Fig.1.1. It consists in drawing the component on CAD
software, converting it into STL format, and sending it to the machine. The latter
creates the component following the CAD drawing layer by layer. Many techniques
are available, which can be categorized according to their raw material (Powder,

liquid, solid based). These are shown in figure 1.2.

Figure 1.1: Additive Manufacturing process, from left : Creation of digital model,
2D discretization, Selective powder printing, final object( Reported from: eos.info)

Additive manufacturing technologies
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Figure 1.2: Additive Manufacturing technologies (Reported from: Additive manu-
facturing of composite materials by FDM technology: A review.)[12]
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Like all technologies, in addition to the advantages, there are also limitations.
Those of the AM are:

1. Slow Build rate
2. High production costs

3. Considerable effort required for application design and for setting process

parameters
4. Manufacturing process
5. Limited component size
6. Low production volume

The sectors that have fully exploited this technology are mainly Automotive,
Aerospace, and Biomedical. However, with the growing demand and available
materials, sectors such as jewelry and hydraulic valves are also approaching the
world of 3D printing. A sector that is still little explored but of great interest
in this historical period is that relating to electrical applications. It is exciting
both for research and from a commercial point of view to carry out a feasibility
study for producing components such as transformers, rotors for electric motors,
electromagnetic shields, and electromagnetic and electromechanical devices through
Additive Manufacturing. The reason to combine additive manufacturing with the
electrical sector is that today, the attention toward environmental sustainability
has grown. The challenges to be overcome are of reducing harmful emissions and
fighting pollution. Among the forms of pollution is the environmental one due
to the exhaust gases of vehicles with internal combustion engines and to produce
waste that must be disposed of correctly. A possible investigation solution is the
realization of electric motors through 3D printing. This would allow for reduced
production waste and new sustainable engines.

The combination of AM and finite element analysis and, in particular, topolog-
ical optimization affects not only the creation of new geometries for these objects
but improvements in performance with less waste of material and, therefore, less
weight of the objects. Examples of electrical applications were studied by Tiismus
et al [13] in which they present a comparison of the performance of a 3D printed

transformer with the same traditionally manufactured object. Naseer et al. [14] as

4



1.1 — Research Scope and Aim

well as Wrober et al. [15] presented a review on Additive Manufacturing possibility
on electrical machines in wich the recent publications on AM of the active and

passive part of the motor are presented. Fig 1.3 shows the results of these studies.

F

Stator and rotor assemblies for Induction motor

Figure 1.3: Examples of AM-built cores (Reported from: A Review on Additive
Manufacturing Possibilities for Electrical Machines)[14]

1.1 Research Scope and Aim

Based on what has been said in this chapter, the purpose of this thesis is out-
lined. The applications studied mainly concern small electromagnetic shields, plug
electromagnets, and transformers. The material used is a soft magnetic material,
FeSi2.9, which was found to be a good candidate for AM fabrication using powder
bed technology. The characteristics of this Fe-Si alloy are high electrical resistiv-
ity, helpful in reducing losses due to eddy currents that increase with increasing
frequency, and excellent magnetic properties. The LPBF was preferred over EBM
not only for economic and technical reasons but also because it reaches better res-
olutions and low surface roughness than EBM. This work aims to demonstrate the
potential 3D printing of ferromagnetic materials for electrical applications. Some
applications will be presented that will highlight the properties of printed pieces
compared with the same products using traditional techniques. The innovations
brought about by this research are many—first, the manufacture of components in
soft magnetic material using additive technologies. Second, new applications are

proposed concerning the rotors of electric machines already present in the literature.
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1.1.1 Research Objectives

The goals of this research are the following :

1.

Feasibility study to produce FeSi2.9 components through LPBF technique:
Find the correct parameters that achieve the best materials properties con-

cerning the target performance;

. Comparison between the 3D printed components and the same fabricated

through other methods, concerning the electromagnetic properties.

. Investigate the possibility of improving the performance of the components

through post-process treatments:

. The magnetic properties of the 3D-printed material are integrated into the de-

sign process, and assess how both the design strategy and material properties

affect the performance of the device as compared to the initial design.

. Investigate conductive materials to print with LPBF technique;



Chapter 2

Additive Manufacturing

2.1 Introduction

This chapter proposes the potential of additive manufacturing as a manufactur-
ing technology for electrical components. The first part is dedicated to an overview
of the technologies currently on the market that use metallic materials. Tech-
nologies dealing with polymeric materials will be excluded from this discussion.
Subsequently, the materials used for such applications (ferromagnetic and conduc-
tive) will be described. Finally, some applications presented in the literature will
be reported. The study will allow us to conclude that the active parts of electric
motors (rotors) and, for example, copper windings have a great potential to be
printed using AM technology. The LPBF appears to be the best option to achieve
this goal.

2.2 Additive Manufacturing Technologies

As mentioned in the introduction, AM has significant advantages. First of all,
design freedom, thus giving the objects produced new functional geometries at no
cost. In particular, it has been shown that using these technologies is advantageous
in terms of production costs if the geometry of the pieces is very complex, as they
would be costly if produced using traditional techniques. Since AM technologies
only add material where needed, no production line and direct operator control are
required. Figure 2.1 shows a graph representing the case in which it is convenient

to use Additive Manufacturing. It is noted that for low production volumes, the

7



Additive Manufacturing

technology compares favorably with the traditional one. As the production volume
grows, AM technologies are advantageous when the increased performance given
by complex geometry is more important than the unit cost. Another benefit of
AM is the simplification of the supply chain. Regarding the current obstacles
to AM technology, we have low productivity compared to traditional production,
high machine and raw material costs, and difficulty making AM components using

traditional software. The workflow of all additive technologies can be divided into

Conventional
manufacturing

Complexity
for free

—/ Additive manufacturing

Manufacturing costs per piece

Geometric complexity

Figure 2.1: Complexity for free using additive manufacturing (Reported from: Why
Education and Training in the Field of Additive Manufacturing is a Necessity )[16]

the following steps:

1. Creation of the object using CAD software. The topological optimization

algorithms are implemented in this phase to improve the piece’s structure.

2. Conversion of the CAD model into the Tessellation Standard Language format
(.STL). The conversion foresees that the surface of the model is replaced
with a triangular mesh in which a property is attributed to each node of the
triangle. Once in the .STL format, the model has oriented in the AM build
platform coordinate system. Support structures are introduced if there are

cantilevered structures or to remove the piece more easily.



2.2 — Additive Manufacturing Technologies

3. Loading the STL model into the machine. Once the STL model has been
oriented, supported, and divided into various layers, it can be sent to the

machine for production.

4. Setting of process parameters. The manufacturing process parameters, such
as the power of the heat source, and speed, are set concerning the desired
final properties of the constructed component (s), e.g., low surface roughness,
low porosity, and many other constraints, such as productivity. Optimal
parameters are generally unique to each material-manufacturing combination
of platform and part geometry and should be determined through a phase of

systematic optimization of the parameters;

5. Construction phase. The process is then started, and the part is created layer
by layer, depositing dust or metal material (depending on the AM technology

used ), according to the correspondent CAD model;

6. Removing the component from the build platform. Once the "job" is com-
pleted, the part will be detached from the printing platform by removing the

support structures;

7. Post-processing of the part. This last phase refers to many finishing proce-
dures required for a part to become operational. These may include milling,

polishing, thermal, and mechanical treatments.

Figure 2.2 shows the main commercially AM technique to produce metallic com-
ponents. This chapter aims to show AM’s potential for producing components for
the electrical sector, such as rotors for the electric motor, ferromagnetic shields of
electromagnetic fields, and copper windings. So only the processes that allow a
high density and an acceptable roughness will be treated in detail. From the table,
these are EBM, LPBF, and Binder Jet. The following sections will describe aspects

of these processes and a comparison of the three.
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Classification of
metal AM

Powde_r fra Sheet Lamination Ll Epfargy
Fusion Deposition

Binder Jetting

Powder Bed and Direct Metal Ultrasonic Electron Beam
Laser Sintering Consolidation Freeform
(DMLS) (UC) Fabrication (EBF)

Selective Laser Wire-Laser AM
Sintering (SLS) (WLAM)

Selective Laser Wire-Arc AM
Melting (SLM) (WAAM)

Electron Beam
Melting (EBM)

Figure 2.2: Classification of AM Technologies (Reported from: eview of Wire Arc
Additive Manufacturing for 3D Metal Printing)[17]

2.2.1 EBM

Figure 2.3 shows the schematic of the Electron Beam Melting (EBM) process.
The fabrication of the part happens in the build chamber. In order to not have
gases inside it, the "job" is carried out in a vacuum. Typically, helium insufflation is
done to avoid the electrical charging of the powder particles. The part is fabricated
over a plate that is preheated prior to the start of the build. The preheating of the
printing platform allows distension of the grains and eliminates residual stresses
during the manufacturing process, reducing post-processing times. The peculiarity
of the EBM process is the double scanning of the metal powder. In the first phase,

the electron beam is passed with low power and high scanning speed to heat the

10
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Figure 2.3: Schematic diagram of the EBM process (Reported from: Electron beam
melting)[18]

powder. Then the power of the electron beam increases, and the scanning speed
for powder melting decreases. The larger spot size of the electron beam compared
to the laser in the LPBF causes greater roughness in pieces produced by EBM, as

shown in figure 2.4.
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500 pm

Figure 2.4: SEM picture of the surface of the specimens a) EBM, b) SLM (the
arrow indicates the building direction) (Reported from: Comparison off Selective
Laser and Electron Beam Melted Titanium Aluminides”) [19]

2.2.2 LPBF
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Figure 2.5: Laser Powder Bed Fusion Process (Reported from: Focus Variation
Measurement and Prediction of Surface Texture Parameters Using Machine Learn-
ing in Laser Powder Bed Fusion)[20)]
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Figure 2.5 shows the LPBF manufacturing process. The working platform tem-
perature is 1/5 of the EBM, around 100 ° C in this case. The powder is melted
through a laser beam ranging from 100 to 1000W. The chamber is not vacuum-
packed but works by blowing Argon or Nitrogen gas. The surface roughness is
reduced compared to the EBM case, but the pieces require post-processing treat-
ments to reduce residual stresses. The latter causes cracks in pieces produced if
the machine parameters are not optimized. The reason why the productivity of the
EBM machines is higher than the LPBF. However, since there is no double pass of

the laser, the LPBF process is more practical, versatile, and less expensive

2.2.3 Binder-jet

It is an additive manufacturing method (AM) not based on the melting of the
powder by laser or electron beams. The printing takes place through a jet of binder
(BJ3DP), sprayed on the powder’s various layers, selectively joining thanks to the
densification process 2.6.

Bound Powder

Binder Jetting @
. Printing
Powder Spreading €@ Unbound - Spreading and
Powder | Binder Infiltration

Recoating Mechanism | N
\ Inkjet Printhead Solution
Stiff Blade  Compliant Blade Roller Recoater - \

~ \— —_—

e -

Ejected
Powder

Powder Compaction Bound
7 Object/Part Drying/Curing

' _ Dried/Cured

Binder

Build Platform

Figure 2.6: Schematic diagram of the Binder-Jetting process (Reported from:
laboratory-scale binder jet additive manufacturing testbed for process exploration
and material development )[21]

2.3 Physical Metallurgy of LPBF

The Laser Powder Bed Fusion (LPBF) is a manufacturing process that involves
different metallurgical mechanisms being present phenomena of melting and rapid
solidification, which determine the density of the material, the stress state, and the

microstructure of the final piece. These mechanisms affect the functional behavior
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of the finished product; therefore, it is necessary to describe them in this paragraph
and the different machine parameters of the LPBF technique. The notions intro-
duced in this chapter will lay the foundations for interpreting the behavior of the
FeSi alloy processed by LPBF in the context of this research work. The metallur-
gical mechanisms that come into play in the additive manufacturing of powder bed

metallic materials are:
e Melt-Pool and Pore Formation
e Residual Stress and Crack Formation
e Microstructure

A complete overview of the existing literature will describe each of these mechanisms

in the following paragraphs.

2.3.1 Melt-Pool and Pore Formation

The manufacturing mechanism of the LPBF process consists of the melting
through a laser source of the powder metal material to be processed. The interaction
between laser and metal powder leads to different thermal phenomena. As described
in [22], the area of the melting pool and the neighboring area affected by the heat
generated by the pool are identified. A qualitative image of this interaction is shown

in figure 2.7. During this interaction, certain phenomena may occur, such as:

1. Spatter: The expulsion of partially or melted particles from the melting pool.
The material’s surface is melted and, at times, vaporized into the plasma to
help the material absorb the laser. Under the blow-off impulse pressure, the
melted material is compressed to cause some liquid material to leave the
molten pool at a certain speed, thereby forming the spatter as reported in
figure 2.8
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Figure 2.7: Scheme of melt-pool and heat-affected zone during LPBF process (Re-
ported from: aser Polishing of Laser Powder Bed Fusion AISi10Mg Parts—Influence
of Initial Surface Roughness on Achievable Surface Quality)[23]

Scanning direction

| type spatter: Metallic jet

11l type spatter: Powder spatter

Powder

Figure 2.8: Formation mechanisms of different types of spatter: (a) morphology
of spherical splashing (type-I splashing); (¢) morphology of coarse spherical mor-
phology (type-II splashing); (d) morphology of irregular splashing (type-III splash-
ing).(Reported from: Mechanisms and characteristics of spatter generation in SLM
processing and its effect on the properties) [24]

2. The condensation of the vapors of metal generated in the vicinity of the

interaction zone laser-matter;
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3. Denudation: The movement of unfused powders due to the action of the

laser;

4. Balling : Surface tension, which concerns the spheroidization of the molten
metal, figure 2.9.The surface tension can cause the phenomenon of Balling,
preventing the molten material from binding to the underlying substrate and
causing the onset of Plateau-Rayleigh instabilities that lead to the breakage
of the molten track when the length-width ratio of the latter Cil is higher than
the viscosity of the liquid, as shown in Figure 2.10.

Surface roughness

Scan direction

\

Splash

5 L]
Balling effect'/ \

..;‘s 9 9? ‘."4
R _Layer thickness
_powderbed

Figure 2.9: Balling effect caused by high laser power. (Reported from: A short
review on selective laser melting of H13 steel) [25]

This leads unavoidably changes to the integrity of the powder bed, which after
a complete process of LPBF can present agglomerates of particles, partially fused
or oxidized particles partial / total, condensation of metal vapors and spatter [26].
Both powders move due to interaction with the laser (more or less accentuated)
than metal vapors that they condense and spatter; they redeposit on the dust sur-
rounding, going to modify locally some properties including surface morphology,
chemical composition (including the possible formation of oxides), particle size and
flowability [27]. This affects the entire bed fusion process dust, because the parti-
cles re-emitted from the melting zone and dispersed by the inert gas stream can be
melted in successive layers or in the one still under construction and be so present
in the manufactured piece; acting potentially as discontinuities and therefore pref-

erential sites of nucleation of cracks, they can bring the mechanical properties of the
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manufactured to be inferior (in some cases of fatigue life even dramatically lower)

than those of metallic material free of such impurities [28].

Gas
a b
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Figure 2.10: The schematic of liquid metal in the condition of (a) wetting and
(b) non-wetting.(Reported from: alling Behavior of Selective Laser Melting (SLM)
Magnesium Alloy)[29]

2.3.2 Residual Stress and Crack Formation

Residual stresses, defined as stresses of traction or compression to zero resulting
without any external load being applied, either this is due to a force or a thermal
gradient in a component that results in equilibrium. These generally arise dur-
ing the component manufacturing process and occur in well-defined areas having
their maximum close to the surface. [30] Such tensions are undesirable as they
lower the elastic limit of the material resulting in thus undesired deformation of
the component with consequent premature breakage. Tensions residual traction
reduces the mechanical performance of the material, its resistance to fatigue and
its corrosion resistance. However, residual stresses are not always harmful. The
residual compressive stresses many times have beneficial effects on the material,
since in the field elastic is added to the tensions generated in the points where the
load is higher, reducing the value. [30] Residual stresses are divided into categories
according to three main criteria: the cause which generates them, based on their
order of magnitudes, or the method by which they are measured. The causes of
residual stresses can be mechanical, thermal, or chemical. The mechanical causes
are due to mechanical processes carried out on the component, such as plastic de-
formation processes, which produce uneven deformations on the piece. Thermal
causes depend on heating cycles and uneven cooling or cooling at excessive speeds.
Chemical causes are internal volume changes due to chemical reactions or precip-

itation and the transformation of secondary phases. [30]. Based on the order of
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magnitude, their categorization is made in consideration of a parameter that takes
the name of "characteristic length," which is the spatial dimension within which the
internal stress state develops and balances itself. Based on this criterion, three are

defined different types of residual stresses:

o First type: stresses that affect several crystalline regions of the material and
originate especially following processes such as forging, rolling, finishing, or
following thermal processes such as welding and heat treatments. They result
from inhomogeneity between different crystalline regions with a fairly vast
extension and develop on a scale macroscopic enough to be analyzed using

traditional continuous models;

e Second type: tensions affecting a particular grain of the microscopic level
material and almost always exist in polycrystalline materials as properties
elastic and thermal vary between adjacent grains. This type of residual ten-
sion assumes significant value when the microstructure has more phases or

when it occurs a phase transformation;

o Third type: stresses in which the characteristic length is less than the grain
size Furthermore, we speak of stress on the nanoscale. They were tensions
generated by internal inhomogeneities of the grain and which are balanced

within it.

The residual stresses analyzed for which a solution is sought on the components
produced by AM, they are those of the first type, as they develop on a macroscopic
scale could compromise the surface and structural integrity of the parts. Tab 2.1
shows the most used measurement methods to evaluate residual stresses in AM:

In order to perform an excellent product and process design, it is important know

Methods | Penetration Resolution Accuracy Cost
Hole Size of

drilling hole dia. 50-100pm depth +50MPa Low

Curvature 0'1._0'5 of - Minimum measurable Medium
thickness

X-ray lateral. . . Neutron
diffraction Near-surface 20 pm depth +20MPa High diffrction
Volumetric 500um +40 - 1079 strain High

Table 2.1: Methods used for the evaluation of residual stresses in AM components
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the distribution of residual stresses within the component as those of traction can
change the static and dynamic properties of a material significantly. Their knowl-
edge also allows us to optimize the parameters of the process and also in situations
in which these are not avoidable, the knowledge of how they are generated and the
influence of the parameters of processing allows you to evaluate the extent, mini-
mize them and intervene with appropriate operations to reduce their effect during
subsequent processing. The thermal cycle to which the components produced by
LPBF are subjected is characterized by a localized heating in the area of the pow-
der bed that will be selectively fused, with an energy intensity that allows having a
temperature at least equal to the melting temperature of the alloy processed in the
machine, which will be followed by rapid cooling and obtaining an area solidified.
Moreover, the process involves the simultaneous melting of both the layer being
processed both of the underlying layers have already previously solidified, thus cre-
ating its partial remelting subjecting it to a new thermal cycle. The residual stresses
generated on the metal pieces processed are a significant problem, and excessive
thermal gradients and residual stresses can cause component distortion both dur-
ing the process, with part elevations and they can cause an imperfect spreading
of the powder bed or damage to the recoater is a distortion of the final compo-
nent that will not respect the tolerances geometric and dimensional requirements,
as well as partly the desired mechanical characteristics. The main mechanisms of
formation of residual stresses, which are often mentioned in the literature, are the
TGM (Temperature gradient mechanism) and the cooling phase model (cool-down
phase model) [31]. The TGM model states that, during the heating phase, the
source, which provides a high energy intensity to ensure the melting, quickly heats
the processed material that, due to thermal expansion, tends to expand. However,
its expansion is hindered by the surrounding material at a lower temperature. This
phenomenon creates compression tensions in areas that have undergone the ther-
mal process. Once the energy source and, therefore, during their cooling phase,
the heat-treated areas begin to cool, thus causing a localized shrinkage of the ma-
terial partially contained by the plastic deformation generated during the heating
phase. In this way, residual tensile stress is generated in the areas that have under-
gone the thermal process, balanced by areas with compression stresses. The second
model, on the other hand, mainly deals with the mechanism of formation of resid-
ual stresses in metallic AM processes, due to the process of making the component

layer after layer; in fact, for this reason, the previously melted material undergoes

19



Additive Manufacturing

due to the drafting of the next layer, a new cycle of melting and solidification. The
cooling to which the material after re-solidification leads to its shrinkage, which is
partially contained by the layer of previously deposited material, thus creating a
state in the newly created layer tensile stress. The following figure 2.11 graphically
illustrates the TGM model described above :

Oy -

Figure 2.11: Residual stress formation model: (a) heating, (b) cooling. (Reported
from: Residual stress analysis of additive manufacturing of metal- lic parts using
ultrasonic waves: State of the art review)[32]
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Although the models proposed in the literature give a valuable description of the
phenomenon for understanding the birth of residual tensions, in reality, the problem
becomes in the SLM more complex as the energy sources can be more than one, the
configuration of the path of the energy source and the heat transfer between the
melting point and the surrounding material can be quite complex [33]. The residual
stresses in a component produced by SLM are highly dependent on parameters such
as exposure strategy, laser power, and scan speed, but also by other factors, such as
the component’s orientation in the machine. As for the exposure strategy Kruth et
al. [34] studied its effects on distortion e deformation of the components produced
and saw that using an exposure strategy to islands (figure 2.12) allows reducing
the distortion of the pieces produced compared to others types such as continuous

or rotating the scanning angle between one layer and the next. Usually, different
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Figure 2.12: Example of a rotating island exposure strategy (Reported from: Scan-
ning strategy in selective laser melting (SLM): a re- view)[35].

materials have in the as-built conditions the maximum residual stresses of traction
along the construction direction (Z axis) just below the top surface, followed by
areas where residual stresses become compressive in the core of the piece, and
again traction in the lower surface [31]. The variation in the number of residual
stresses in the component can also be linked to the energy density supplied to a
specific area. The energy density varies from technique to technique since these
require different input parameters. Another important parameter for construction
optimization that affects the residual stress is the hatch distance. Sochalski-Kolbus
et al. [36] have demonstrated the residual stresses are greater in the regions where

there is an overlap of the wells of a merger as a recast takes place in these areas.
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2.3.3 Microstructure

The microstructure of a component made by additive manufacturing is dis-
tinguished by proper microstructure and surface morphology. The solidification
microstructure is the key to analyzing the properties and mechanics of a compo-
nent made by additive manufacturing. The laser provides high energy and therefore
induces very rapid heating, the fusion of the powder, and inevitably also rapid so-
lidification due to rapid cooling. The cooling rates are of the order of 103 - 108
% [37]. The presence of melt pools usually characterizes the microstructure and
arched structures of small dimensions (<1 mm) [38]. Instead of the conventional
solidification, dendritic structures typical of ferrous alloys, a cellular and directional
microstructure develops, devoid of secondary dendrites, as shown in Figure 2.13 a
and Figure 2.13 [39] for the 316L powder treated with laser sintering (LS) and laser
metal, respectively deposition (LMD) and in Figure 2.13 ¢ for the laser-processed
Fe-Ni-Cu-FeP alloy laser melting (LM) [40].

Figure 2.13: Example of a rotating island exposure strategy. (Reported from:
Scanning strategy in selective laser melting (SLM): a re- view)[35].

The gradients of the chemical concentration and temperature of the melt pool
cause a surface tension gradient, and the convection phenomenon of Marangoni [41],
from which a non-equilibrium solidification process follows. Processes with rapid
solidification are kinetically limited by the crystals, which increase according to the
direction of maximum thermal flow. The action simultaneous but antagonistic to
the two previous mechanisms, namely the solidification of non-equilibrium against
the tendency to directional growth localized; it can cause different crystallographic
directions, locally regular [42]. Therefore metal materials processed with additive
manufacturing they can have intrinsic anisotropic characteristics. Another essential
characteristic intrinsic to the components processed with additive manufacturing is

the microstructure change along the deposition direction. In a study by Hofmeister
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et al. [38], the variation of the cell dimensions of the alloys 3161 and H13 treated
with laser deposition of metals was analyzed. The different thermal cycles under-
gone by the various layers are the reason for the microstructure variation along the
component’s height, depending on the change in conduction, convection, and ra-
diation conditions. The process parameters strongly condition the microstructural
characteristics of a piece made by additive manufacturing. High temperatures are
maintained for a long time, with high specific energy and a high material deposition
rate (deposition rate/material addition rate); therefore, local temperature gradients
are limited. In this case, the grains are coarse and equiaxed in shape. Conversely, a
fine microstructure is formed with lower specific energies and deposition rates. Low
specific energy is obtained with a high laser advancement speed. In this case, the
profile of the melt pools narrows, the local temperature gradients increase along

the entire layer, and in most of the components, columnar grains form.

2.4 Effect of L-PBF Process Parameters on Build
Quality, Microstructures and Functional Be-

haviour

Additive manufacturing is a flexible and complex process even after many pa-
rameters are involved. Studies involving selective laser melting or powder bed fusion
usually set some parameters and then analyze the mechanical and microstructural
properties as a function of the parameters variables. Figure 2.14 lists some of the
primary process parameters and materials properties essential to the success of the
LPBF process.

Among the listed parameters, only the most relevant ones will be described,
which are normally subject to optimization. These are represented in figure 2.15

and are:
e Laser Power;
o Beam Size;
e Scanning Speed;

e Scan Hatch Spacing;
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LPBF Processing Parameters Materials Characteristics
Type of commercial equipment Particle morphology
Laser type Particle size and distribution
Laser power Chemical composition
Scan speed Absorptivity (or reflectivity)
Scan radius Melting temperature
Scan Hatch spacing Specific heat
Scan vector length Thermal conductivity
Layer thickness Viscosity
Processing environment Surface tension
Gas flow Emissivity
Heaters (bed temperature) Component ratio
Scan strategy Boiling point

Figure 2.14: LPBF process parameters and material properties influencing the
processing and densification [43].
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Figure 2.15: LPBF process parameters: laser power, scanning speed, hatch spacing,
and layer thickness.(Reported from: Laser Powder Bed Fusion of Potential Super-
alloys: A Review) [43].

o Powder Layer Thickness;

The heat generated by the laser source to melt the powder spreads inwards. For this
heat to be sufficient to bond the next layer to the previous one, a suitable combi-
nation of laser power and scanning speed must be found. This combination ensures
that there is thus sufficient energy density to bind the dust particles together. If
this is not achieved, the result is that of a partial melting which culminates in poor

densification of the piece. High laser energy values for low scanning speeds increase
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energy to the powder bed, causing a considerable temperature increase which in-
volves the presence of a liquid phase of the material. Appropriate increments of the
laser energy input lead to a high working temperature, which ultimately reduces
viscosity and surface tensions [44]. In addition, the high working temperature pro-
motes material transport thanks to the development of convective flows inside the
molten bath during the laser sintering process. This reduces the size and number of
inter-agglomerated pores, thus obtaining completely dense components. According
to Olakami et al. [45], at low scanning speeds with relatively high laser power, there
exists an optimum laser energy density at which the wettability of the liquid-solid
is more successful, so that the particles in the liquid are rearranged more appropri-
ately to achieve greater density. The increase in laser energy density after optimum
leads to a decrease in the sintering density. In this condition, an increase in laser
power increases the amount of liquid phase. However, the reduced scanning speed
can result in extensive material evaporation and the keyhole effect [46]. Similarly,
Yuan et al. [47] showed that there is a scanning speed threshold beyond which the
density of the materials also tends to decrease. A combination of low laser power,
high scanning speeds, and large layer thickness usually also culminate in insufficient
energy [45]. This is because, in this condition, the laser energy produced is low,
and the high scanning speeds lead to reduced interaction times. Therefore, under
high scanning speed and low laser power, the size of the molten pool formed will
be too small, limiting the contact area between the molten pool and the substrate.
This leads to a lack of wetting, creep, diffusion, and balling characteristics. [48]
The use of higher laser power and scanning speed increases the efficiency of LPBF
processes. As the scanning speed of the beam increases, the heat loss by conduc-
tion decreases, and the energy of the absorbed laser radiation goes directly into the
melting of the material [49]. Hence, the width of the scanned traces is comparable
to the diameter of the laser beam [50]. Poor spacing between scan layers often re-
sults in regular porosity in the built parts. Pores typically start at the single layer
level, and two scan tracks are distant [51]. They can be eliminated by overlapping
them appropriately. Increasing the overlap of the scans reduces the depth of the

melt or penetration pool which leads to less adhesion between the layers.
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2.5 Effect of Laser Scanning Strategy on the Den-

sification Mechanism

A scanning strategy is a way to build pieces by varying the orientation of the
laser. The scanning strategy affects the thermal properties of the piece under
construction. A correct scanning strategy choice allows the desired microstruc-
ture properties with a reduced presence of pores or internal cracks. Su et al. [52]
investigated the influence of four different scanning strategies (Figure 2.16) on com-

ponent construction [53]. The four scan patterns differ in build duration, deposited

1 23 45 1 23 45 1 4253 1 42 53
Pattern 1 Pattern 2 Pattern 3 Pattern 4
| Travel time minimum maximum

Figure 2.16: Four different scanning strategies. (Reported from: canning strategy
in selective laser melting (SLM): a review)[35].

layer thickness, and surface characteristics. Strategy 3 allows obtaining a deposited
layer more significant than the others. Furthermore, strategies 1 and 2 also have
unwanted surface irregularities. Other authors have experimented with standard,
diagonal, and perimeter strategies, as shown in the figure 2.17. The first two strate-
gies gave good results in uniform layering, while the last strategy was less successful
with distortions during construction. Another laser scanning strategy employed is
the "island" one [54],[55],[56]. In this strategy, the geometry is divided into squares
that form a checkerboard (figure 2.18). Each of the squares ('islands') is then
selectively fused randomly. Within each of the "islands," simple scan vectors are
used, alternating with of the main parameters, which are the "scan spacing" and the
"scan speed." The "island" technique reduces the residual stresses inside the final
component. The problem linked to this strategy lies in pores between the various

"islands," so post-process heat treatments are required to reduce these defects.
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Figure 2.17: LPBF scanning strategies: (a) standard, (b) diagonal and (c) perimeter
(Reported from: Laser Powder Bed Fusion of Potential Superalloys: A Review) [43].
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Figure 2.18: Schematic representation of the "island" scan strategy (Reported from:
Laser Powder Bed Fusion of Potential Superalloys: A Review)[43].
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Chapter 3
Ferromagnetic material for AM

The demand for next-generation, high-performance magnetic materials has risen
significantly with growing interest in electrification. Electrical machine design for
these applications faces challenges for the next generation of lightweight, ultra-
efficient electric machines. Additive manufacturing (AM) opens up new improve-
ments for the industrial manufacturing of electrical machines. The magnetic, elec-
trical, thermal, and mechanical properties of the magnetic materials are also greatly
influenced by the type of the AM method. With the ongoing evolutions, new com-
ponents will be produced using this technology as an alternative to the traditional
process. Similarly, in soft magnetic materials manufacturing, AM can provide the
design freedom to control physical properties. For example, AM can open up the
possibility of using various lamination thicknesses in electrical cores, teeth, and
yokes [57]. Similarly, AM can not only provide the net-shaping of complex machine
parts but also can facilitate the processing of higher quality alloys. Babuska et
al. [58] recently reported improvements in tensile strength and ductility in addi-
tively manufactured Fe-Co alloy. AM has shown a more significant potential than
conventional manufacturing to improve the functionalities of manufactured parts
and components in various applications such as medical, aerospace, and electrical
industries. The AM process for an electric machine core begins with generating
a prototype model using CAD software and implementing the 3D printing using
feedstock materials. AM is continuously evolving with the advancement of printing
technologies; however, because of the necessity of the use of hard and soft magnetic
materials in electrical machines along with copper wire insertion, a single-step fab-

rication of electrical machines is still a challenging future goal. Because AM can
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enable easy printing of thin-walled hollow structures of new materials with high
electrical resistivity, it offers excellent potential for core loss reduction. Even com-
plex core designs can be realized; for example, continuous skewing and complex
flux paths with integrated cooling channels can result in better-performing designs
with substantial cost and weight savings and reduced waste of critical materials.
Because AM allows a mix of different types of metal powders, higher-quality al-
loys, and the inclusion of binding agents, improved material properties are possible
by controlling grain texture and the grade of soft magnetic materials in specific

sections of the machine parts [59].
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3.1 Fe-Si alloys: Metallurgy, Magnetic Proper-

ties and Manufacturing Processes

Silicon steels are one of the most important classes among materials for mag-
netic applications [60]. Among these, alloys with Si content between 2.0% and 7.0%
by weight [61] guarantee excellent electromagnetic properties [62], such as to allow
their use in electric motors, generators and transformer cores [63]. Adding a small
percentage of Si leads to significant changes in iron’s physical, mechanical and mag-
netic properties. The most relevant effect concerns the electrical resistivity, which
increases by a rate of around 5 x 10-8 2m per percentage of solute. This generates
significant benefits in terms of reducing AC losses. The main factors that limit the
addition of Si are the reduction of saturation magnetization. The heterogeneous
formation of Fe-Si in ordered phases involves, in fact, severe embrittlement of the
material. The trends of the saturation induction and the elasticity limit for the Si

concentration are shown in the figure 3.1

400

3i (wi%)

Figure 3.1: Saturation polarization and elasticity limit as a function of Si concentra-
tion in Fe-Si alloys (Reported from: Metallurgy of high-silicon steel parts produced
using Selective Laser Melting) [60].

These alloys are used for transformer cores and are known as electrical steels. In
the power industry electrical voltage is almost always AC and at a low frequency,
50-60Hz. At these frequencies, eddy currents are generated in the transformer core.

Alloying the Fe with Si has a sizeable marked effect on the material’s electrical
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resistivity, with an increase of a factor of 4 for 3wt%Si. Silicon also has the benefit
of reducing magnetostriction (i.e., length change on magnetization) and the mag-
netocrystalline anisotropy. The addition of too much silicon makes the material
extremely brittle and difficult to produce, giving a practical limitation of 4wt% to
the amount of Si that can be added. Typically most electrical steels will contain
between 3 and 4 wt% Si. For transformer applications, the flux lies predominantly
in the length of the laminations; therefore, it is desirable to enhance the perme-
ability in this direction. This is achieved by various hot and cold rolling stages
to produce textured sheets, known as grain-oriented silicon-steel, with [001] the
direction in the length of the lamination. The <001> type crystal directions are

the easy directions of magnetization; hence, the permeability is greater. Figure 3.2
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Figure 3.2: The anisotropy of Fe and types of texture that can be achieved (Re-
ported from: Metallurgy of high-silicon steel parts produced using Selective Laser
Melting) [60].

It has been amply demonstrated that an alloy with 6.5% in weight of silicon

offers excellent magnetic properties ([64], [65]) such as high magnetic saturation,
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3.2 — Metallurgy Effects on the Magnetic Properties of Fe-Si Soft Magnets

low magnetocrystalline anisotropy, low magnetostriction and high electrical resis-
tivity ([63],[66]). However,alloys with Si content between 3.5-4.0% ([58]) are more
common. Alloys with high Si (Si content >4.5%) are intrinsically brittle and make
it difficult to manufacture magnetic components through conventional processes
([65],[67]). The progressive embrittlement of the FeSi alloy increases the Si content
and it is associated with the tendency to form phases sorted during cooling [68].
The FeSi alloy has a crystalline structure of body-centered cubic type (ccc); this,
in the solidification phase, undergoes a rearrangement of the Si atoms in the Fe
matrix, forming two types of ordered structures, B2 and DO3 ([69]). The move-
ment of dislocations in an ordered structure is known to create anti-phase edges
([70]) increasing the energy of the alloy and strengthening the same. Likewise, the
presence of ordered structures reduces the alloy’s ductility and limits its mechanical
workability at low temperatures. Some fundamental properties will be described in
this chapter in order to correlate the physical properties with the process param-
eters and the related microstructure. This description will allow us to understand
better the properties deriving from the production of FeSi2.9 through LPBF

3.2 Metallurgy Effects on the Magnetic Proper-
ties of Fe-Si Soft Magnets

The phase diagram of the Fe-Si alloy is represented in figure 3.3. The system is
body-centered cubic for a percentage of silicon greater than 2% (BBC).

The characteristic of this material, as well as all soft magnetic materials, is
to become magnetized when an external magnetic field is applied. This behavior
occurs because the domains align parallel to the applied magnetic field. As soon
as the external excitation is turned off, the domains return to their initial zero
energy condition. In nature, there are different crystallographic directions that
bring different properties to the material. The various crystallographic directions
are shown in the figure 3.4

Three fundamental directions can be distinguished, easy, medium, and hard
magnetization. Respectively the magnetic moments of each magnetic domain will
be aligned along the direction of the magnetic field at 0, 90 degrees, and 180 degrees.
The movement of the domains is opposed by defects in the microstructure that exert

an opposite force to their movement. The force applied is proportional to the size
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Figure 3.3: Phase diagram FeSi (left) atomic structure (right). (Reported from:
Review of Fe-6.5wt%Si high silicon steel—A promising soft magnetic material for
sub-kHz application ) [66]
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Figure 3.4: Phase diagram FeSi (left) atomic structure (right) (Reported from:
Review of Fe-6.5wt%Si high silicon steel-—A promising soft magnetic material for
sub-kHz application ) [66]

of the defects and is maximum when the defect is of the same order of magnitude

as the domain walls. The primary defects that can be found are:

o stress centres;

e grain boundaries;
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e point and line defects;
» precipitates, porosities

From this, it follows that the sum of three contributions describes the coercive
magnetic field:
Hc:Hco+Hcg+HCi (31)

Where:
e H., :contribution residual stress;
e H,, :contribution grain boundaries;
e H_;:contribution of non-magnetic inclusions;

The characteristic hysteresis curve of ferromagnetic materials is S-shaped, as shown
in figure ?? composed of the low value of remanence and coercitivity. When de-
scribed in equation 3.1, this implies that the components must be dense and have
few defects. The area inside the cycle represents the energy lost, so the smaller it
is, the less the losses will be.

Total losses in ferromagnetic materials consist of hysteresis losses and eddy
current losses. Figure 3.5 shows the trend of losses as the grain size varies. The
graph shows that the hysteresis losses are high for small grain sizes. As the size
increases, the total losses decrease until there is a trend reversal compromising the
efficiency of the material. For frequencies around 50 Hz, the grain sizes must not
exceed 5-7 mm, while for frequencies higher than 400 Hz, the grains must have
dimensions below 100 micrometers. One of the challenges to be overcome is to

guarantee the same properties in every direction of the component
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Figure 3.5: Total loss variation with grain size (Reported from: Annealing of elec-
trical steel)[71]

3.3 Effects of %Si on Fe Properties

In this paragraph, the percentage by weight of silicon is described to optimize
the magnetic properties of the final alloy represented by saturation magnetization,
total losses, maximum permeability, coercivity, and hysteresis losses. In figure
3.6, it is highlighted how all the other properties increase with the increase of the
Silicon content except for the magnetization at saturation. In particular, the best
percentage from the point of view of losses is around 6.5%. The positive effects
of the high silicon content are given by the increase that the last places on the
electrical resistivity. Although the magnetic properties improve, the mechanical
ones deteriorate. The yield and tensile strengths fig.3.7 increase until 4.5% after
that, they begin to deteriorate. This alloy is challenging to work on because of the
high ductility for a percentage of silicon higher than 5%. For this reason, most of

the FeSi alloys are composed of a percentage of Si lower than 3.5%.
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Figure 3.6: Effect of Si content on magnetic properties of Fe (Reported from:
Metallurgy of high-silicon steel parts produced using Selective Laser Melting)

3.4 Losses in magnetic materials

When subjected to an alternating magnetic field originating from alternating
currents, in ferromagnetic materials, there are energy dissipations due to the ir-
reversibility of the material’s magnetic domains. The two main phenomena that

oversee this loss of power are:
o Magnetic hysteresis;
o Eddy currents

The power losses caused by the magnetic hysteresis are directly related to the
energy expended in the volume unit of material so that it completes a complete

magnetization cycle. The specific losses due to magnetic hysteresis P;(W/kg) are
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Metallurgy of high-silicon steel parts produced using Selective Laser Melting)

expressed as follows:
P=K, B"f (3.2)

The direct proportionality with the excitation current frequency, generating the
magnetic field that varies over time, is highlighted. The approach to limit this loss
contribution is essential to opt for a material with the hysteresis cycle as narrow
as possible: we are talking about the material with a homogeneous structure, very
high purity, and modest internal stresses. Elements such as silicon, phosphorus, and
aluminum, are commonly added in alloy to iron to meet the prerequisites mentioned
above.

The second contribution ( the power losses due to eddy currents) is because, in a
ferromagnetic material, a time-varying flux induces, according to Lenz’s law, an
electromotive force (f.e.m.). The latter tends, moment by moment, to counteract
the variation of magnetic flux. In the sinusoidal regime, it is proportional to the
pulsation w of the variable magnetic flux, therefore to the frequency and amplitude

of oscillation and the magnetic induction B.
fem x wB (3.3)

In Figure 3.8, there is a schematic representation of the phenomenon. The ferro-

magnetic material, being electrically conductive, is the seat of circulation currents,
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3.4 — Losses in magnetic materials

generated by the f.e.m. induced, which have their closed paths on planes perpen-

dicular to the magnetic flux.

Figure 3.8: Eddy current circuits (black lines) within a massive ferromagnetic ma-
terial

These eddy currents, which are limited by the ohmic resistance offered by the
material, cause a power loss contribution due to the Joule effect, which can be
expressed as follows:

P.= x (3.4)
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Chapter 4

Experimental Methods for the
Laser Powder Bed Fusion of

Silicon Iron

4.1 Introduction

This paragraph describes the methodology adopted for the realization and char-
acterization of the iron-silicon components produced by the LPBF technique. A
description of the LPBF system used, the raw material, and the samples produced
for the print characterization is provided. Subsequently, the printing strategies
studied to obtain a density close to 100 % and the thermal treatments for the re-
laxation of the grains will be illustrated. Finally, the samples and techniques used

for magnetic characterization will be described.

4.2 Description of the L-PBF

Samples for magnetic characterization were manufactured with a LPBF sys-
tem with open architecture (figure 4.1. The system is equipped with a fiber laser
source (Corona nLIGHT AFX 1000, nLIGHT Inc, Vancouver, Washington, USA),
operating with a wavelength of 1070 nm (£+10 nm), maximum power of 1000W,
and a theoretical waist diameter of 47 pm in the focus position. The laser source
can operate either in Pulsed Wave (PW) or Continuous Wave (CW) emission by

power modulation. Before manufacturing, the building chamber is filled with Ar.
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Experimental Methods for the Laser Powder Bed Fusion of Silicon Iron

Throughout the experimental activity, ferromagnetic samples were built upon stain-

less steel substrates.

Figure 4.1: LPBF System

4.3 Fe-Si2.9% Powder

The Fe-Si2.9% Powder was utilized for its electromechanical applications. Al-
though a greater quantity of silicon increases electrical resistivity and therefore
improves the losses of the components, as a first investigation, it was decided to
proceed with an alloy with a low silicon content Fig 4.2. The powder in question
is available on the commercial market, representing a significant advantage from
an industrial point of view. The sphericity of the acquired powders was checked
through a scanning electron microscope (SEM). Before its use, drying was carried
out to eliminate the humidity present. This step improves flowability and avoids

areas of air present inside the cast parts.

Chemische Analyse in Gew.%

G | Si Fe
st 0008 | 3,12 Basis
[™in | | 270 Basis
MMax 1002 | 330 Base |

Andere: <0,2% (einzeln); <0,5% (gesamt)

Figure 4.2: Iron Silicon Alloy
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4.4 — Sample Types for printing characterization

4.4 Sample Types for printing characterization

Two types of samples were produced (see Fig 4.3):

o Cubes (DOE) to analyze the density and then characterize the machine pa-

rameters

o Toroidal-sized samples comply with the standards for magnetic measure-

ments.

((a)) Ring samples ((b)) Cubes samples

Figure 4.3: Samples of FeSi3% produced by LPBF

To study the magnetic properties of the material and the influence of the machine
parameters on it, a small toroid was printed along the Z direction of printing with
the following dimensions: outer diameter 13.35 mm, inner diameter 9.58 mm, and
thickness 2.25 mm The printed samples were made by anchoring them to the print-
ing platform employing support structures to facilitate their removal and decrease

warping.
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Figure 4.4: Little Ring samples

4.5 System Settings for Silicon Iron Processing

The optimal machine parameters for printing this material were chosen through
the realization of the DOE and subsequent study on the density of these cubes.
From an electrical and magnetic point of view, the best performances are obtained
for low porosity and crack values because in the presence of these factors the mag-
netic domain move with difficulty. Therefore, several samples were produced by
keeping parameters such as laser beam focus position, hatch-spacing, scan dis-
tance, and layer thickness fixed and by varying others such as laser power (P) and
scan speed (v). As for the scanning strategy, at each layer, the scan rotated by 67

°. The parameters chosen by this study for printing the toroids are shown in Tab.1:

PARAMETER LEVEL
POWER, P, (W) 200
SCAN SPEED, V, (mm/s) 800
HATCH DISTANCE, HD, (pm) 70
LAYER THICKNESS, Z, (jm) 30

4.6 Heat-treatment of the Manufactured Parts

To study the effect of the annealing temperature on the microstructural evo-
lution and on the magnetic and electric properties of the samples, the cubic and
the ring samples were annealed at four different temperatures 400°C, 700°C, 900°C,
1200°C. The micrographs in figure 4.5 show the grain structure of the samples in
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the as-built condition and after heat treatment at 1200°C in vacuum 1h. It is
possible to see how the heat treatment stretches the grains, making the microstruc-
ture more homogeneous, but not the size of the grains, even if they are prominent.

In particular, while the largest grains are predominantly equiaxed, much smaller

grains are also visible, suggesting the incomplete recrystallization process. As re-

((a)) As—Built ((b)) As-Built

| ((c)) Anealed ((d)) Annealed

Figure 4.5: The average and standard deviation of critical parameters: Region R4

ported by Garibaldi et al.[72], the annealing does not significantly alter the <001>
texture induced by LPBF along the Building Direction (BD). This phenomenon
is positive as it allows to apply of heat treatment at high temperatures without
compromising the crystallographic texture induced by the LPBF construction. In
conclusion, the LPBF technique has the potential to manufacture grain-oriented
iron silicon steels for magnetic applications. The <001> directions are the "easy
axes" of magnetization, and the grain size after annealing is desirable for magnetic

applications.
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4.7 Characterisation of the Magnetic Properties

The material’s magnetic properties were evaluated following the IEC 60404
series standards for the AC and DC measurement of the magnetic properties of
soft magnetic materials using ring samples. The measurements were carried out
on the as-built toroids and those after the various heat treatments illustrated in
the previous paragraph. These measurements were done to evaluate the influence
of annealing on the material’s magnetic properties. In addition to evaluate the
hysteresis cycle through a coercimeter, it was possible to evaluate the variation of

the value of the coercive field as a function of the heat treatment.

4.7.1 Measurement of the Magnetic Properties

The apparatus used to evaluate the magnetic properties is illustrated in fig-
ure 4.6. A power amplifier increase the signal produced by a DC and AC voltage
generator with the current il = vl / R1, where V1 is the voltage given by the
voltmeter connected to a shunt resistor R1. The measuring system is controlled
through a LabView application. The magnetic field H is then evaluated using the
formula H = N1 *I1 / 1, where 1 is the average magnetic path length. The induced
magnetic field B produces a voltage on the terminals of the secondary connection of
the windings. The induced voltage is then integrated by a fluxmeter whose output
is sent to the LabView application. This output voltage is evaluated as B = kV2 /
AN2 + B0, where k is a calibration constant of the fluxmeter and B0 is the initial
magnetization value. In the case in question, before the test, the samples were
demagnetized for which the initial value of BO was zero. The repeatability of the
measurements was confirmed by carrying out three measurements for each sample.
Considering the AC measurements, the parameters of interest are the specific losses
in the material and the magnetic flux density. The tests were conducted at differ-
ent frequencies, between 10 Hz and 1 kHz. The measurements were limited to an
excitation field peak of 6500 A /m or a secondary voltage peak of 10 V. The toroidal
sample was equipped with two windings: the secondary one, thinner, directly on
the sample surface, and the primary one on top of the former. The Comparison
between the measurements conducted before and after the heat treatment shows
different properties of the material. The main differences involve the maximum
magnetic permeability and the total iron losses. The magnetic permeability before

the heat treatment is lower than expected for the adopted powder composition,
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E! Power Supply Amplifier
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DAQ
Amplifier 4]
Ammeter

Figure 4.6: Experimental setup used to perform magnetic measurement on toroids
samples (Reported from: Effect of the Temperature on the Magnetic and Energetic
Properties of Soft Magnetic Composite Materials)[73].

PC
LabView

mainly showing a poorly relaxed state of the crystal lattices. Consequently, the
magnetization curves are too narrow and smooth. The maximum magnetic per-
meability value is 748 and magnetic induction. The results obtained are reported
in figure 4.7 and 4.8 The magnetic permeability rises consistently after the heat
treatment (Fig. 4.8(b)), bringing the hysteresis contribution to the iron losses to
very low levels. The maximum magnetic permeability after the heat treatment
corresponding to 3224 and magnetic induction show values greater than 1.2 T (Fig.
4.7(a)). The total iron losses after the heat treatment surprisingly decreased at
all frequencies and for any peak induction value, as reported in Fig. 4.9(a) and
Fig. 4.9(b). So the heat treatment benefits fully compensate for the reduction in
global electrical resistivity. The hysteresis cycles before the treatment are reported
in Fig. 4.10(a); it is possible to note the high presence of hysteresis losses and the
contribution of eddy currents. The complete cycles at 1 T show a strongly reduced
electrical resistivity, typical of a fully sintered internal structure (Fig. 4.10(b)), in
which the central part of the iron losses is dynamic and originates from the eddy
currents. The particular additional investigation concerns the maximum magnetic
permeability as the function of the frequency, as shown in Fig. 4.11(a). The reduc-
tion is more pronounced after the heat treatment, and at 100 Hz, the reached value
is 50% compared to the maximum one. A similar percentage decrease is obtained
at 400 Hz for no heat treatment. The iron losses @1T for various frequencies are
shown in Fig. 4.11(b). The values for with and without heat treatment are very

close, whereas the values corresponding to heat treatment are minor.
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((b)) Magnetization curves at different frequencies for FeSi2.9 toroid
with the treatment at 1200°C

Figure 4.7: Results of magnetic ring test analysis: Magnetization curves at different
frequencies for FeSi2.9 toroid
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Figure 4.8: Results of magnetic ring test analysis: Magnetic permeability as a function
of magnetic field H at different frequencies for FeSi2.9 toroid
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for FeSi2.9 toroid
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Figure 4.10: Hysteresis cycles at different frequencies for FeSi2.9 toroid
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Figure 4.11: Comparison between magnetic properties before and after annealing
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4.7.2 Coercivity Measurement

The coercivity value (Hc) measured in a very slow transient is highly related
to the area of the hysteresis cycle. A controlled power supply, an excitation coil,
and two sensing coils are the main parts of the adopted coercimeter (Fig. 4.12).
The maximum magnetic field value reached in the saturation phase is 100 kA /m,
while the He point is reached in 10 seconds, limiting most of the eddy current
contribution. In Table 2, the results established the expected material behavior:
an important depletion is evident in the residual stresses due to the fast cooling
cycles induced in the LPBF process, as can be seen by the strongly reduced values
of the thin and thick bars. This efforts should be better investigated in the future,
as it can be related to the specimen shape or the printing conditions of such a small

shape.

Figure 4.12: Coercimeter measurement
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Specimen Shape No treatment (A/m)  Treatment at 1200°C
in vacuum (A/m)

212 85.6

151.6 94.6

Table 4.1: Coercitivity measurements of FeSi2.9 samples
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Chapter 5
Electrical Application

After the studies conducted on the magnetic characterization of the printed
material, the possible applications were considered. There are many cases in which
the realization of the rotor for electrical machines, or transformers, was considered
like application. In this chapter, the cases found in the literature will be briefly
described, and new applications will be presented that, up to now, have not been

considered(Electromagnetic device, Electromagnetic shield)

5.1 Electromagnetic device

One of the produced FeSi2.9 samples is the cursor for a small magnetic piston.
This device is based on a coil, magnetically pulling a solid inner cursor. The
used model is of the single effect type, thus including a counteracting spring. The
nominal voltage of the device is 12 Vdc. After the LPBF process, the sample needed
to be machined to obtain smooth surfaces and the thread for the end damper and
nut, because due to their small size it was not possible to include them in the
print(Fig. 5.1).

The tests on the device with the original and the newly produced rods, shown in
Fig. 5.2, led to a direct electrical and mechanical comparison between the materials.

During the tests, a voltage step at the nominal level (12Ved) caused the cursor
movement until the natural stop position (Fig. 5.3).

The recorded voltage and current waveforms are shown in the figures (Fig.
5.4(a),Fig. 5.4(b), and Fig. 5.4(c)). Due to the low force on the FeSi cursor, the

spring was not included in the setup. The initial cursor position was moved from
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sl e

((a)) Removal of front roughness ((b)) Removal of side roughness

Figure 5.1: Machining of the sample

((a)) ((b))

Figure 5.2: The original and FeSi2.9 plunger (a) and solenoid closing system (b)

the completely open one to an intermediate level so that the total stroke was, 10
mm. In the first transient test, the coil had no cursor inside, so only the electrical
contribution to the current transient is visible (Fig. 5.4(a)). The presence of the
cursor in the second and third tests changed the current waveform, showing the
cursor travel phase and the time at which the movement was completed. The
latter can be easily detected as the last current slope inversion, after which the
current complete the exponential transient following the higher final inductance
value. The main result is to show that the lower force acting on the FeSi rod
causes a reduced acceleration (Fig. 5.4(c)), with a longer travel time, concerning
the original rod (Fig. 5.4(b)). Future improvements to the test bench could lead
to the measurement of the transient speed trend or the force acting on the cursor

at different positions.
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Figure 5.3: Plunger closing measurements: original (a) and FeSi2.9 (b)
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57



Electrical Application

5.2 Electromagnetic shield

5.2.1 Magnetic Shielding Theory

Most electromagnetic shielding is made from conductive or ferromagnetic mate-
rials. It should be noted that in the case of ferromagnetic materials, the permeabil-
ity 1 decreases with frequency. Presently, low frequency magnetic field shielding
is a topic of interest for various applications, ranging from mitigating power line
sources to protecting sensitive instrumentation. At low frequencies, the magnetic
field is due to the electric current flowing in conductors of various geometries or to
the magnetization of nearby ferromagnetic materials. The usual strategy to reduce
quasi-static magnetic fields is to insert a shield of appropriate material whose prop-
erties are used to alter the spatial distribution of the magnetic field. The shield
causes a change in the pattern of the field, deflecting the lines of magnetic induction
away from the shielded region. A measure of the effectiveness of a shield in reducing
the magnitude of the magnetic field at a given point is the shielding effectiveness
SE, defined as: SE=|B 0(x,y,z)|/|BS (x,y,2)| Where B0 is the magnetic induction at
a certain point when the shield is absent, and BS is the equivalent with the shield
applied. When the shield is applied, the magnetic flux lines generally depend on the
geometry of the shield, the material parameters, and the frequency. In addition,
shield thickness is also another key factor; if working at a frequency such that the
magnetic field is penetrating, a thicker shield leads to better shielding. The phys-
ical mechanisms that come into play when shielding low-frequency magnetic fields
are flux shunting and eddy current cancellation. Ampere’s and Gauss’ laws deter-
mine the mechanism of flux shunting. To satisfy both conditions simultaneously,
the magnetic field and magnetic induction can change direction when crossing the
interface between two different media. At the interface between air and a ferromag-
netic shielding material with a large relative permeability, the field and induction
on the air side of the interface are pulled toward the ferromagnetic material almost
perpendicular to the surface. In contrast, on the ferromagnetic side of the interface,
they are led along the shield almost tangentially to the surface. The overall effect
of the shielding structure is that the magnetic induction produced by a source is
deflected into the shield, then deflected within the material in a direction almost
parallel to its surface, and finally released back into the air. Due to a time-varying

incident magnetic field, the current cancellation mechanism is determined by the
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5.2 — Electromagnetic shield

eddy currents formed in the shield material. As described by Faraday’s law, when
the shield is exposed to a time-varying magnetic field, an electric field is induced
within the material. When the shield is highly conductive, an induced electric cur-
rent density is driven as described by Ohm’s law. The induced current density gives
rise to a magnetic field opposite the incident field, which is then repelled by the
metal and forced to run parallel to the shield’s surface, producing a small magnetic

induction within the metal.

5.2.2 Case study

A shield with ferromagnetic material (FeSi2.9) was produced using the LPBF
technique taking as a geometric reference an actual conductive shield of a rele. The
chosen growth direction of the shield on the print bed is that in the x-y plane. The
system was characterized using two different sources of magnetic field excitation
DC and AC / DC, considering two different orientations, Z and Y, as described in
Fig.5.5

Figure 5.5: FeSi2.9 Shield

Measuring apparatus

The measurements were made considering two different directions of the mag-
netic field. Along the Z and Y axis. In Fig. 5.6, the structure used for the
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measurements is shown. The reported results are calculated using three configura-

Figure 5.6: Measuring Apparatus

tions: traditionally manufactured aluminum shield, additively manufactured ferro-
magnetic shield, and additive manufactured ferromagnetic shield after annealing at
1200 ° C for 1h in vacuum. To evaluate the shielding performance of these objects,
a parallelepiped in PLA was made using the FDM technique with three holes for
inserting the probe at different heights inside the shield, as shown in Fig.5.7.
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5.2 — Electromagnetic shield

Figure 5.7: Probe Support Structure

DC Magnetic field excitation

Fig.5.8 shows the measurements made using a permanent magnet as a source
of the DC magnetic field. What is noticed in both cases is the anisotropic char-
acteristic of the material. The reason for this is that the growth direction of the
workpiece in the printer coincides with the direction of easy magnetization of the
material; this was demonstrated in [60]. So, the SE values are much higher in the
axial direction than in the transverse direction. Although the properties of the part
produced in AM are not performing than the aluminum shield (see orange and blue
column, respectively), this cannot be said after heat treatment (grey). This type
of heat treatment can increase the electrical and magnetic properties of the piece
due to the microstructural change described in section II, thus favoring an increase

in the shielding properties.
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Figure 5.8: SE DC excitation Axial and Transverse dircetion

AC/DC Magnetic field excitation

With the alternating current power supply, phenomena described in paragraph 1
contribute to better shielding of the external field. Also, in this case, the heat treat-
ment’s improvement effects and the shield’s anisotropic characteristics are noted in
Fig.5.9 and Fig. 5.10.
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Transverse direction AC/DC point 1
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5.3 Results

Comparing the graphs for the case in DC and the cases in AC / DC, it is possible
to say that:

o In stationary conditions, for all measuring points, the ferromagnetic material
in the as-built condition has a shielding factor comparable to the traditionally
produced shield. On the other hand, after heat treatment, the value of SE
increases enormously for measurement point 1, the deepest one and therefore
closer to the screen, compared to the other two measurements for the axial

and transversal case.

o The different values for the axial and transverse cases are due to the anisotropic
characteristic of the printed component. This is a significant result to be taken

into consideration for the correct design of future AM-produced shields

o For cases in alternating current, what has been said in the previous points
is valid; moreover, additional considerations can be made. In particular, it
is possible to notice the effect of eddy currents which, although considered

losses, in the case of shielding, help to increase the shielding factor.

« For the case of axial measurement in AC / DC, referred to as measurement
point 3; it is possible to notice a different trend compared to the previous
points. This inversion is because point 3 is located near the edge of the
screen. Therefore, in addition to the dissipative effects for eddy current, the

effects at the edges increase the shielding factor at that point.

 Finally, taking into consideration the transversal cases carried out in AC /
DC, we can conclude that in this direction, the eddy current losses are higher
than the axial cases; therefore, both in the as-built and annealed conditions,
there is a more significant shielding factor. This feature is due to a different

microstructure between the base of the shield and the walls of the same.
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5.4 Conductive Material

With the recent technological implications, enormous scientific interest has been
shown in manufacturing copper components for electrical applications. Several
copper alloys are available on the market with different conductive and mechanical
properties. Pure Copper, interesting for its electrical and thermal conductivity
properties, can be printed with a density close to 100% if a green laser is used
as a powder melting source. Among the recent applications that are best suited
both for the use of technology and for the properties deriving from the printing of
this material, we find heat exchangers and inductors for inductive heating, stator,

or rotor windings. The figure 5.12 shows some application examples. On this

¥ b
Tl 8
Pure Copper % CuCrZr w CuNi2siCr y

Conductivity Conductivity —— Conductivity —

Productivity ' Productivity S Productivity —

Mechanics — Mechanics — Mechanics —

Ea W -
eon ¥ g & —

Figure 5.11: Example of applications of Copper(Reported from: eos.info)

front, the printed material was also characterized to verify its electrical properties.
The copper alloy used is CuNi2SiCr. Different samples were made for different
characterizations, as reported in the figure. The results show that this copper
alloy is more suitable for mechanical and thermal than electrical applications. The
tests concerned the measurement of the material’s resistivity on a bar of the same
material by means of a four-wire test using a system consisting of the following two
PC-controlled instruments: Fluke 5720A multi function calibrator - sn 7415202,
working as a direct current generator and Keythley 2002 digital multimeter - sn
0640745, used as a direct voltage meter. The program makes successive polarity
changes on the current, in order to allow the elimination of offsets due to the
multimeter. The four-wire test is reported in fig 5.13, it consist by passing a

current through two outer probes and measuring the voltage through the inner
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Figure 5.12: Example of Copper samples

probes. Using Ohm’s second law (5.1), it was possible, knowing the geometry of

the piece, to derive the resistivity of the material and so the electrical conductivity.

Figure 5.13: Four wire test (Reported from:https://www.pveducation.org/pvedrom /characterisation,
point-probe-resistivity-measurements)
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[

The value of electrical resistivity measured for this copper alloy is equal to 4.77 -
1077S/m

68



Chapter 6
Non-destructive testing

The lack of robustness, stability, and repeatability of AM processes means that
the presence of defects is still too high compared to conventional production sys-
tems. The review article by Grasso e Colosimo [74] offers an overview of the different
types of defects and their causes, which is useful to recall. In PBF processes, which
include SLM and EBM technologies, they can be various types of defects were found

due to different generation mechanisms:

o Porosity. It consists of voids (cavities) within the massive molten material.
These gaps can be found in a layer, between adjacent layers, or on the outer
surface of the part. Pores can be spherical or circular (those between the
layers) and have a size of a few microns. Porosity has a strong impact on the

growth rate of the cracks and, therefore, on the fatigue performance.

o Balling. It consists of forming fused spheres, which occurs when the molten
material solidifies into spheres instead of in solid layers and constitutes a
severe impediment to the connection between the layers. Surface tension
guides the balling phenomenon, preventing the molten material from wetting
the underlying layers. Balling can increase the surface roughness, as many
pores can form between the metal spheres, while the spheres protruding from
the layer of dust can interfere with the movement of the powder deposition

system.

e Residual stresses, cracks, and delaminations. These defects are due to the
onset of thermal gradients and the cooling phase of the melted layers. De-

laminations are particular types of cracks that arise and occur to propagate
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between adjacent layers.

o Geometric defects and dimensional accuracy. They consist of geometric and
dimensional deviations (shrinkage, dilation, and distortion) from the nominal
model. Various types of distortions (curvature, raised edges) deteriorate the
surface topology and the part’s dimensional accuracy. Such defects can worsen
the stepped profile due to the layer-by-layer production of curved and inclined
surfaces (stair-stepping effect). When the elevated vertices protrude from the
dust bed, they can interfere with the covering system. Other types of critical
distortions are the formation of thin walls and surfaces protruding and acute
angles. In such regions, the molten pool is surrounded by dissolved dust,
which has conductivity lower than the solid material. The lower thermal flow
causes a local overheating phenomenon which can deteriorate the geometric

accuracy.

o Superficial defects. The surface roughness is due to two contributions, the
stair stepping effect and the roughness of the surface of the metal consti-
tuting the substrate. The surface finish depends on the orientation of the
surface relative to the growth direction and affects the fatigue strength of the
part. The balling effect can also produce a defective surface, which hinders

obtaining smooth surfaces.

o Inhomogeneity and microstructural impurities. PBF processes involve highly
localized heat inputs during the short times of beam-material interaction,
which significantly affect the part’s microstructure. The microstructure ob-
tained by PBF processes differs from that obtained through conventional
processes. There is a relationship between the microstructural properties and
the formation of micro-pores, cracks, and residual stresses. Inhomogeneities
of the structure include impurity, differences in the size of the grains, and
differences in the crystallographic texture. The impurity of the material is
represented by inclusions, contamination from other materials, and the for-
mation of surface oxides. The presence of unfused powders inside the pores or
in the form of lumps is responsible for the premature rupture of the samples

due to the reduction of the useful section.

Defects in metals produced for AM can be grouped into the following categories

according to their origin and cause: defects induced by the equipment, the process,
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the model, and the supply of the material.

o Defects induced by the equipment. Defects due to the instrumentation are
mainly attributable to the beam deflection and scanning system, environmen-
tal control of the work chamber, collection e powder treatment and deposition
system, and insufficient substrate thickness. These problems can lead to a
lack of fusion and produce different defects, including porosity and poor geo-
metric accuracy. Contamination by gaseous products or the energy reflected
by the powder bed can affect the local energy distribution of the beam. Even
small changes in the oxygen composition can cause significant changes in the
molten pool and affect the stability of the process. The oxygen content in the
chamber is critical for generating the balling phenomenon. Defects associated
with distortions, deformations, delaminations, and cracks are affected by the
thickness of the substrate and how heat from the process is dissipated through
the substrate. Preheating the powder bed is essential for lowering thermal
gradients and tensions. Incorrect dust deposition can create irregular layers
of dust, which hurt the physical interaction between the laser beam and the

material.

o Process-induced defects. Defects caused by errors in the process are associated
with the interaction between the beam, the melted powder, and the previously
melted material. The scan strategy affects the temperature distribution on
the slice and the generation of porosity and voids and could lead to the
onset of tension residuals. Improper strategies can result in the generation of
overhead vertices and affect their microstructural properties. The thickness
of the layer influences the residual stresses in part and the initiation of the
balling phenomenon. Process parameters, scan strategy, pore morphology,
and component performance also affect the density of the part. The laser
power, the scanning speed, and the distance between the traces determine the
energy density. There is a correlation between energy density and component
density, which allows the identification of a window of process parameters
corresponding to good density and quality of the part. Another source of
defects is related to the expulsion of particles and liquid metal due to the
interaction between the beam and the material. When splashes fall onto the
dust bed, they can produce two types of defects: voids and discontinuities in

the material.
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o Model-induced defects. The errors induced by the design choices implemented
in the model can be carried out in the design of supports and sacrificial el-
ements and the part’s orientation concerning the substrate and the refer-
ence system of the machine. The anisotropic behavior of the product final is
strongly related to the construction direction of the part, which eventually

influences its own physical and mechanical properties.

o Defects induced by the supply of material. The quality of the powder is di-
rectly related to the process production. Flowability and bulk density have the
greatest impact on product quality. Particles spherical and smooth enhance
these two properties of the powder. Metal powders can be contaminated by
moisture, organic compounds, adsorbed gases, oxide films, and nitrites on
the surfaces of particles. Such contaminations can degrade the consolidated

component’s mechanical properties and geometric accuracy.

6.1 Experimental methodologies for evaluating the

quality of products. Non-destructive controls

The use of AM processes has great potential for manufacturing high-value, com-
plex parts customized and could revolutionize the production of parts in frontier
sectors like that electrical, allowing the introduction of products with "design con-
straints" such that they cannot be manufactured using conventional processes, re-
ducing waste (green manufacturing), eliminating the dependence on original equip-
ment manufacturers (OEMs) for spare parts and extending the life of components
in service through methodologies of innovative repairs [75],[76]. However, industry
adoption of AM-made parts is slow due to the ambiguity in current validation and
verification approaches, which are intimately related to the ability of the NDT.
Existing non-destructive investigation methods and techniques are not, in general,
optimized for processes, materials, or AM parts [77]. Furthermore, the application
of ND in situ investigation techniques during the AM process is relatively new and
needs further research. Conventional ND techniques for post-treatment checks of
parts finished made by AM are demanding and have not yet been definitively fi-
nalized, date the variety of technologies and materials used in AM. Currently, the

most used methods are:
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o Ultrasound: The ultrasound technique (UT) allows the analysis of metallic
and ceramics made using additive manufacturing processes to detect any de-
fects and contribute to the validation of the processes developed and the qual-
ification of the parts produced. Although ultrasonic testing is counted among
the NDT techniques suitable for metal components made for AM [78],[79],[80],
there are still few application examples in the literature. For example, in [80]
the authors evaluate the ability to identify defects in materials made using
processes of Welding Arc Additive Manufacturing (WAAM) by some NDT
methods. Among the non-destructive techniques selected, there is also the
UT one. The authors demonstrated that the UT method provides correct
information on the location of defects, despite some limitations. The ultra-
sonic method is the most flexible regarding the positioning of the inspection

instrumentation and can detect defects found in WAAM materials.

o Thermography: Thermographic methods detect surface and sub-surface de-
fects. The thermographic approach used will be that active. Active ther-
mography techniques are based on using an external stimulus (thermal or
mechanical), which generates a response in the structure in terms of the evo-
lution of the surface temperature, which is affected by the presence or absence
of sub-superficial defects. Analyzing the maps of the thermograms acquired
in the time, the defects generally reveal themselves in the form of thermal

contrast.

o X-ray computed tomography: The AM process is certainly the most suit-
able for making parts with complex geometries, but these geometries pose a
challenge to conventional CND methods such as ultrasound, eddy currents,
and also radiography. Likewise, many parts made by AM have an internal
structure that may not even be accessible to methods such as penetrating
liquids and magnetoscopy, which are less sensitive to geometry. In addi-
tion, the irregular or rough surfaces in these parts make the traditional NDT
methods for detecting surface defects, such as magnetoscopy, difficult or im-
possible to apply due to the high background noise due to the manufactured
surface roughness. Added to this is the fact that finite AM parts typically
have a major range of porosity and lack of fusion defects, with a distribution
extended to the whole part, which renders difficult the a priori sizing of sig-

nificant defects or the assumption of a single anomalous defect. Hence, the
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most promising technique for complex geometric parts appears to be com-
puterized tomography X-ray (CT). However, even CT has limitations. For
example, the CT survey is unsuitable for linear defect detection and takes
time for data acquisition and analysis (the visual interpretation slice by the
slice is unavoidable). Furthermore, the sensitivity of the CT decreases when
the parts become physically larger or thicker [81]. Current micro-CT systems
may not have the penetrating power and resolution to detect critical defects
in larger parts dimensions produced for AM. Despite the limitations men-
tioned above, the CT survey is the most suitable for investigating parts with

complex geometry.

6.2 Evaluation of electrical conductivity of FeSi2.9
additive manufactured electromagnetic shield

employing active thermography approach

6.3 Materials and method

The tests were carried out on electromagnetic shields of ferromagnetic material
(FeSi2.9) produced using the laser powder bed fusion (LPBF) technique. In LPBF,
a laser beam selectively melts the powder in a powder bed, generating a cross-
sectional area. A component is built as several melting tracks are strung together
in a micro-welding process. The experiment was performed on two samples: the
as-built condition and annealed at 1200 ° C. In particular thermal diffusivity and

mass were measured.

6.3.1 Active Thermography setup

The laser spot active thermography technique studies the thermal response of
a component subjected to an external heat source, a laser beam. The experimental
equipment was composed of a thermal camera, a laser excitation source, and a PC
control unit. The IR thermal camera is a FLIR A6751sc with sensitivity lower
than 20 mK and a 3-5 pum spectral range. At the same time, the laser source

can generate a maximum power of 50 W concentrated on a small surface. The
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experimental configuration was in "reflection mode," as shown in Figure 6.1. The

initial experimental parameter are presented in table 6.1

Table 6.1: Initial parameters

Distance ‘ Ambient Temperature ‘ Relative humidity
53cm | 26.6°C | 39

For both specimens, the same test has been performed as presented in table 6.2

Table 6.2: Testing setup

Test Technique Step n°/ duration Power level Frame rate

1 PULSED  50ms 50% 3291fps
2 PULSED  500ms 25% 30fps
3 LOCK-IN 15X50ms 50% 3291fps
4  LOCK-IN 15X500ms 25% 30fps
) LOCK-IN  15x2000ms 15% 30fps

The results of test 5 will be presented.

The lock-in test has been post-processed to obtain the phase plot of the ther-
mogram.

The most common method to extract the signal phase is to use the fast Fourier
transform. This is applied using the FFT command of Matlab software, analyzing
the signal with this algorithm, and a 1D Fourier transform is applied to each pixel.
The data are formatted as a tensor of three dimensions where the first two are the
spacial dimensions (pixel), and the third dimension is the time dimension (frames).

A Fourier transforms analysis through the time dimension for each pixel to
extrapolate his phase contribution. The result is a phase map plot of the phase
value in each pixel as presented in figure 6.3

Plotting the value of the phase along an arbitrary axis passing through the
center of the spot, the behavior is linear.

This is explained by analytical models, which correlate the thermal diffusivity
to the phase slope with the distance from the laser spot.

It is visible an almost flat part which corresponds to the laser spot radius, while
the linear part corresponds to the diffusion area of the heat during the lock-in

pulsation. Because of the small dimension of the specimen and the long period
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Figure 6.1: Test set-up

Figure 6.2: Particular of laser spot

of modulation of the laser, there are some nonlinearities due to boundary effects
which make the lines not linear in the last part

The formula which correlates is

m=—y = (6.1)

Where m is the slope [rad/mm] of the curve, while f is the modulation frequency
[Hz] of the laser spot lock-in technique and Dx is the thermal diffusivity along the
x direction in which the phase/space diagram is done by cutting the phase map.
The thermal diffusivity is defined as:

D, =" (6.2)

A linear polynomial fitting is used to calculate m.
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Phase Map at 0.65Hz

Pixel Y

Pixel X

Figure 6.3: Signal tensor and phase map
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Figure 6.4: Fitting methodologhy

The modulation frequency is 0.5Hz (modulation period T= 2s)
Using eq.6.1, it is possible to obtain the thermal diffusivity along the studied di-
rection. In this particular case, this methodology allows one to choose any direction

without having boundary effects, even if the component has a small geometry.
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6.3.2 Electrical conductivity measurement

6.3.3 Wiedemann Franz formulation

The Wiedemann and Franz correlation allows linking the thermal and electrical
conductivity. It is an empirical formulation EQ.6.3 that it is possible to obtain the
electrical property through the calculation of the thermal diffusivity. The advantage
consists in being able to calculate the value of electrical and thermal conductivity

on complex geometries without the need to make ad hoc specimens.

K

L=—
ol

(6.3)
Where:

o L:2.44 3 *10e-8
o T: Temperature
o K: Thermal conductivity

e o : Electrical conductivity

6.4 Results

The thermal responses of the tested specimen are presented. The concept at
the basis of this analysis is that a variation in thermal properties of the material
can be measured as a phase delay of the thermal diffusion through the bulk of
the material. The signal post-processing has been performed as presented in the
Materials and methods section. From the phase diagram in figure 6.5, it can be
immediately recognized that there is a different trend in the phase slope. The phase
plot presented in figure 6.5 can be divided in three zones:1,2,3. Zone 2 corresponds
to the laser beam heated zone. The laser produces a gaussian heat pulse which
crates a plateau on the phase diagram. The dimension of this plateau is correlated
to the laser beam radius. Zones 1-3 correspond to the specimen zones around the
laser spot where thermal diffusion occurs. The idea is that the heat treatment of
the additive manufactured specimen produces a decrease in the number of voids

and an increase in thermal diffusivity.
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Figure 6.5: Phase cut
In figure 6.6, a particular phase diagram shows the difference in slope between
the as-built and annealed specimen. These data were used for calculating slope
parameters using polynomial fitting. What can be noticed is that after the anneal-

ing treatment, the slope of the curve is less steep. This means that the annealing
increases the thermal diffusivity of the material.
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Figure 6.6: Phase slope
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All the results obtained from the thermal measurement are therefore presented:

As-built heat treated
m(rad/mm] | 0.3523  0.3302

D[mm2/s| | 12.7 14.4
pore percentage | 0.533 0.487
k[W/m2 K] | 18.5 23

Table 6.3: Experimental thermal parameter

Using the Weidemann Franz law, the thermal conductivity obtained using the
phase method can predict the electrical conductivity. The results of the experi-

mental measurement of electrical conductivity and the predicted one are presented
here:

‘ As-built Annealed
O experimental [MS/TI’L] 1.76 2.12
Opredicted [MS/?TL] 1.80 2.24

Table 6.4: Conductivity values in the experimental and predicted case

The heat-treated specimen has a better thermal diffusivity than the no treated
one.

The explanation is related to the number of voids and pores that are intrinsic in
the additive manufacturing process, after the heat treatment at high temperature,

the porosities decreases, so the thermal conductivity increases, such as the electric
conductivity.
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Chapter 7

Conclusion and Future Work

The main objective of this work was to demonstrate the feasibility of producing
ferromagnetic components using Additive Manufacturing, particularly the LPBF
technique. These components’ main implications concern the electrical field appli-
cations, therefore electromagnetic or electromechanical devices. From the results

obtained and discussed, it can be concluded that:

o It is possible to create dense objects with the FeSi2.9 alloy by optimizing the

printing parameters

o The printing parameters and the orientation of the piece affect the electrical

and magnetic characteristics of the components produced

o An annealing treatment is necessary to reduce residual tensions due to the

production process and to increase the magnetic properties

e To date, the components produced are massive and therefore characterized
by high losses due to eddy currents as the operating frequency increases. For
this reason, further studies will be required to optimize the topology of the
pieces or to vary the printing parameters during the manufacturing process

to create parts with different densities.

o Among the limits of technology, in addition to the high cost, we encounter

dimensional limits and low production volumes

The work carried out in this thesis lays the foundations for future research on

the construction of a reluctance motor for electric traction. The goal will be to make
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both the active and passive parts and the windings using the LPBF technique. The
study will also concern the various parts’ recycling methodologies to conclude the

green production system’s production cycle.
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