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Abstract

This thesis work aims to investigate the possibility to use selective laser
melting (SLM) to produce electric cores for a traction electric motor. SLM
is a powder bed based additive manufacturing (AM) technique that guaran-
tees relative structural density of the build part > 99%. This is one of the
reasons why SLM is among the most interesting processes to research on in
the field of electric motors produced by AM. However, this technique is also
chacaterized by significant residual stresses because of the high and repeated
temperature gradients during the construction making it similar to a laser
welding process. The prediction of residual stress is conducted in this study
by performing a thermal-to-structural Finite Element Analysis (FEA) on a
commercial software for additive processes ( ANSYS Workbench) with one
material available in its library (316 stainless steel). An initial check of the
accuracy of the model is conducted by performing a convergence analysis,
with a threshold of 3% of change.

The outcome of this part of the work is extremely encouraging from both a
mathematical and physical standpoint. Indeed, the converged results show
that the model is mathematically well-posed; while the physical discussion
of the stresses highlights the accordance of the results with the theories ex-
plaining residual stress in SLM parts.

A second part of the study consists in investigating the possibility of mit-
igating residual stress by changing the energy density of the process. At
first, the parameters in the simulation are set to be consistent with previ-
ous research aiming at optimizing the process inputs to get a full dense part.
The process parameters are subsequently changed to get different values of
energy density. It is shown that the residual stress experiences a significant
reduction only with very small values on energy density, that would most
probably result in non-full dense part.

The last section of this study involves a mechanical topological optimiza-
tion. By trial and error, an optimized geometry is proposed in order to
reduce the mass by keeping the same total deflection and residual stress in
the rotor.
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Chapter 1

Introduction

In the recent years, additive manufacturing (AM) has undergone a great
evolution, developing from a prototyping technology to a primising produc-
tion alternative in disparate sectors. A deep understanding of the processes
and how their parameters influence the result could guarantee not only the
same properties as a conventionally produced product [17], but also to ben-
efit from the unique advantages of AM, such as topological optimazion and
quasi-infinite freedom in design. Using lightweight components is a major
target in an increasing number of industries, specifically automotive and
aerospace in which every kilogram saved in design has a great impact on
performances, costs (material, fuel,...), and environmental sustainability.
An example of that is the field of power electrical machines, where most
of the companies are trying to produce such a lightweight design that can-
not be obtained by conventional technologies [20]. AM processes can be an
option to reach this goal with innovative designs, improved magnetic and
thermal properties [1] and reduced production times because of the absence
of traditional tooling and, in turn, reduced production costs. Even thought
AM may successfully respect some requirements of electrical motors, other
challenges need to be addressed before AM become a reliable technology for
electrical machine applications.

A recent study [1] has investigated the fabrication of motor stators by
selective laser melting (SLM) process in three different soft magnetic mate-
rials: stainless steel 430L, Fe50Ni, and Fe6Si. A first part of the study was
aimed to find the optimum range for the parameters of the process. Density
measurement was used to check the result. A dense component is charac-
terized by minimal void formation and vaporization of alloying elements,
which are common SLM defects. In this preparatory analysis, the optimum
set of parameters was found for all the materials by printing a cube with an

17



18 CHAPTER 1. INTRODUCTION

edge length of 10 mm. However, since Fe6Si showed a brittle behavior, only
stainless steel 4301 and Feb0Ni were used in the second part of the study.
The latter two materials were used to additively fabricate motor stators.
Their electromagnetic performances were tested and then compared with
those of a conventionally produced motor, with the following results: the
electrical resistane was found to be in line with the reference motor, while
the inductance was lower in SLM-printed motors. Since the tested stators
had no isolators, producing them with a multi-material SLM process is a fu-
ture work recommended by the authors of [1], as well as the investigation of
post-processing and finishing treatments that was not included in the study.

The need for more electrification and the fast advance in AM inspire this
thesis work, while the previous research on the feasibility of AM to produce
electric machines constitute its starting point. The purpose of the study is
to contribute to the development of this scientific-technlogical field with an
experimantal work on residual stress of a rotor produced by SLM. Indeed,
residual stress is one of the major issues of SLM (becuase of fast and re-
peated heating and cooling) and the resulting distortion can also make the
part unacceptable.

The work consists of four main sections, as detailed hereafter. The
purpose of the initial chapters is to give an overview of the theoretical back-
ground with a focus on conventionally produced electric motors (Chapter
2), soft magnetic alloys (Chapter 3) and additive manufacturing processes
(Chapter 4). This review not only illustrates the theoretical foundation of
the work but also provides the state of the art of electric motors fabricated
by AM, the potential of this topic and its current hurdles. In particular,
Chapter 5 demonstrates the great commercial interest in producing electric
machines by AM. However, some issues still require attention before AM
can be an alternative to the conventional way of producing electric motors.

In the second section, Finite Element Analysis is applied to predict the
residual stress in a rotor. The analysis is run on the academic software
ANSYS Workbench 2020 R2. The outcomes of the simulation are com-
pared with the theories explaining the mechanisms of formation of residual
stress in SLM parts, namely temperature gradient mechanism (TGM) and
cool-down mechanism. A convergence analysis is run as first check of the
accuracy of the model. It is performed by manually refining the mesh of the
build part with a target threshold of 3% to interrupt the iterations. Chapter
6 describes the procedure, geometry and assumptions of the analysis. The
results and their discussion are illustrated in Chapter 7.
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The simulation described above is run by setting the process parameters
accordingly to the values found in the literature for similar materials. This
choice should guarantee that the build part is full-dense. In the third section
of this study the values of the process parameters are modified to conduct a
sensitivity analysis. Five different combinations of parameters are tested to
assess the effectiveness of variating the energy density in reducing residual
stress.

The last section of the work (Chapter 8) consists in a topological op-
timization of the rotor to show how the production of electric motors can
benefit from the quasi-infinite freedom in design that characterizes AM pro-
cesses. The optimization is based on the mechanical loads involved in the
additive production of the rotor, while the electromagnetic considerations
are not part of this work.

A final chapter highlights the contributions of this work to the promising
field of electric motors produced by AM. Recommendations for future works
are also provided in Chapter 9.






Chapter 2

Conventional electric motors

After the first commercial hybrid electric vehicle (HEV) was sold at the end
of 90’s, the market of electrical machines for automotive applications has
encountered a great growth for both fully electrical vehicles (PEVs) and
HEVs [22]. A strong impetus to the development of these technologies is
the ever increasing concern of many governments for the issues of climate
change. The global discussion on the negative impact of man’s activities has
never stopped since the early 21st centurty. Not only does fossil fuel burn-
ing results in severe air pollution, but also the depletion of non-renewable
resources is proceeding frigtheningly fast, with some resources expected to
be totally exploited by the end of this century.

Electrification in the transportation sector would address both the roadside
emission issues as well as the need for technologies that relay on renewable
energy sources.

The purpose of this Chapter is to present a brief overview of the electri-
cal vehicles and of the traditional manufacturing process of their electric
motors.

2.1 Electrical vehicles (EVs)

EV are road vehicles in which at least a portion of the propulsion is guar-
anteed by an electrical system. EVs can be divided into [22]:

e pure electric vehicles (PEVs), where no internal combustion engine
(ICE) is present and thus, the battery is the only energy source and
it can be recharghed from an external electric power source. Zero
emission results from driving on PEVs;

e hybrid electric vehicles (HEVs), in which both ICE and battery pro-
vide the propulsion. Low emissions are associated to their use. Dis-

21



22 CHAPTER 2. CONVENTIONAL ELECTRIC MOTORS

parate types of HEVs exist - namely parallel hybrid, series hybrid,
power split hybrid - as well as many subcategories;

e fuel cell electric vehicles (FCEVs): a FCEV can be seen as an hybrid
vehicle with fuel cell instead of ICE. In a FCEV, the main power sup-
plier is an electrochemical device that relays upon a chemical reaction
to generate electrical energy.

PEVs and FCEVs are highly attractive for their zero roadside emission.
However, the overall emissions should be taken into account: the manufac-
turing process and the chemical contamination related to the production
of fuel cells and batteries [41] should be considered when comparing these
systems to the traditional ones. Finally, the energy source for electric-
ity is another key factor to determine the ultimate advantage of using an
EV/HEV: renewable energy sources results in the best ecological benefits.
On the contrary, if the main energy source of the country is coal power,
the C'Oy impact may be even larger than an ICE. The characteristics of the
aforementioned EV types are listed in Table 2.1, from reference [22].

Types of EV PEV HEV FCEV

i) Battery/ultracapacitor

. (
Energy source i) Batter s . .
gy < (i) Y (ii) Internal combustion engines

(i) Fuel cells

(1) Electric motor drives

Propulsion technique (i) Electric motor drives P4 ) : (1) Electric motor drives
(ii) Internal combustion engines
(i) Zero emission (i) Low emission (i) Zero emission
Characteristics and feature (ii) Short driving range (ii) Longer range (ii) Highest initial costs
(iii) Higher initial costs (iii) Complex (iii) Medium driving range
(i) Electric motor control
(i) Electric motor control (ii) Battery management (i) Fuel processor
Major techniques (ii) Battery management (iii) Managing multiple energy sources (ii) Fueling system
(iii) Charging device and optimal system efficiency (iii) Fuel cell cost
(iv) Components sizing
Regenerative braking (1) Yes (1) Yes (1) Yes

Table 2.1: Classification and features of EVs
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2.1.1 EV composition

The EV composition can be described as consisting of three main subsys-
tems [55]:

e clectric propulsion subsystem: the electric motor falls into this subsys-
tem, together with electronic controller, power converter, mechanical
transmissions and driving wheels;

e energy source subsystem: it comprises the energy source together with
its management unit and refuelling unit;

e auxiliary subsystem: it involves some auxiliary units, namely temper-
ature control unit, power steering unit and auxiliary power supply.

—————— A m —— — — — ———————— —

| ; ; 1
Electric propulsion subsysiem

I Wheel |
i | (yet) |

I :
(ﬁ.—ﬁ Electronic | | Power - Electric Mechanical :
ﬁ—r' controller converter motor transmission | |

I I

Accelerator | |

| .

I | B R

| I I

I'l  Energy Rl |'| Auxiliary Power ||

: management - urg power steering +®

| unit I supply unit ISteering

| | |

I t | ' wheel

I Energy | | |Temperature I

: refuelling : control II

unit unit

I | |

: Energy source il - :

L___Sbsystem § , Awdliary subsystem

Energy
source

Figure 2.1: EV subsystems [55]

Figure 2.1 from [55] illustrates the three subsystems and the mutual
connections: the mechanical, electrical and control links are represented by
a double line, a thick line and a thin line, respectively. The arrows show
the direction of the control information or power flow.
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2.1.2 Hybrid electrical vehicles HEVs

HEVs are characterized by the presence of both an ICE and an electric mo-
tor. They can be classified on the basis of both the drivetrain arrangement
and the involvement of the electric motor.

Figure 2.2 illustrates the working principles of both the parallel hybrid and
series hybrid, showing the different drivetrain arrangements: in the series
hybrid configuration, the electric motor powers the wheels and the ICE acts
solely as a generator; the parallel hybrid is characterized by mechanical con-
nection between the drivetrain and both the ICE and electric motor. In the
latter configuration, the electric battery’s role is to support the ICE, while
in the series HEV it constitutes the main power source, meaning that a
large capacity battery is required.

Parallel Hybrid

Batteries

Electric
motor

Series Hybrid

Reservoir

Reservoir

Batteries

Internal Internal

combustion combustion
engine engine
Transmition Electric
Alternator

motor

Figure 2.2: Working principle of parallel hybrid and series hybrid

Depending on the involvement of the electric motor, HEVs can be di-
vided into:

e Full HEVs, with a fuel consumption reduction of abuot 40 % [37].
The electric system is used mainly when the ICE is operating with
low efficiency. The battery is partially discharged when the electric
motor is in function, while recharging is guaranteed by both ICE and
regenerative braking;
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e Mild HEVs, with fuel consumption savings of 15-20%. In this case, the
electric system functions mainly for starting the vehicle and during
acceleration. Regenerative charging of the battery happens during
decelerations and brakings.

e Micro HEVs, with fuel consumption reduced by less than 10% (in ur-
ban driving mode). This configuration is characterized by the start-
stop system: the engine is turned off during car stops and the electric
system supplies energy for all the accessories. Mircro HEVs are not
considered hybrid electric anymore since no continuous power is sup-
plied by the eletric system and they are referred as smooth starters
rather than e-machines.

e Plug-in HEVs, with both on-board regenerative charging and external
source charging allowable. In this case, the ICE acts as a backup power
source when the battery is exhausted.

100

Full Elgctric
Vehicles

ol
L=

Energy, kWh

—

1 10 100 1000
Power, kW

Figure 2.3: Energy and power demands on batteries for different HEVs [38]
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2.1.3 Some technical hurdles to EVs/HEVs widespread

The advantages of EVs in terms of local emissions are indisputable and
so is the urgency of more sustainable means of transport. However, some
hurldes still need to be overcome for EVs to be an alternative to ICE vehi-
cles. Limited range of EVs, their high cost and shorter lifetime compared
to conventional propulsion systems are still limiting their widespread. In-
crease in charging infrastructures and standardization of size and location
of the battery should also be considered for practical implementation of this
technology [41]. From a mechanical standpoint, packaging and weight are
two main topics to take into account when designing EV propulsion con-
figurations: Figure 2.4 from source [23] explains why space and weight are
problematic when it comes to EVs.

Energiegehalt 0,5 kWh =

55 ml

Benzin

68000 g

Batteriesystem Touareg Hybrid

Masse

Figure 2.4: Weight of three sources of energy for 0.5 kWh of energy

2.2 Conventional production of electric mo-
tors

One major component of en electric or hybrid powertrain is the electric
motor, whose objective is the conversion of the electric energy stored in the
battery into mechanical energy to move the rotor and the shaft coupled to
it. During braking, an electric motor can act as a generator, recovering the
mechanical energy that would be lost as heat and friction by converting
it into electric energy. The driving force that allows an electric motor to
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operate comes from the interaction between a magnetic field and the electric
current in a wire winding.
The main componenents of a traction electric motor are:

e stator: this is the stationary part and it usually carries either windings
or permanent magnets; it consists of thin metal sheets in order to

reduce losses happening in solid cores.

e rotor: this is the moving part that allows the shaft to spin. The ro-
tor usually carries currents through the conductors laid into it. The
torque that makes the shaft rotate comes from the interaction be-
tween those currents and the magnetic field of the stator. The rotor is
typically located inside the stator, but the opposite configuration also
exists: in that case, the motor is defined inside out electric motor.

According to the conventional process, the motor and the stator are
fabricated separetely, but with some similar steps. An overview of the
manufacturing process is shown in Figure 2.5 from [30].

O

o e

G

&

Lamination manufactured by Stamping

Stator stacked

Rotor stacked
by laminations

by laminations

Rotor testing hini
machining

Figure 2.5: Owerall process for traction electric motor production
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As illustrated in the scheme, both the stator and the rotor need the
lamination stamping and stacking, as well as machining, coating and testing.
The process starts with the cold-rolling of silicon-iron (Fe-Si) to the desired
thickness. The application af insulative materials on the sheets prevents
eddy currents between sheets and, thus, coating is performed before the
stamping process. Then the cores are obtained by stacking and fixing the
sheets. Final post-machining and heat treating are used to correct the
burrs and relieve the stress introduced by the stamping process [29]. The
consequences of the stamping process in terms of stress are shown in Figure
2.6 from [31].

Stamping | Interlocking, Stress Relief Wire Inserting Squeezing,

Welding Annealing Heat shrinking,
St . ] y Bolt fixing
-Stress / Strain - Stress / Strain - Stress +decrease - Stress/Strain L — & 2%
(non-elastic (localized) (Stiffness +decline) (around slots) - Stress / Strain
along sheared - Flux Distribution (compressive
lines and - Short Circuit in core back)

elastic in bulk)

Figure 2.6: Effects of stamping process on the electric cores

2.3 Working principle of an electric motor

If a conductor with a current is placed into a magnetic field (perpendicualar
to the current), a force will act on it. If the conductor is bent into a frame so
that there are two sides of the frame that are at right angle to the magnetic
field, then the two sides will experience oppositely directed forces (with
same magnitude). These opposite but equal forces create the moment mak-
ing the conductor rotate. The magnetic field con be generated by either
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permanent magnets or electromagnets that are typically a wire wound on a
core. In this latter case, the magnetic field will be the result of Faraday’s
law of induction: the current in the conductors (for example in the rotor)
will induce a current in the windings (in the stator), which in turn will
create a magnetic field [35].

This working principle applies to all types of electric motor. At least a
dozen different categories of electric motors exist, but a major classification
between alternating current (AC) and direct current (DC). Brushed and
brushless motors are two subcategories of DC motor, with Permanent Mag-
net DC motor (PMDC) being the most common type of brushed electric
motor in many commercial sectors.

Figure 2.7: Typical geometry of a PMDC motor [40]

Brushless motors are characterized by the rotor being a permanent mag-
net and the stator having the coils. In this configuration, the magnetic field
is controlled by adjusting the magnitude and direction of the current in the
coils, which allows greater control and higher production of torque. AC mo-
tors can be synchronous or asynchronus (induction). The speed of the rotor
equals the speed of the stator in the first subcategory, meaning that two
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electric inputs are needed to make the machine start. AC induction motors
don’t need a double input and they can start by just supplying power to
the stator.

Figure 2.8: Induction motor components [39]



Chapter 3

Soft magnetic alloys

They constitute one of the main categories of magnetic materials.
Magnetic materials have been known for several years, but a great impetus
to their development was the discovery of the relationship between magnetic
and electric fields in 1819 [57]. Today, magnets are extensively used is
society, as crucial components in computers and other electronic devices, as
well as parts of energy generation or transmission.

The two main classes of magnets are usually referred as:

e hard magnets: they have high coercivity and a big area within the
hysteresis curve (Figure 3.1); these magnets are used for those appli-
cations where the material is intended to keep the magnetization for
long periods and resist the action of stray fields.

e soft magnets: they have small coercivity and a very narrow hysteretic
area. These properties are fundamental for those applications where
the field is reversed periodically because soft magnets are easy to
magnetize and demagnetized.

The histeretic curve shows the behavior of the material when the following
experiment is performed: a magnetic field [A/m] is gradually applied in the
range between —|H| and —|H| and the magnetic flux B [T] is measured
in the material. For both soft and hard magnets, there is a value of field
that is strong enough for the magnetic flux not to change anymore. The
corresponding maximum magnetic flux is called saturation magnetization
(My). In the experiment, the applied magnetic field is reversed when M;
is reached in the material. When the applied magnetic field goes back to
H = 0A/m, there might be a non-zero magnetic flux in the material, which
is called remanence B,. The coercivity H. is the applied field that is needed
to get a zero magnetic flux. The coercive force is one of the main difference
between soft and hard magnets, with a much greater magnetic flux required

31



32 CHAPTER 3. SOFT MAGNETIC ALLOYS

in the latter case to get a zero flux.

Another difference is the overall area that is created during an hystereic
cycle: this area represents the magnetic energy loss per unit volume per
cycle. Soft magnets show a really small area, meaning that the amount of
heat generted in the magnets during the cycle is low.

B
Hard
Soft
H —

Figure 3.1: Hysteretic curve: difference between hard and soft magnets [56]

The difference between soft and hard magnets can be also expressed in
terms of permeability 11, where p is the ratio between B and applied H. Soft
magnets exhibit very high permeability.
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3.1 Applications of soft magnetic materials

Soft magnets are widely used in those sectors in which the field is reversed
often. Thus, minimum energy loss per cycle is a priority requirement during
material choice. This loss is also known as core loss and is explained in the
following paragraph of this chapter.

Three main uses of soft magnets can be identified [58]:

e Heavy-duty Flux Multipliers: the cores of transformers, generators
and motrs fall in this category. These machines - working almost
exclusively at 50/60 Hz - are usually large and heavy, then a material
with high flux density and low cost per pound is required. Iron is often
the choice for this application, with the industrial name of electrical
steel.

e Light-duty Flux Multipliers: the cores of small machines for specific
applications and electronic equipments fall in this second class. Since
these machines have small/micro size, the requirement on cost per
pound is not a priority, but it is secondary to some magnetic properties
[58]. Frequencies may go up to the order of megahertz. Nickel-iron
alloys and soft ferrites are common for these purposes.

e Microwave System Components. Soft ferrites are used for this class,
too.

3.1.1 Eddy-currents

Minimum energy loss is a priority design objective when it comes to cores
that are subject to alternating or rotating magnetic fields. This is the case
of transformers, motors and generators.

The alternating/rotating flux generates a electromagnetic field not only in
the secondary coil (transformers)/ rotor (motors/generators), but also in
the core itself. If the core is a conductor, the induced electromagnetic
field will create eddy currents. The consequences of eddy currents are the
decrease of the flux and the production of heat, meaning that a power loss is
happening. This power loss is proportional to iR [58], where i is the eddy
current and R is the resistance of its path. Producing a laminated core
- with thin sheets that are insulated from each other - is then beneficial
to the reduction of core loss because of two reasons: not only the length
of the path is reduced, but also the cross-sectional area is smaller than a
solid piece. The decrease of the path length and of the cross-sectional area
contribute to the reduction of R. Indeed, the laminated construction is a
standard for this type of machines.
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3.2 Common soft magnetic materials

Soft magnetic alloys can be classified into three categories:
e metallic alloys
e intermetallics
e ceramics

The selection of the optimal soft magnetic material for the specific applica-
tion is based not only on the set of desired properties (permeability, electri-
cal resisitivity, coercivity, mechanical strength,...) but also on the cost [7].
For instance, alloys based on the intermetallic compound FeCo have high
saturation magnetisation, but their spread is limited by the high cost of Co
[7]. The following section aims to give a brief overview of the traditionally
utilized soft magnetic alloys.

3.2.1 Electrical steel

This category is also referred to simply as iron and it includes low-carbon
steel and silicon steel, both used for cores of electrical machines. The de-
sired texture for these materials in terms of magnetic properties is achieved
after recrystallization.

Low-carbon steel is characterized by a carbon content of about 0.03 %, thus
it could be seen as pure iron with some undesired carbon impurities. It is
widely used for the cores of small motors where energy loss is not a funda-
mental design objective, but power consumption (input) is [58]. Examples
of these motors can be found in many household devices (vacuum, toys,...).
Silicon steel falls in this category, too; Si-Fe alloys are often called silicon
wron. The addition of silicon to iron is beneficial in terms of:

e clectrical resistivity: the increase in resistivity results in a reduction
of eddy currents and, thus, losses;

e magnetocrystalline anisotroy: the reduction of anisotropy makes the
permeability increase.

However, the addition of silicon makes the alloy brittle, therefore it is
difficult to roll into thin sheets by cold-rolling. This family of soft mag-
netic alloys is dominant in many types of low frequency large electric motor
cores because of both their electromagetic properties and their cost. 90%
of low frequency applications is covered by Fe-Si alloys with low Si content
(Si < 3.25% wt), that is produced by a conventional cold rolling technique
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[7]. However, when increasing the Si content for high frequency electrical
machines, expensive processes are needed to limit the increase in brittle-
ness and the reduction in saturation magnetization if the alloy is produced
conventionally. Many techniques [58] (electrolysis, direct vapor deposition,
chemical vapor deposition) to reach 6% silicon content have been widely
investigated for this magnetic alloy in order to increase the electrical resis-
tivity and to decrease the magnetic anisotropy. AM could be an alternative,
with no expensive treatment needed but an annealing of the printed part
at a low temperature [7].

3.2.2 Fe-Ni Alloys

Nickel-iron alloys exhibit superior magnetic properties than Fe-Si alloys in
terms of losses and permeability and they can be produced in very thin
sheets. However, due to their high cost, their use is less widespread. The
application sectors are those components where the cost is not a major con-
sideration, while excellent magnetic properties are required.

The percentage of nickel can vary between 35% and 90%. 78% is a com-
mon nickel content for low-power transformers, while 50% nickel is used
for high-power transformers. Other elements (e.g. molybdenum) can also
increase the permeability [24] and the heat treatment is crucial for reaching
the maximum permeability, too [7]. A common heat treatment consists in
keeping an high temperature (1000°C') for a long period of time in hydrogen
in order to remove impurities of C and S.

3.2.3 Fe-Co Alloys

Iron-cobalt alloys are characterized by the highest saturation magnetization
and Curie temperature among soft magnetic materials [7], but their price
reduces the application sectors to very specific fields. Alloys with cobalt
content ranging from 30% to 50% exhibit saturation magnetization that is
10% higher than iron at room tmperature. The mechanical, electrical and
magnetic properties vary depending on the content of iron and cobalt and
thus can be controlled by adjusting the percentages of Fe and Co and by
adding alloying elements. As an exampe, the 50-50 alloy - commercialized
under variuos names - has low anisotropy and high permeability, but it can
develop order that makes it brittle. Ternary and quaternary alloys also
exist: alloying elements such as V, Mo, Cu Mn, Cr are used to enhance
some properties like corrosion resistance or ductility. As an example, small
quantities of vanadium are often added to improve the ductility without de-
creasing the magnetic properties. High ductility is a key requirement when
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a combination of magnetic properties and mechanical strength is required,
because processing the material into thin sheets is typically needed to re-
duce electromagnetic losses [61].

Fe-Co are used in aircraft motors, generators, and transformers operating
at 400 Hz, in beam-focusing lenses for electron microscopes [58] and in all
those cases where high saturation magnetization or high Curie point (or
both) is required.

3.2.4 Soft magnetic composites

Soft magnetic composites (SMCs) are magnetic particles of iron or high-
magnetic materials that are insulating with a coated film after being consol-
idated under high pressure or other new techniques [25]. SMCs are used in
conventional manufacturing methods to produce electrical cores as an alter-
native to laminated steel cores. They exhibit the unique property of three-
dimensional ferromagnetic isotropic behavior [25]. The insulating coating
results in low eddy current loss, at the cost of reduced magnetization and
mechanical strength [7]. Producing SMC cores by AM processes may benefit
from reduced weight and production costs and new flexible designs.

3.2.5 Soft ferrites

Soft ferrites have the general formula MO Fe;O3 where M is a metal such
as Mg, Mn or Ni. They are commercialized under various names and their
manufacturers prefer to specify their magnetic properties instead of their
composition. Soft ferrites are employed in high frequency applications, such
as antennas, and they are characterized by low coercivity and extremely
high electrical resistivity. They are not used in rotating electrical machines
because of their low magnetization and brittleness.



Chapter 4

Additive Manufacturing
processes

Additive Manufacturing (AM) is a process of ”joining materials to make
objects from 3D model data, usually layer upon layer” [26]. If the mass of
the workpiece is considered, three main classes of manufacturing prcesses
can be distinguished:

e subtractive processes where the mass is progressively reduced to achieve
the desired geometry;

e formative processes where the workpiece shape is modified but the
mass doesn’t change;

e additive processes where the mass is increased. AM falls in this cate-
gory.

The process chain of AM is explained in Figure 4.1, regardless of the
specific technique.
The starting point of the process is the virtual three-dimensional CAD
(computer-aided drafring) model, which can be obtained either by 3D CAD
design or by reverse engineering (scanning technology). The 3D model is
then converted into a universal standard language that is called Standard
Triangulation Language (STL): the 3D solid model becomes a shell model
by using triangles to approximate the external surface. Some errors can be
generated during this conversion (gaps between cells, intersection of trian-
gles,...), but this is still the most used and reliable standard at the moment.
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Virtual CAD-Model Obtaining the Contour Information by
on the Computer slicing the CAD-Model on the Computer
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Figure 4.1: Principle of additive manufacturing [55]

The .STL file is preprocessed by using one of the available softwares (e.g.
Insight) to perform the following steps:

e the part model is oriented into the building area by considering the
geometry of the part and the use of support materials. In this step
of the process, the shape is taken into account to minimize the effect
of the layer-by-layer building manner on the roughness and to reduce
the need for supports.

e Supports are added to both separate the part from the building base
and to hold protruding geometries. Supports can either be of the
same material of the part or of a different composition to facilitate
their removal.

e The slicing is then performed on the software, meaning that the .STL
model in virtually intersected by parallel planes with a constant or
adaptive layer thickness. This second approximation of the geometry
is the cause of the stair stepping effect that is better explained in the
following sections of this chapter.
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After the pre-processing steps are carried out on the software, the part is
physically built in the AM machine. The way physical layers are obtained
and merged on top of the previous one depends on the specific technology. In
the end, some post-processing may be required to remove support material
and improve the finishing.

Figure 4.2: Support material during AM: supports for printability (on the
left) and supports for balance (on the right). Figure adapted from [54]

4.1 AM potential and challenges

AM was previously known as "rapid prototyping”, since it was a set of
technologies used to 3D print models and prototypes, especially made of
polymers. In the early stages of its introduction - a few decades ago -,
AM was employed to speed up the last phases of the project and testing
process, but it was not an alternative to the conventional fabrication tech-
niques and its components were confined to non-functional parts. Despite
the initial limits, AM showed immediately its potential in terms of reduced
waste, fabrication costs and quasi-infinite freedom in design. Not only de-
signers can create shapes that cannot be produced conventionally, but also
the more complex the geometry is, the greater saving will result from us-
ing AM instead of traditional machining and tooling (Figure 4.3 by Hans
Jorg-Dennig). The aforementioned advantages of AM constitue some of the
reasons why researchers have been investing a lot in the development and
the growth of AM, which is now a promising set of processes for end-use
components made of either polymers and metals. The expansion of AM
techniques to metals was one of the most crucial steps for its growth in
terms of possible applications and thus markets.
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Conventional
manufacturing

Complexity
for free

Additive manufacturing

Manufacturing costs per piece

\

Geometric complexity

Figure 4.3: Cost per piece vs geometric complexity in AM

Although its potential, AM is not suitable for all applications due to
its limited volume, low printing speed, availability and cost of materials,
rough finishing. Even if one major advantage is that AM allows for the
production of fully functional assemblies in just one step and by using only
one machine, the assembly dimensions are constrained by the capability of
the printing machine and the number of allowable materials on it, which
is limited too. Another constraining factor consists in the lack of standard
procedures and parameters in AM, meaning that engineers need to run
experiments to come up with the optimal range for each parameters when
producing a piece by AM. Not only the parameters, but also the orientation
in the machine must be taken into account. More generally, the Design for
Additive Manufacturing (DfAM) is really process-specific and it is not an
adaptation of what has been already designed for conventional machines and
tools. One main cause behind the lack of standardization is an insufficient
understanding of what happens in the microstructure during an AM process,
as a consequence of the sharp peaks in time-temperature plots [8]. The
target properties will be then achieved throug trial and error.



4.2. CLASSIFICATION OF AM PROCESSES 41
4.2 Classification of AM processes

AM techniques are regularly updated because reaserachers are constantly
introducing new processes. A non-exhaustive scheme of the currently ap-
proved techniques is shown in Figure 4.4.

AM technigues

Powder-based Liquid-based Solid extrusion
1 component 1 component + Drop on demand Fused deposition
1 binder modelling (FDM)
Selective laser Stereolithography (SLA)
sintering (SLS) 3D printing
Selective | Direct light processing
elective laser
DLP
melting (SLM) (LR

Electron beam
melting (EBM)

Laser Deposition (LD)

Figure 4.4: Classification of additive manufacturing techniques

As show in the scheme, one major distinction depends on the feedstock

material, which can be a powder, a liquid or a solid. Many different pro-
cesses exist for each of them. For the purpose of this report, selective laser
melting will be investigated more extensively in the next section, even if
some research on electric machines can be found in the literature by other
techniques, namely FDM, binder jet technology (BJT) and laminated object
manufacturing (LOM). The LOM method can be considered as an hybrid
technique since it involves both layer addition and extensive cutting and
machining. SLM is a power bed fusion (PBF) method using laser as heat
source.
Figure 4.5 illustrates the difference in the working principle between PBF
techniques and Direct Energy Deposition (DED) processes. In the latter
case, the feedstock material is added directly to the melt pool and an heat
source is applied to a narrow region to simultaneously melt the substrate
and the feedstock material. AN example of DED is Laser-Based Metal
Deposition (LBMD).
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Figure 4.5: Working principles of PBF and DED processes [49]

4.3 AM defects

Using an AM technique to produce a component may benefit from numerous
advantages during all the stages of the lifecycle of a product (design, pro-
duction, usage), but some drawbacks of AM processes must be considered
and/or mitigated to make a part acceptable. Figure 4.6 from reference [28]
shows a summarizing comparison between AM and conventional techniques.

Defect Process PBE/DED Description Inspection Methods
V. ik £ AllL Loss of alloy elements due to
E?gﬂ:j@ ik v 20t O vaporization compromises X-Ray EDS (NDI)

mechanical strength
EPMA (NDI)
ICP mass spectrometry (DI)

Quality Powder: Hollow powder
(gas entrapment)

Process instabilities (keyhole voids,
lack of penetration, ...)

Porosity and voids Both X-Ray CT (NDI)

SEM (NDI)

“Stair step effect”, humping effect

Surface Roughness Both and powder poor melting

Profilometer (NDI)
SEM (NDI)

Uneven contraction of deposited
Cracking Both material builds up stress until
strength limit originating fracture

Vickers micro-indentation
(Indirect measure and DI)

Hole drilling combined laser
holography and/or strain

gauges (DI)
X-Ray and Neutron diffraction
(NDI)
Delamination PBF ECT (NDI)
Distortion Both L e Conventional Metrology (NDI)
Out of tolerance
Trapped Powder PRE Holicm_r Sl'ruc.tures needs powder CT (NDI)
extraction points
RT (NDI)

NDI, Non-Destructive Inspection; DI, Destructive Inspection; EDS, Energy Dispersive Spectroscopy; EPMA,
Electron Probe MicroAnalysis; ICP, Inductively Coupled; CT, Computed Tomography; SEM, Scanning Electron
Microscopy; ECT, Edge Current Testing; RT, Resonance Testing,

Table 4.1: AM part common defects and inspection methods
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Some common defects of AM process are listed in Table 4.1 above from
[49], together with their inspection methods.

Addirive Manufacturing Technology

Traditional Manufacturing [19]

Products can be manufactured at
comparatively low costs; this 1s howewver

These methods are expensive for
small production batches. As costs

Consumprion

manufacture the product.

Cost limited to small and medium production | are involved in casting molds. dyes,
batches. tooling. finishing and other different
processes that goes into
manufacturing the products.
Products can be manufactured in a very | Manufacturing times are very long,
Time short time. As AM makes products as it depends on the availability of
directly from the CAD model, it helps the molds, dves, inventory etc.
save time in delivering end products by
cufting down on the production
development step. supply chain and
dependence on inventory.
Resource Only optimal quantity required to Extremely high.

Used to manufacture complex
geometries and products. The products

Complex geometries cannot be
manufactured. Many different parts

Product are only limited by the design engineer’s | have to be manufactured separately
Complexity imagination. and assembled post manufacturing.
Post Little to no post-fabrication processing is | A majority of the time, some kind
Fabrication required, depending on the technique and | of post-processing is required.
Processing maferial used.
The material quality depends on the Due to their excellent quality, the
technology used. Initially 3D products have always been used for
manufactured parts were not used i load | load carrying applications.
Marterial bearing application, but advancements in
Quality and | the technology is rapidly improving the
Application material quality which has led to them
being used in some load bearing
applications.
Material There is little to no wastage of the raw Involves a lot of material wastage
Wastage material, as they can be reused. due to post-fabrication finishing
PIOCESSEs.
Extremely useful for prototyping and Very expensive and time
Prototyping | evaluating product concepts. Allows for | consuming. Not preferred for
design changes and iferation. product prototypes and concepis.
3D printing could essentially pave the It will be exorbitant to buld
Space way for setting up structures off-world, structures off-world using these
Application especially on the Moon and Mars. techniques.

Figure 4.6: Comparison between additive techniques and traditional tech-

niques

A defect that can occur both in DED and PBF processes is the vaporiza-
tion of alloying elements as a consequence of the high temperature reached
in the melting pool and of the difference of volatility among elements. The
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loss of alloying elements influences the chemical composition and negatively
impacts on the mechanical properties of the part. The prediction of this
defect is not straightforward, because an increase in temperature would fa-
cilitate the vaporization but also make the melt pool bigger and more stable.
Another issue concerning alloying elements is the micro-structural lack of
homogeneity, because of elements’ segregation into the grain boundaries.
Surface roughness is another characteristic of additively manufactured parts
that may make the component unacceptable or may require post-processing.
One main cause for this defect is the stair stepping effect which is inherent in
any AM process because of the layer-by-layer nature of these techniques. A
conceptual representation of it is shown in Figure 4.7 [50]: the CAD model
of the part is approximated by using a software. A limited number of layers
is used in the approximation of the geometry with the resulting slicing ef-
fect. The surface roughness will be greater on curved surfaces. A mitigation
strategy consists in reducing the layer thickness, with a consequent increase
of building time.

Stair stepping P |
W \J\J Build layers 1
i ) (actual part surface)
CAD model
z-axis e part surface

Figure 4.7: Conceptual representation of the stair stepping effect

The humping phenomenon and the poor powder melting, instead, are
parameter-related causes for surface roughness. Lack of powder fusion is
also the reason for another udesired effect in AM components that is poros-
ity.

AM workpieces can have different pores and voids, which are usually the re-
sult of a not well-controlled process. Porosity is usually undesirable, since it
can bring to premature failure of mechanical components. However, some-
times it is the consequence of a careful selection of process parameters [51]
to intentionally produce surface-breaking pores that allow for a better bio-
logical integration of biomedical implants.

Cracking and delamination (Figure 4.8) are also very common during AM
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processes. The rapid heating and cooling cycles and the uneven contraction
of layers during solidification cause thermal strains that can result in crack-
ing and delamination (this latter phenomenon can happen only in case of
PBF processes). Those defects are facilitated by the presence of elements’
segregation along grain boundaries. Even if stress doesn’t always reach the
threshold for the workpiece to crack or delaminate, the resulting distortion
is one of the main reasons for non competitive final parts [49].

Figure 4.8: Cracks (on the left) and delamination (on the right) of AM
parts. (Illustration adapted from [49])

Finally, trapped powder is a typical negative effect of hollow shapes that
are produced by PBF techniques. In these cases, extraction points must be
included in the design of the part.

4.4 SLM

Selective laser melting (SLM), also known as laser powder bed fusion (LPBF),
is a powder-based technique to additively manufacture metal components.
The heat source that allows the metallic powders to fully melt is an high

intentisy laser. The concept of the process is represented in Figure 4.9 from
(32]:

e a layer of powder is laid on the bed and then paved;

e the heat source is used to selectively melt some areas in the x-y plane
according to the CAD file;
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e another layer is deposited after the building plate is lowered in the
z-direction through a piston.

The process continues automatically in a layer-by-layer fashion until the
component is fully built. Sintering processes generally don’t require any
bases or supports because the loose powder acts as a support. However,
this is true in the case of plastic processes, while metal parts are an excep-
tion [53] and supports are needed to prevent warping,.

In the end, the part can be removed from the substrate plate either man-
ually or by electrical discharge machining (EDM) and the loose powder is
removed, too. Nitrogen gas or argon gas are usually used inside the cham-
ber to give an inert atmosphere and prevent oxidation. The chamber is also
equipped to handle inflammable materials, such as titanium or magnesium
while buil-in heating devices help to reduce distortion of the part [53].

A major advantage of SLM consists in fully melting the powders and thus
giving a 99.9% dense, near net-shape component [32], with better resolution
than other AM methods [13].

Laser, /

\

Substrate plate

Moving
platform

1. First layer. ii. n layer.

iii. Loose powder removed,
finished part revealed.

Figure 4.9: Concept of SLM

Literature demonstrates that a proper choice of the process parameters
can result in comparabe or superior mechanical properties to those of bulk
materials, also in case of powder mixture [17]. However, despite its great
advantages, there is still a lack of standardization that is holding back SLM
from widespreading at full potential. Before reaching the target properties,
the techniques of design of experiments (DoE) are often used to estabilish
the optimal ranges for each parameter since the rapid heating, melting and
cooling that happen during an SLM process make it difficult to predict and
sometimes even understand the relationship between parameters and result-
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ing properties. The next section of this chapter aims to give an overview of
the most important SLM process parameters.

4.4.1 SLM process parameters

Laser power, scanning speed, hatch spacing and layer thickness are the
parameters that are adjusted during the SLM process to achieve the target
(Figure 4.10).

Powder bed

Figure 4.10: Illustration of SLM process parameters [32]

The building orientation is also considered in the literature because of
its strong influence on the mechanical behavior (strength, fatigue resistance,
clongation) as shown in [17] for 316L austenitic stainless steel. The building
orientation has also a significant impact on the morphology of the molten
pool boundaries (MPBs). In the study [9], MPBs are investigated as a
result of the orientation to explain the characteristic higher strength and
anisotropy and the lower ductility of SLM components if compared to con-
ventionally manufactured parts. A good choice of the parameters can limit
the typical defects of SLM parts, namely internal voids, partially melted
powder and residual stress. Heat treatments help in reducing residual stress
[18] and in reaching the target magnetic properties [7]. Disparate studies
in the literature demonstrate that a low energy - resulting from low laser
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power, large layer thickness and high scanning speed - can cause balling, a
particular phenomenon in SLM where spheroidal beads obstruct the foma-
tion of continuous melt lines [32]. On the contrary, high laser power and low
scanning speed may cause material evaporation and thus a change in the
chemical composition accompanied by the keyhole effect. An illustration
of the process of keyhole formation is shown in Figure 4.11. An high laser
power results in a long keyhole and in laser scattering inside it. The pore
formation results from he collapsed keyhole, after metal evaporation [19].

Small
3 _}_eyhole

11 ?

Evaporation

E -

"f;.‘: : - 3 -

Powder layer Initiation of melt pool

Keyhole started

[eLaser scattering inside the keyhole Collapsed keyhole

Recoil
pressure

Entrapped vapor Pore formation

Figure 4.11: Illustration of keyhole formation [19]

Finally, the hatch spacing has been highly investigated in the literature.
It has a great influence on the heat-transfer behavior, relative density and
surface quality [33]. An increase in the hatch spacing results in a reduced
peak of temperature and heat accumulation with effects on the microstruc-
ture. The microstructure can also be predicted by simulation models that
can support the appropriate choice of this parameter in order to get a good
surface quality and high relative density (99.9%) [33].

Clearly, strong process-structure-properties relationships characterize
SLM; however, a more solid understanding of the phenomena involved in the
process is fundamental to predict the properties based on the parameters.
Sometimes, process-structure-properties relationships available for welding
are used as a reference, since some AM methods have the same heat sources
as welding processes [8], but the error and trial is still the most reliable way
of finding the optimal ranges for the process parameters.
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4.4.2 Residual stress in SLM produced parts

One of the main SLM process consequences is the high residual stresses
remaining in the part after its fabrication. Indeed, SLM is similar to a laser
welding process and, particularly, to a laser cladding with feeding material
provided in powder form [56]. One main difference is the size of the melting
pool, that is way smaller in the case of SLM, thus giving finer structures.
Consequently, with an optimal choice of the process parameters, pores can
be avoided. However, the local solidification of molten regions causes sig-
nificant stresses in the printed component. The effects of the remaining
stresses - namely deformation, cracks, loss of static and dynamic strength -
can be unacceptable for the intended scope of the part.

High residual stresses occur in SLM parts beause of high temperature gra-
dients. During the process, the material undergoes repeated heating and
cooling, but the volume is not free to expand and contract due to the met-
allurgical connection with adjacent or underlying material.

Two models can be found in the literature describing the mechanism of
formation of residual stresses during SLM: both theories are based on the
expansion behavior of the material during thermal cycles [56]. The temper-
ature gradient mechanism (TGM) explains how the stress is induced in a
single melt track because of the connection to adjacent colder tracks. In-
stead, the cool-down mechanism describes the expansion behavior resulting
from the temperature difference between one melted powder layer and the
underlying layer. The TGM concept is illustrated in Figure 4.12 below.

Heating Cooling

Figure 4.12: Explanation of the temperature gradient mechanism [57]

As shown in the illustration, the laser beam provides heat to the mate-
rial causing the thermal expansion of the track. The adjacent material is
colder then the track being heated and melted by the laser, thus inducing
elastic compressive stresses in the heat affected zone [56]. Plastic deforma-
tion or upsetting of the material in the direction of the laser occur when
the yield strength is overpassed, with a consequent reduction of stresses.
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During the cooling phase, the track cools down and contracts. However,
due to the sourranding material, tensile stresses are generated in the plasti-
cally deformed area with bending occuring in the opposite direction to the
energy source.

Similarly, the cool-down mechanism describes the stresses generated because
of the temperature gradients between two subsequent layers. As illustrated
in Figure 4.13, the top layer has an higher temperature than its previous
one. During cooling of the top layer, it tends to contract more than the
underlying layer, thus causing tensile stress in the upper bed and a com-
pressive state in the bed underneath it because of their connection. The
subjacent layers have usually a moment of resistance high enough to prevent
plastic deformation; as a result, remaining tensile stresses are very high and
when the tensile strength of the matrial is reached, cracks and voids may
form in the part.

a) Fosigs I

b) > g>0
Z
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Figure 4.13: Illustration of the cool-down mechanism [56]

Many methods exist to investigate residual stresses, with both destruc-
tive and non-destructive (NDTs) tests. X-ray diffraction (XRD) is one of
the most common among the NDT's and allows to investigate residual stress
on the outer faces, but also at different depths in the part. Before explain-
ing its working principle, the classification of residual stresses is required.
Indeed, residual stresses can be divided according to the length scale where
they occur [58]:

e type I: macroscopic stresses;

e type II: microscopic stresses occuring over the grain scale because of
the presence of different phases in the part;

e type III: microscopic stresses occuring inside a grain because of de-
fects.

The type I can be considered as an average of the stresses in a volume
that is large enough to contain grains of all the phases formed in the ma-
terial. Instead, while type II and III can be seen as a deviation from the
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Figure 4.14: Types of residual stresses [56]

macroscopic (average) type I. The illustration of the aforementioned types
is given in Figure 4.14.

The XRD examination is applied to investigate macroscopic residual
stresses, because they cause a shift of the diffraction angle of the diffraction
reflex [56].






Chapter 5

Traction electric motors
produced by AM

The purpose of this last Chapter is to give an overview - to the best of
the author’s knowledge - of the state of art of electrical machines additively
produced for automotive applications. A review of the literature shows
that there is a great interest in the possibility of fabricating electric motors
by AM, since the manufacturing method is more or less the same as what
was used in the 1970s. The resulting design of the electric motor is then
constrained by the conventional process. So far, all the research in this
area has focused in demonstrating the suitability of AM for this application
and, more specifically, in showing that the mechanical and electromagnetic
properties are comparable to those of a traditional motor when the electric
machine is produced by AM and made of one of the materials available for
an AM process. Therefore, most of the studies are a characterization of one
or more materials that may be suitable for this application: most of those
works consider either many electromechanical properties at the same time
or just one of them, and adjust the parameters of the process to reach the
desired features [4][7][8][9][13][14][15][17][18][19][27].

Few studies have actually AM-produced a traction electric motor - or at
least part of it - but they still investigate similar designs to the conventional
one, with the objective of testing the properties on the component instead
of just samples [1][35]. As yet, no study has shown the printability of
a fully functional electric motor in only one step even if a great effort has
been put in the fabrication of AM electromechanic devices, where electronic
components are embedded in the part during production. An interesting
study [34] demonstrate how it would be possible to fabricate an electric
motor in a single sequence build, but with some pauses to allow for the
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integration of bearings, windings, magnets, speed controller. The pauses in
the process are shown in Figure 5.1.

Segment &
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Segment 4
Segment 3

Embedding Embedding Embedding

Bearing Magnets Electro-Magnets ~ Segment2

(Segment1) (Segment 2) (Segment 3) g G-
Segment 1 ‘ Tr—L

Structure of the

Embedding Embedding Speed Finished Motor m Oto r
Bearing Controller (Segment5)
(Segment4) (Segment®)

Figure 5.1: Illustration of the pauses during one-sequence build of an electric
motor from [34]

This study opens up to new design possibilities, even if the testing of
the motor (Figure 5.2) shows that its properties are still poor.
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Figure 5.2: Results of a 3D-printed 3-phase brushless DC motor [34]

Another recent research [35] has focused on the cores and, more specifi-
cally, on the rotor (Figure 5.3): Fe-Co powder was used to SLM produce a
rotor, with promising results in terms of mass density and saturation mag-
netic flux. However, the resistivity was not high enough to mitigate the
losses.
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Figure 5.3: Illustration of an SLM-produced rotor [35]

A similar study [1] was conducted on the stator (Figure 5.4), as explained
in the Introduction, with the overall performance of the motor not being
fully comparable to that of a conventionally produced machine.

(a) e

,Hl. I \

Figure 5.4: Illustration of SLM-produced stators [1] made of two different
materials






Chapter 6

Finite Element Analysis (FEA)
of rotor

One method to continue improving in the sector of additive manufacturing
applied to electric cores consists in using numerical simulation instead of
physical printing, at least in the early stages of a research. In this work the
prediction of residual stress on a rotor produced by SLM is conducted by
using ANSY'S 2020 R2 software with its additive tools. Some advantages of
simulating are listed below:

e thermal distortion and residual stresses can be investigated;

e the engineer can come up with the best orientation of the part on the
build base and the optimal supports to use;

e the designer can understand if the part is physically buildable and
how the design can be modified to compensate for distortion.

The ANSYS Workbench simulation consists of a thermal-mechanical FE
analysis with the thermal transient analysis being run first and the struc-
tural analysis subsequently, with the full thermal history data. The main
stages of the process can be simulated in the software, namely preheat,
build, cooldown, removal of the plate and supports. The procedure is ex-
plained in details in this chapter.

The FE analysis of an AM process has also the great advantage of inves-
tigating the influence of process parameters on the results (residual stress
and deflection) without the need of wasting material in a physical printing
of samples. This study extensively benefits from this advantage, as shown
in the next chapter. However, one drawback of the simulation is that the
software does not take into account the scanning strategy, which may have
a significant influence on the results. The investigation of its influence needs
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to be held necessarily by physical experiments, while some results of the nu-
merical simulation must be critially discussed to consider how the scanning
strategy impacts.

6.1 Geometry

The geometry for the simulation was created in Solidworks and it consists of
an electric rotor with 12 slots, characterized by an height of 16 mm and an
outer diameter of approximately 75 mm. The build plate base was created as
a simple parallelepiped of 280 mm x 280 mm x 10 mm, which is a common
size for the plate of SLM machines. The 3D CAD model of the electric
rotor was downloaded from the free library of GrabCAD [63] and adapted
for this study. The rotor geometry was modified to eliminate details in the
shape that would have created stress concentration. For the purpose of this
work, those details were not essential and would increase unnecessarily the
computational time. The simplified geometry is shown in Figure 6.1. It
can be noticed that the build part is oriented to align the build direction
with the z-direction of the model. The local coordinate system is oriented
so that both the supports and the build part have positive z-values, while
the base plate is in the negative z-direction.

0,00 45,00 90,00 (mm)

22,50 67,50

Figure 6.1: Geometry (on the left) and orientation (on the right) of the
rotor

A gap of 2 mm was left between the build part and the base to allow for
support generation in between. This step is performed directely in ANSYS
Mechanical and not in the model generation. There is no need to represent
the powder in this stage either, unless the analyst is interested in studying
what happens in the powder, too. The powder is introduced implicitely
later in the simulation by adding an heat convection coefficient for it.
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Figure 6.2: Geometry and orientation of build plate base and rotor

6.2 Material properties and build settings

Once the geometry is created, ANSYS Workbench is used to enter the mate-
rial for both the build part and the base in Engineering Data. The material
can be either one available in the library or a new material. In the latter
case, some properties need to be specified as a function of temperature, in
a range that goes from room temperature to near melting temperature.
The material for the plate base was chosen to be maraging steel, which is
common in many SLM machines.

Alloy C Ni Co Mo Ti Al Mn Si

18NiCo(200) &1t:0.03 18 85 33 02 010 &t0.10 &I:0.10
18NiCo(250) &1;0.03 18 8 48 04 010  &t0.10 &lt:0.10
18NiCo(300) &1;0.03 185 90 48 07 010  &l0.10 &1£0.10
18NiCo(350) &t:0.03 18 12 42 15 010  &&0.10 &1:0.10
13NiCo(400) &t:0.03 13 5 10 02 - &lt:0.10 &11:0.10
18NiCo(500) &1t:0.03 8 18 14 02 - &lt:0.10 &I:0.10

Table 6.1: Typical maraging steel compositions

Its properties were taken from open literature and used to create a new
material in the ANSYS library. Maraging steels are a class of low-carbon
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steels that derive their ultra-high-strength form the precipitation of inter-
metallic compound. They have very stable properties and retain their prop-
erties at mildly high operating temperatures. Typical nominal composition
for maraging steels are listed in Table 6.1 above from [|]. During the simu-
lation, it was assumed that there was no thermal strain effect in the build
plate base, since there is no interest in its thermal-to-structural analysis.
Then, the properties of the material for the base were not needed as a func-
tion of temperature, but they could be indicated as a single value, as shown
in Figure 6.3.

| Property Value Unit
2 T4 Material Field variables = Table
%8 Density 8100 kgm~-3
4 = % IE?;::; Secant Coeffident of Thermal
5 %4 Coefficient of Thermal Expansion 1,01E-05 cA1
& Tfl Isotropic Elasticity
12 T8 strain-ife Parameters
20 |@ A sNcurve = Tabular
24 %4 Tensie Yield Strength 758 MPa
25 T4 compressive Yield Strength 1034 MPa
% 4 Tensile Ultimate Strength 4,6E408 Pa
27 ?El Compressive Ultimate Strength 0 Pa
28 EI Isotropic Thermal Conductivity 15 Wma-1CA-1
29 T4 spedficHeat, C; 450 Jkg~-1CA-1

Figure 6.3: Maraging steel properties for the build plate

The material assigned to the rotor is 316 stainless steel, which is one
of the available materials in the AM library of ANSYS. A typical nominal
composition of 316 stainless steel is detailed in Table 6.2 below.

rade C Mn Si P S Cr Mo Ni N
Min - - - 0 - 16.0 2.00 10.0
218 Max  0.08 2.0 B.75 0.045 0.03 18.0 3.00 14.0 0.10
Min - - - - - 16.0 2.00 10.0
Pk Max  0.03 2.0 0.75 0.045 0.03 18.0 3.00 14.0 0.10
aher Min  0.04 0.04 0 - - 16.0 2.00 10.0

max 0.0 0.0 075 0.045 0.03 180 3.00 140
Table 6.2: Typical 316 stainless steel compositions
The material choice was motivated by the presence of many studies

about 316 stainless steel to compare the reuslts and use the process pa-
rameters found in the literature. Since the objective of the study is the
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investigation of the coupled thermal and structural analysis of the part, the
properties of this material are required as a function of temperature, as de-
scribed above. This is exactly the way thermophysical properties (density,
thermal conductivity, specific heat capacity, elasticity, tangent modulus and
Poisson’s coefficient) are indicated in ANSYS Engineering data when a ma-
terial is listed as AM material. As an example, the density curve taken from
ANSYS AM library is shown in Figure 6.4 for 316 stainless steel.
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Figure 6.4: Density curve for 316 stainless steel from ANSYS Engineering
Data

Once the materials and geometry are imported, the model can be launched
from the transient thermal block of ANSYS Workbench and this opens AN-
SYS Mechanical.

The following steps must be performed before running a thermal-to-
structural simulation:

e the material is assigned to all components of the 3D model,

e an AM box is introduced in the model and the build part and base
are specified in the AM box;

e the reference temperature of the printed part is set to the melting
temperature of its material;

e the build settings are specified (deposition thickness, hatch spacing,
laser scan speed,...). During this step, a convection coefficient is in-
troduced not only for gas but also for powder to implicitely represent
the powder without modelling it in the 3D geometry;
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Figure 6.5: Coupled transient thermal and structural analysis in ANSYS
Workbench

e the meshing is performed by using a cartesian mesh method for the
build part: this choice aims to approximate the geometry in a layer-
by-layer manner as it happens during 3D printing;

Figure 6.6: Cartesian mesh of the rotor

e the support toolbar is used to authomatically generate supports be-
tween the base and the part as well as wherever the angle is greater
than 45;

e the last steps consists in creating the base-to-build contact, which is
another tool of the AM process box available in ANSY'S.

Once all these steps are performed, the simulation is ready to be run as
explained in the next paragraphs of this chapter.
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6.2.1 Process parameters

The process parameters were set to the following values, as also shown in
Figure 6.7:

e deposition thickness: 0.03 mm;

hatch spacing: 0.07 mm,;

scan speed: 800 mm/s;

preheat temperature 40°C,
e gas convection coefficient: 0.00006 W/ °C' mm?;

powder convection coefficient: 0.00003 W/ °C mm? ;

Details of "Build Settings" «* 0 0OX
=/| Machine Settings

Additive Process .Powder Bed Fusion

Inherent Strain [No

Strain Scaling Factor . 1,
Deposition Thickness | 3,e-002 mm

Hatch Spacing 7,e-002 mm
Scan Speed | 800, mm/s
Dwell Time (10,
Dwell Time Multiple [,

Number of Heat Sources |1

=/ Build Conditions

Preheat Temperature |40, °C

Gas/Powder Temperature | Use Preheat Temperature
Gas Convection Coeff .ﬁ,e-DOS W/mm*.*C
Powder Convection Coeff ' 3,e-005 W/mm?.*C
Powder Property Factor . 1,e-002 .

=/ Cooldown Conditions
Room Temperature .22, "C
Gas/Powder Temperature |Use Room Temperature
Gas Convection Coeff .ﬁ,e-DOS W/mm*.*C
Powder Convection Coeff . 3,e-005 W/mm?.*C

- Discretization Settings .
Layer Height .Program Controlled

Figure 6.7: Process parameters

Those values were taken from the literature with the obective of obtain-
ing a full-dense part, which is usually the primary target when SLM-printing
a component. The set of parametrs aforementioned was used in the first
part of the study. Subsequently, the parameters were changed to run a sen-
sitivity analysis and evaluate the effect of different energy density values.
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6.3 Transient thermal simulation

The first part of an AM FE simulation consists of a transient thermal anal-
ysis that requires as unique (thermal) load the temperature at the bottom
of the build plate base. The temperature at this face is set to be equal to
room temperature. During the thermal analysis, a temperature track plot
can be activated to follow the simulation.

6.4 Static structural analysis

The second part of an AM FE simulation is the static structural analysis
having as input both the thermal history (from the transient thermal anal-
ysis) and a constraint at the bottom of the building base (fixed support) as
shown in Figure 6.8.

Figure 6.8: Boundary condition for transient thermal analysis (on the left)
and static structural analysis (on the right)

One last phase before launching the analysis is the specification of the
steps that the analyst is interested in studying. For the purpose of this
study, the following steps were considered (Figure 6.9):

e build step;
e cooldown step;
e removal of the base;

e removal of the supports.
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The final steps - removal of both base and supports - were included because
they can affect significantly the residual stress and final distortion in the
part. The way they affect the results is also dependent on the way the part
is constrained during the removal step. It was assumed that the part was
free to deform during that final phase.

AM Process Sequence

| ransient Thermal -| Reset All \

Transient Thermal Static Structural

Cooldown Step x Cooldown Step

Cooldown Cooldown
Removal Step x
Base
Removal Step x
Generated Support

Figure 6.9: Step of thermal and structural analysis






Chapter 7
Results of FEA

The purpose of the current chapter is to illustrate the outcomes of the FE
analysis applied to the rotor, as described in Chapter 6, and to compare the
simulation results to the theory of residual stress in SLM. The equivalent
stress is shown first, followed by the 3D color-maps of the maximum and
minimum principal stresses that can be used in future works to examine
the differences between simulation and experimental XRD investigations on
printed part.
Figures 7.1 and 7.2 show the equivalent stress over the entire volume and,
respectively, the locations of the maximum and minimum equivalent stress.
The maximum value is experienced where the slots originate from the core,
and thus can be explained in terms of geometrical stress concentration. Its
value reaches more than 450 MPa in tension.
mn 455,50 Max 455,50 Max
406,26 406,26
356,93
307,61
258,28
208,95
159,62

1103
60,968

0,00

Figure 7.1: FEquivalent Stress; Figure 7.2: FEquivalent Stress; min
max location location

The plots for the maximum principal stress and the locations of the
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minimum and maximum values are displayed in Figures 7.3 and 7.4. The
maximum magnitude reaches almost 500 MPa in tension inside the slot,
while the minimum value is a compressive stress that is experienced on the
bottom of the rotor. The top surface resents a tensile stress with a mag-
nitude of around 250 MPa. This result seems to agree with the theory of
cool-down mechanism, in which the top layers experience a tensile bend-
ing stress while the bottom layers undergo compressive stress due to the
difference in temperature and thermal contraction.

159,68
91,79
23,005
-43,981
111,87 Min

-111.87 Min

Figure 7.3: Maximum principal Figure 7.4: Mazimum principal
stress; location of the mazimum stress; location of the minimum
value value

The minimum principal stress over the entire volume is shown in Figure

7.5 below.

Figure 7.5: Minimum Principal Stress

The minimum value - a compressive stress of more than 400 MPa - is
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experienced on the external vertical faces of the slot. Compression is also
found in almost all the contour edges of the geometry, while the central
areas of the volume resent low tensile stress (< 50M Pa). This result can be
described by the temperature gradient mechanism (TGM). As detailed in
Chapter 4, the TGM theory illustrates the origin of compressive and tensile
stress in different regions of the same layer because of the temperature dif-
ference between the melted track and the previous tracks of the same bed.
This thoery is strictly related to the scanning strategy, which is not taken
into account in AM ANSYS Workbench. Indeed, an axial symmetry is ob-
tained in the resulting stress as a conseqauence of the geometry symmetry.
This result is not completely accurate, because the difference in stress on an
horizontal face is highly influenced by the scanning strategy. However, due
to the temperature gradients and the difference in cooling rates, a faster
cool-down is expected towards the edges, thus inducing compression state,
while tensile stress is generated in the central area with bending occuring
in the opposite direction to the energy source.

The total deflection resulting from the FE analysis is shown in Figure
7.6 with a scale of 10. The maximum value is slightly below 1 mm and it
is encountered on the external vertical face of the slot, towards the bottom
layers. This result can be explained in terms of the geometry detail of the
slot but also becuase of the removal steps causing a stress relief, and thus
distortion.

- 0-72672 Max
064508
056523
048448
040373
0,32299
0,24224
0,16149
0,080747
6,0809e-9 Min

Figure 7.6: Total deflection (scale 10)

The above stress results were used to compare their trends with those
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of previuos studies as described hereafter.

A line was identified in the rotor volume, from the bottom layers to the top
face. Its location is shown in Figure 7.7. This 1D geometry was used to
plot the maximum principal stress, the minimum principal stress and the
equivalent stress as a function of the building direction, from 0 mm to the
total height of the rotor (16 mm). The graphs are illustrated in Figures 7.8,
7.9 and 7.10, respectively.

Figure 7.7: Vertical line in the rotor volume

The graphs show that there is a strong dependence on the z-coordinate,
where the z-axis coincides with the building direction of the process. This
result is in agreement with the findings of previous studies on residual stress
in SLM, namely [59] and [61]. Those works investigated residual stress in
SLM components via several methods, both numerical and experimental.
The geometries were respectively a cube and a cantilever, but a variation
with z-coordinate was found in those studies, too.

355,46 —

[MPa)
8

8 16
[mm]

Figure 7.8: Maximum Principal Stress as a function of z-coordinate (build-
ing direction)
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The bottom layers resent an high tensile stress in the maximum principal
direction, and a minimum principal stress that is very close to 0 MPa. The
volume at intermediate values of z udergoes a compressive state, with the
maximum principal stress being almost null and the minimum principal
stress reaching just below -200 MPa. On the upper part, the stress state
is similar to the bottom layers, but the maximum principal stress hitting a
lower value and with a peak just below the top face.
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Figure 7.9: Minimum Principal Stress as a function of z-coordinate
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Figure 7.10: Equivalent Stress as a function of z-coordinate
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7.1 Check of accuracy of the model

The residual stress and deflection discussed in the previous paragraph are
the result of a convergence analysis that was performed by progressively
refining the mesh. Since the target of the analysis is the rotor, no mesh
refinement was performed on the build plate base where the mesh size was
always kept at 5 mm. Instead, on the build part (the rotor) an initial size
of 2 mm was used to run the first simulation and a threshold of 3% was
assumed to consider the solution converged during the next steps.

The intermediate results during iterations are listed in the tables below
(Table 7.1), together with the relative change between one step and the
other (Table 7.2).

Mesh size
2 mm 1 mm 0.8 mm 0.6 mm

Equivalent 394.69 433.11 448.75 455.59
stress (MPa)
Max Principal | 433.64 457.07 483.75 499.1
stress (MPa)
Min Principal | 33.842 30.901 44.34 47.721
stress (MPa) | -376.65 -408.86 -422.11 -427.08

Table 7.1: Intermediate results of the convergence analysis

Mesh size Equivalent Relative Convergence
stress (MPa) | change check
2 mm 394.69 - -
1 mm 433.11 +9.6% > 3%
0.8 mm 448.75 +3.7% > 3%
0.6 mm 455.59 +1.5% < 3% OK

Table 7.2: Relative change for convergence check

The analysis was stopped at 0.6 mm since a change of 1.5% (< 3%) is
experienced in the residual stress with respect to the previous iteration. This
is a positive result since the mesh size of 0.6 mm exceeds the layer thickness
by one order of magnitude which is a mathematical /physical requirement.
The graph resulting from the analysis (Figure 7.11) shows a relative increase
in the equivalent stress by around 15% between the simulation performed
with a mesh size of 2 mm and 0.6 mm, respectively. An horizontal asymptote
can be drawn towards 460 MPa.
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Figure 7.11: Convergence analysis: equivalent stress versus mesh size

The convergence analysis described in this paragraph may be considered
as an initial examination of the accuracy of the model and its boundary
conditions. The outcome of this part of the work is extremely encouraging
from both a mathematical and physical standpoint. Indeed, the converged
results show that the problem is mathematically well-posed; while the phys-
ical discussion of the stresses made previously in this chapter highlights the
accordance with the theories explaining residual stress in SLM parts. How-
ever, it is strongly recommended for future work to compare the prediction
of residual stress that is made in this study by FEA with experimental
values.

7.2 Sensitivity analysis: energy density

Residual stress and the resulting distortion can lead to a reduction on me-
chanical performance and even cause the part to be unacceptable. Then,
the mitigation strategies are investigated in this paragraph. The literature
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review on SLM and residual stress points out that the following approaches
can be followed to reduce the stress that remains in the part after its additive
manufacture:

e tuning of process parameters;
e post-processing via heat treatments;
e change in desing.

Post-processing via heat treatments is not part of this work, since it

would necessarily require experimental testing on printed part and its study
cannot be conducted by numerical simulation. The influence of the geome-
try is another significant influencing factor in the residual stress magnitude.
The part desing is taken into account in this work through a topological
optimization, as descibed in the following chapter.
Instead, this paragraph will focus on the influence of process parameters
and, in particular, energy density E[J/mm3]. The energy density gives an
indication of the average energy introduced during the exposure of a layer
per material volume and it can be computed as:

P
EF=——
Ve k hokt

where:
e P [W] is the laser power;
e v, [mm/s] is the scanning speed;
e h [mm] is the hatch spacing;
e t [mm] is the layer thickness.

It can be noticed that the most charateristic process parameters are
included in the definition of FE, that is the focus of this part of the study.
The first combination of process parameters is shown in the table below and
is used as reference.

Reference Combination
Laser Scan speed | Hatch spac- | Layer thick- | Energy den-
Power (W] | [mm/s] ing [mm] ness [mm] sity [J/mm?]

90 800 0.07 0.03 53.57

Table 7.3: Process parameters in the reference combination
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Since the laser power P was not an input in ANSYS AM Workbench
analysis, a value of 90 W was assumed and kept constant in all the combi-
nations, while the other factors were tuned to give different values of energy
density, as shown in Table 7.4.

Combination n.
1 (ref- | 2 3 4 5
erence)
Laser power [W] | 90 90 90 90 90
Scan speed 800 1500 700 600 400
/5
Hatch spacing | 0.07 0.09 0.06 0.05 0.05
)
Layer thickness | 0.03 0.08 0.03 0.03 0.03
fmm)
Energy density | 53.6 8.3 71.4 100 150
[J/mm?]
Equivalent 455.59 | 432.41 459.39 460.64 | 461.01
stress [MPa]

Table 7.4: Results of process parameter tuning mitigation strategy

As listed in the table, five combinations of parameters were tested giving
five different values of energy density, namely 53.6 J/mm?(reference value),
8.3 J/mm?3, 71.4 J/mm?3, 100 J/mm?3, 150 J/mm?. The graph in Figure
7.12 shows that a reduction of residual stress is experienced with the set
of parameters that results in the lowest energy density (8.3 J/mm?). On
the contrary, a slight increase is found when the energy density is doubled
and tripled (100 J/mm?, 150 J/mm?), while with 71.4 J/mm? the differ-
ence in residual stress with the reference case (53.6 J/mm3) seems to be
non-significant. This finding is in agreement with previous works showing
that the energy density does not influence the residual stress if its value is
changed so that the ruslting part is full-dense. Indeed, most probably the
combination resulting in 71.4 J/mm? of energy density still gives a dense
component.

The variation of residual stress with the change of energy density was
expected, however the outcome of this part of the work may indicate that
tuning the process parameters is not the most effective mitigation strategy
for the high residual stress in SLM produced components. Indeed, the mag-
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nitude of the equivalent stress reduces by only less than 6% when the energy
density is decreased from 53.6 J/mm? to 8.3 J/mm?®. Such a low value of
energy density would most probably result in a non-full dense part with void
formations and internal cracks. A minimum energy density is required to
completely melt the part, thus ensuring as less pores as possible. Instead,
high energy densities not only do not guaratee a significant reduction in
stress, but also they may be the cause of vaporization and key-hole effect.
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Figure 7.12: Sensitivity analysis: equivalent stress versus energy density

The primary goal when producing a part by SLM should be to find the
optimal range for all the process parameters to guarantee an high density.
Thus, it can be concluded that tuning the process parameters in their opti-
mal range may not be enough to reduce the residual stress. Post-processing
via heat treatments is certainly an alternative that is recommended for fu-
ture investigations, since this is not part of this work.

Finally, it should be noted that some parameters cannot be controlled
by ANSYS Workbench, but they may influence the residual stress, conse-
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quently they may be adjusted with the objective of mitigating the stress.
That is the case of the scanning strategy, whose examination is also recom-
mended for future developments of this subject.






Chapter 8
Topological optimization

The last part of this work consists in a mechanical topological optimization
of the rotor, as described in the current chapter. The dedicated ANSY'S tool
was used for this purpose. However, the ANSY'S topology oprimization tool
does not work properly with non-linear materials and needs to be applied
after a static structural box. Then, the following workflow was used to find
a mechanically optimized geometry for the rotor:

e the reference rotor - described in Chapter 6 - is used to run a structural
analysis. A similar material is used instead of the AM material and
a fictitious load is applied so that the equivalent stress is similar to
what is found in the FE simulation of the AM process (Chapter 7);

e the outcome of this analysis is used as input of the topological opti-
mization tool;

e the resulting geometry is saved and simplified in ANSYS SpaceClaim
or any other 3D CAD software. In this step, the build base plate is
also copied in the model, to create the assembly that is required in
the AM process simulation;

e the assembly is used as geometrical input of an AM ANSYS analysis,
where all the settings are the same as the reference case (Chapter 7).

The workflow to get the optimized shape is shown in figure 8.1.

It should be noted that the analysis was performed by taking into ac-
count only the mechanical loads with the objective of reducing the mass of
the rotor without increasing the equivalent stress or total deflection in the
part. The setting and results of this analysis are illusrated in the following
paragraphs.
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Figure 8.1: Workflow for topological optimization of AM parts in ANSYS

8.1 Settings of the topological optimization

The mechanical optimization of the rotor was aimed at proposing a lighter
design of the part to benefit from one of the best advantages of AM pro-
cesses, which is the quasi-total freedom in design. In this study, only the
mechanical loads were considered as resulting from the AM thermal-to-
structural analysis. Instead, no electromagnetic consideration was made,
but the analysis of the electromagnetic properties of the optimized shape is
highly recommended for future works, preferably on the printed part.

[E] Design Region: Topology _
[€] Exclusion Region =

Figure 8.2: Geometrical settings of the topological optimization analysis in
ANSYS

The geometrical settings of the analysis are shown in figure 8.2. Two
main regions can be identifed:

| U S S S S N



8.2. OPTIMIZED PROPOSED DESIGN 81

e a topology region, where the material can be removed;

e an ezclusion region, where the material is kept for constraints/load
application or for the coupling with other systems.

In the case of the AM production of a rotor, there is no need to consider
faces or points to retain for the application of loads, but the external upper
and lower faces were included in the exclusion region as part of the contour
geometry. Also, in the analysis of the optimized design options, the shapes
with an high percentage of mass removal in the internal cylindrical face
were not considered to allow for the coupling with the shaft. An example of
geometry that was excluded is shown in figure 8.3: this design was obtained
by setting a mass reduction of about 50%. Such a percentage of mass
removal induced a great volume decrease in the central area, thus making
the coupling with the shaft difficult.

Figure 8.3: Optimized geometry with 52% of mass retained

8.2 Optimized proposed design

Based on the outcomes of the first optimization - having 52% of the initial
mass in the final geometry -, lower percentages of reduction were tested
subsequently. The geometries obtained with 70% and 60% of mass retained
are illustrated in figures 8.4 and 8.5, respectively. They are both char-
acterized by moderate mass removal in the internal cylindrical face, thus
making the shape acceptable. In both cases a considerable mass reduction
is experienced in the area of the slots and on the external cylindrical face
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with a greater removal in case of 60% of mass remained in the final design.
Then, they were both used to run an AM structural-to-thermal analysis and
evaluate the equivalent stress and total deflection.
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Figure 8.5: Optimized geometry with 60% of mass retained
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The total deflection in the design with 70% of volume is shown in Figures
8.6 and 8.7 in the true scale and with a scale of 16:1, respectively. The
maximum value is around 0.80 mm and is found to be on the external
vertical face of the slot. A similar result was also found in the reference

- non-optimized - design.

The reason for this finding is most probably

linked to the geometry detail of the slot location and its consequent stress
concentration. The invariance of the total deflection was one of the target
of the topological analysis, thus making this design admissible.

080432
071533
062635
053736
044837
035939

02704

018141
0,092426
0,0034389 Min

Figure 8.6: Design with 70% mass
retained. Total deflection - true
scale

The equivalent stress was
also evaluated in the op-
timized shape with respect
to the reference case. It
was found that the loca-
tion of the maximum equiv-
alent stress is still experi-
enced inside the slot site.
However, the magnitde is
slightly lower (423 MPa in-
stead of 455 MPa). This
second result also makes the
current design eligible as a
lighter geometry for further
investigations. Finally, one

423,33 Max

377,81
3323

286,78
241,27
195,75
150,24
104,72
50,206

13,691 Min

071533
0,62635
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0,2704
0,18141
0,002426
0,0034389 Min

Figure 8.7: Design with 70% mass
retained. Total deflection - scale 16

Figure 8.8: Design with 70% mass retained.
Equivalent stress - true scale

last design was studied, as detailed hereafter. A percentage between 52%
and 70% of mass retained was chosen for the last trial.
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The last optimized design was characterized by a final volume being 60%
of the initial one. The total deflection was found to be around the same
value as the previous cases (0.80 mm) as shown in both true and modified

scale (Figures 8.9 and 8.10).

0,80754 Max
07186
0,62967
0,54073
04518
e 036296
s 027393
0,62967 0,18499
g,z::w:a 0,008057 o
036266 0,0071216 Min
0,27393
0,18489
0,006057
0,0071216 Min
Figure 8.9: Design with 60% mass Figure 8.10: Design with 60% mass
retained. Total deflection - true retained. Total deflection - scale 16
scale
The equivalent stress with
a design being 40% lighter g 402,52 Max
was found to be lower ;15:;:
than both the reference 26938
case (non-optimized) and 225
the previous optimized case 180,62
(30% lighter than reference). ;136522
The location of the maxi- 4;{4}3
mum is still the same, in ~&4 3,098 Min

the internal part of the slot.
The values of the equiva-
lent stress and total deflec-
tion make this design admis-
sible, too. This case is cer-
tainly preferable in terms of
weight, however more exam-
ination may be required to
decide the optimal shape. A

Figure 8.11: Design with 60% mass retained.
FEquivalent stress - true scale

summurizing table illustrates the outcomes of the mechanical topological

analysis (Table 8.1).
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Topological optimization iterations

Steps Retained Total deflec- | Equivalent Comments
mass tion [mm] Stress [MPa]
STEP 1 | 52% - - non acceptable
STEP 2 | 70% 0.8043 423.33 acceptable
STEP 3 60% 0.8075 402.52 acceptable

Table 8.1: Retained mass, total deflection and equivalent stress during topo-
logical optimization

The topological optimization analysis was performed by trial and error.
Three different weight reduction were studied with the following results:

e a design with 48% of volume removal was obtained as first attempt: its
shape was considered non-acceptable for the amount of mass removal
in the central area, where the rotor is coupled to the shaft;

e a second trial was done by removing 30% of mass from the initial
design: total deflection did not change while the equivalent stress
decreased slightly;

e a last trial was run with a 40% mass reduction: the simulation re-
sults were almost the same as the second trial but with an even lower
equivalent stress.

Based on those results, both the second and the third designs are acceptable.
The lighter between them (40% of mass removed) is preferable because of
both the weight and the low stress. However, for a complete validation of
an optimized rotor, it is recommended to physically print the component to
also test its electromagnetic performances. The encouraging result of this
part of the study is the demonstration that optimized electric rotor con be
obtained by SLM without increasing the residual stress (and its consequent
distortion) that is inherent in the SLM process.






Chapter 9

Conclusions and final remarks

The extensive review of the state of the art about AM applied to electrical
machines demonstrated that AM can be an alternative to the conventional
way of producing electrical machines and, even more, it can address the
high-demanding requisites of this field in terms of sustainability and eco-
nomic growth. As yet, disparate studies showed how promising AM may be
in reducing printing operations, postprocessing steps, wasted materials [20]
and in producing lightweight components, but some steps are still needed
before an AM electric motor can be commercialized.

One of the hurdle consists in searching for the optimal settings of the process
to guarantee both a full-dense component and the desired electromagnetic
properties. Some previous research evaluated how the process can be tuned
to get a part having the same mechanical properties as the bulk material,
but with poor electromagnetic properties. Based on the few 3D-printed
cores in literature, multimaterial techniques may be the key for the devel-
opments of AM electric motors, as pointed out by the authors of [1]. The
simultaneous use of different materials may help in reaching all the desired
properties: for instance, electrical steel and magnetic insulators may reduce
the eddy current losses [1][20].

The research in this field are currently based on design of experiments
and consequent expensive printings of numerous samples to be physically
tested. An important improvement to make the investigations faster and less
expensive may be the use of simulation tools to predict the microstructure
and properties of the AM-produced electric machines with almost no waste
of material.

This thesis work proved how finite element analysis may be applied in the
early stages of the research in place of physical printings. In particuar,
FE simulation was used in this study to predict the residual stress, which
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is an inherent defect of AM that needs to be considered during design.
The outcomes of the analysis seem to be in agreement with the models
describing residual stress formation in SLM parts, namely TGM and cool-
down mechanism. The stresses in the entire volume were investigated after
the building and removal steps. A vertical line - parallel to the building
direction - was used to explore the variation of residual stress with z-level.
It was found that both the bottom layers and the upper part resent an high
tensile stress (around 400 MPa) in the maximum principal direction, while
the minimum principal stress was very close to 0 MPa. The opposite result
was experienced at the intermediate values of z, with the maximum principal
stress being almost null and the minimum principal stress reaching just
below -200 MPa. Another encouraging result derives from the convergence
analysis. The analysis was conducted by progressively refining the mesh
with a target relative change of 3%. With a mesh size of 0.6 mm, the
ralative change was found to be 1.5%, thus allowing to stop iterating. The
convergence analysis demonstrated that the problem is mathematically well-
posed and may be seen as a first check of the accuracy of the model.

Magnetic insulators
(Ferrites/F inemet/Metglass/

Figure 9.1: Exzample of multimaterial design with alternating vertical sheets
of electrical steel and magnetic insulator [20]
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A second section of the work consisted in a sensitivity analysis: the
value of energy density was changed by tuning the process parameters. The
consequent residual stresses were analyised to assess the effectiveness of ad-
justing the parameters in mitigating residual stress. The magnitude of the
equivalent stress reduced by only 6% when the energy density was decreased
from the reference value to 8.3 J/mm?3. This value of energy density would
most probably give a non-full dense part with void formations and internal
cracks. Instead, a slight increase in residual stress was encountered when
the energy density was doubled or tripled, while no significant variation is
experienced when the energy density was increased by one-third, going from
54 J/mm3 to 71 J/mm?3. This latter finding was in agreement with previous
works showing that the energy density does not influence the residual stress
if its value is changed in a range that still gives full-dense parts. This section
of the work can lead to the conclusion that tuning the process parameters
is not the most effective mitigation strategy for the high residual stress in
SLM produced components. Thus, other strategies should be investigated
in further developments of this topic.

The last part of this thesis work involved a topological optimization
of the rotor, based on the structural analysis of the part during its SLM
production. The proposed design is obtained through trail and error by pro-
gressively decreasing the percentage of retained mass. The equivalent stress
and the total deflection were checked at every iteration to verify that their
levels did not exceed the maximum values found in the reference configu-
ration. The geometry was also evaluated to exclude those designs having
too much mass removal in the central area, where the coupling with the
shaft happens. A mechanically optimized geometry was presented at the
end of this study. It was characterized by a final mass being around 40%
ligther than the initial rotor, while its deflection and equivalent stress did
not increase.

From the literature review and numerical simulation, some important
conclusions che be derived at the end of this work:

e Large-scale AM-production of electric machines is a priority target for
the future of technology because of their application in many sectors.
The promising results of the early studies justify further research and
investment on this area to reach the adequate maturity of the tech-
nique.

e The FEA can be an alternative to the physical printing during the
early stages of an electric motor study. Its application may help
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choosing the process parameters to evaluate the resulting mechani-
cal properties. The simulation in this work demonstrated the accor-
dance between FEA and theoretical explanation of residual stress in
SLM. However, it is recommended to compare FEA results with the
outcomes of experimental tests.

The findings of the sensitivity analysis suggest searching for more ef-
fective mitigation strategies for residual stress. For instance, studying
the effects of heat treatments, pre-heating of both powder and build
base is recommended for further investigations of this subject. The
evaluation of the scanning strategy is also designated for future works,
since its study was not possible in the commercial software used in this
work.

The lightweight geometry proposed at the end of the topological op-
timization analysis was studied from the mechanical standpoint. Its
electromagnetic validation is left to future works.
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