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Abstract

Electric motor design has been relatively unchanged for nearly a century. However, there is a
movement in our world to replace inefficient combustion te chnology with electricity. While
current electric motor technology is being used in numerous areas, manufacturing has been
limited to traditional techniques which result in ineff icient and unreliable machines for
achieving those electrification goals . As aresult, there needs to be a shift in how these
motors are manufactured and designed . Additive manufacturing (AM) can provide this shift,
however, there has beenboth a lack of information on how to use AM to design for these
applications and of electrical properties for AM materials processed by Laser Powder Bed

Fusion (LPBF) This work helps to fill in some of this missing information.

The first part of this work used DfAM and first principles to design coils which help achieve
the goals of efficient, powerful and robust electric motors. It was demonstrated that AM can
greatly increase the fill factor of a motor which increases its power density and efficiency. It
can minimise the amount of support material required which aids in creating coils with AM.

AM can also modify the end-turns of a coil to aid in thermal dissipation which further

improves efficiency and reliability .

Copper is a common material for electrical applications but has been very difficult to
process with LPBFdue to its high reflectivity and high thermal conductivity. Despite this,
some have attempted to process copper but failed to provide any electrical properties such
as resistivity . Despite a wide range of parameter optimisation, copper was not able to be
processed in this work to a high density. Despite this, resistivity measurements with respect
to initial build orientation and heat treatments were taken and found to be lower than fully
dense AISi1l0Mg. Artificial intelligence was also used to perform a secondary quality
assessment of individual thin walls to aid in parameter optimisation . With the challenges of
processing a high purity material to a high density, an aluminium alloy which can be

processed to a high density was then studied.
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Abstract

AlSi10Mg is an alloy commonly used by LPBF, however, there has been an incomplete body
of knowledge surrounding its electrical properties. Previous research has neglected initial
build orientations, variations that heat tre atment can cause, and used techniques that
assumed isotropic properties. In this work, experiments were performed to characterise
these effects to electrical resistivity and microstructure. In addition, a geometric accuracy
study was performed in order to understand the differences betw een model and as-built

dimensions.

The results from this work can be used as a guide to aid motor designers in using AM for
electric motor manufacture. Through these improvements, electric motors can potentially
become more powerful and reliable. They can then aid in global electrification and help

reduce greenhouse gas emissions.
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Introduction and Motivation

1.1 Electric motors

All electric motors convert electrical power into mechanical power. There are many types of
electric motors, but all are governed by the same underlying electromagnetic principles .
At a fundamental level, every motor has three parts. A rotating part called the rotor, a fixed
non-moving part called the stator and a part that generates magnetic fields. The part that
generates magnetic fields uses coils of wire, sometimes in conjunction with permanent
magnets (PMs). From these core components, the basic active materials for an electric
motor can be derived. These core components and materials have been developed and

improved upon over the past one hundred years.

It is now estimated that in the EU, 69% of all electricity used in industrial applications is
consumed by electric motors, as well as 38% in theservices sector (non-residential
buildings) . This translates to 35-40% of allEUenergy being consumed by electric motors.
With this large amount of energy consumption, small gains in efficiency can greatly reduce
both the amount of natural resources used as well as the amount of greenhouse contributing

gases such as CQ.

Historically, the golden age of electric motors was the mid to late 1800s where rapid
advances in design and manufacturing occurred. Since then, all major advances in electric
motor design have stemmed from new and improved materials , or new manufacturing
technologies which have led to new types of electric motor s . However XLIWI[,,..
manufacturing technolo gies still date back to the 1960s and 70s. These conventional
manufacturing methods can have a negative effect on the repeatability and reliability of the
electric motor, especially the motor coil windings [6]. In aerospace, this is a major bottleneck
preventing electrical machines from finding a much m ore important role in the sector ,.

However, there are modern manufacturing technologies such as Additive Manufacturing
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(AM) which can overcome some of these historical limitations and will be the focus of this
work. There are opportunities within the design and manufacture of electric motors that can
leverage the advantages that AM can provide over traditional manufacturing such as a
freedom of design and ease of manufacturing complex geometry. These advantages can
result in higher power densities and higher efficiencies for existing designs which can in turn

reduce the amount of greenhouse gases (GHGS)

Of the different areas where electric motors can be improved, there is an incomplete
understanding on how AM can improve the design of electric motor coils, as well as how AM
materials perform when used as electrical conductors. This is where this research will focus.
Thus, before any widespread adoption of AM in the electric motor industry can occur, two

things need to be understood.

Firstly, the mindset of electric motor designers needs to be shifted away from traditional
manufacturing methods. The design of electric motors is tied dire ctly to how they are
manufactured, and these manufacturing methods have directly influen ced how electric
motors are designed. Before the widespread adoption of affordable 3D computer-aided
design (CAD) tools, almost all motor designs were limited to 2D profiles extruded into 3D.
These simple extruded designs were easily manufactured and analysed and thus were
widely accepted and adopted. However, with modern 3D computing tools, motor designers

have started thinking about how motor s could move away from thes e traditional 2D designs

9] *|11]. However, as they are still limited to manual and semi-automated manufacturing

methods, there are still limitations on design. AM does not have these same limitations, and
although it is not entirely free from design limitations, it opens a wider range of freedom not
currently experienced in electric motor design. Many improvements can potentially be
achieved by AM, such as higher conductor utilisation and higher fill factors, better thermal
management via controlled cooling and ventilati on, and uniqueflux path geometry to reduce

losses. Once a motor designer feels confident in the material properties of AM parts, they
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then need to embrace a Design for Additive Manufacturing (DfAM) mentality to move away
from the traditional manufacturing mentality and help the electric motor industry incorporate

AM. This is an area this research will address with respect to electric motor coils.

Secondly, the specific properties of AM materials related to their use within an electric motor
need to be determined for motor designers to adopt AM. These properties extend beyond
the traditional mechanical properties that are generally reported with each new material
processed by AM. They include both the electrical and magnetic behaviour of materials and
how they could differ from the traditionally m anufactured properties. The potential material
candidates for use in AM will be based on the materials currently found in electric motors. A
thorough investigation of these materials with AM has only just begun and w ill potentiall y
lead to a new golden age of electric motor design. Some researchers are already

investigating AM and LPBF tomanufacture soft magnetic materials for use in electric motor

rotors and stators, reporting on their magnetic and electrical properties [12] ¢[[L7]. Some

investigations also report that LPBF can process PMs . However,there are relatively few
published works relating to highly conductive materials such as copper and aluminium
processed by AM with their corresponding electrical properties. Those which have published
these electrical properties have either assumed isotropic material properties by using
indirect eddy-current measurement techniques , or have neglected intial build orientation
and heat treatment effects. This is also an area which this research aims to address. But an
understanding of what AM is, how it works, and how it affects design first needs to be

addressed.

1.2 Additive Manufacturing (AM)

AM has been called many different names over the past 30 years. Each term giving some
insight into how the technology was being used at the time. Rapid Prototyping (RP) was
generally used for one-off proof of concept prototypes. Rapid Tooling was used to

create custom and flexible tooling, tooling inserts, jigs and fixtures. Rapid Manufacturing
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(RM) [20] (now more commonly called AM) is used to create end-use parts or functional
pieces. Several other generic or equivalent terms include 3D Printing (3DP) , Direct Digital

Manufacturing , Additive Layer Manufacturing, and Solid Freeform Fabrication (SFF).

One of the main attractions to AM is that it enables the manufacture of parts that could not
otherwise be easily made using traditional subtractive (e.g. CNC machines) or formative

(e.g. metal casting) techniques. AM provides a new tool for designers, who can then create
optimised AM parts using some guiding principles. These principles are often referred to as

DfAM and will be discussed later in this chapter.

AM can also be a faster and more economical way to make parts. This is especially true
when the part is complex, is made from an expensive material, or is no longer available
through previously accessible distribution channels. For example, German rail company
Deutsche Bahnhas demonstrated this by printing plastic and metal replacement par ts for

trains that are no longer in production.

In December 2015, a new standard was issued that defined terms and principles used in AM,
ISO/ASTM 52900:2015 . This standard was a collaboration between the F42 committee
for the American Society for Testing and Materials (ASTM) and the ISO/TC 261technical
committee for International Organization for Standardization (ISO). It defines common
terminology, references common file formats used in AM, provides some basic AM

principles, and establishes seven categories of different AM processes.

These seven categories are (in alphabetical order):

i. Binder Jetting
. Directed Energy Deposition (DED)
. Material Extrusion
iv. Material Jetting
V. Powder Bed Fusion (PBF)
vi.  Sheet Lamination

vii.  Vat Photopolymerisation
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Of these seven categories, the majority of metal AM parts are created within the category of

powder bed fusion. Within that category, there are many different types of technology that

can process metal. The most common metal process is Laser Powder Bed Rusion (LPBF),

which as the subject of this thesis, and is discussed in more detail in the next section.

1.3 Laser Powder Bed Fusion (LPBR

Powder Bed Fusion (PBF) has been defined as

‘An additive manufacturing process in which thermal energy selectively

fuslW VIKMSRW SJ E
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Of the many processes that are contained within PBF,Laser Powder Bed Fusion (LPBR is a

generic term for any laser-based process within this category, with several trade specific

names describing the same process. LPBFis also known as (in alphabetical order):

x Direct Metal Laser Remelting or DMLR[26

x Direct Metal Laser Sintering or DMLS® (EOS GmbH

x Direct Metal Printing or DMP (3D Systems Corporation)

X Laser Beam Melting or LBM[27
X LaserCUSING®(Concept Laser GmbH)

x Laser Metal Fusion (TRUMPF Laser Technology)

X Micro Laser Melting or MLM

X Micro Laser Sintering or MLS (EOS GmbH

X Selective Laser Melting (SLM)

In this thesis, the term Laser Powder Bed Fusion (LPBF will be used.
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Figure 1-1: Laser Powder Bed Fusiorexample machine set up (Thesis original commissioned art ).

All LPBFmethods start with a powder bed, an exanple is seen injFigure 1-1| A thin layer of

metal powder, between 0.02mm and 0.1mm, is spread flat over a build platform. This layer
of powder is then selectively irradiated by a laser beam which supplies a significant amount
of thermal energy to the powder, dependent on the absorptivity of the laser radiation by the
metal in the powder bed. The aim is that in the irradiated regions only, the powder is fully
melted, to the point where it fuses to itself and to the previously solidified layers below. The
build platform is then lowered, a new layer of powder is deposited, and the process is
repeated, layer by layer, until the part is complete. Due to the reactive nature of some
powdered metals, the process takes place in an inert, nearly oxygen-free environment,
typically filled with either nitrogen or argon gas . The build chamber often has a heated bedin
order to raise the temperature of the powder. This lowers the amount of energy required to
melt the powder by the laser and helps reduce stress resulting from the rapid solidification
of the molten metal . Although the terms DMLS and MLS contain sintering as part of their
name, the process aim is to melt the material, not just sinter as their names suggest. LPBF
processes fully melt the material and can potentially result in fully dense parts. LPBFcan

also result in significant residual stress , depending on material, geometry, and laser
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parameters, and thus there is a need to design support structures to prevent part distortion
during the build. Residual stress occurs due to the large thermal gradient during LPBF
process causing differential thermal expansion and contraction and results in deformation

and potentially cracking and failure if not controlled .

LPBFhas now matured from a research tool to industrial applica tion and is being used in
aerospace and healthcare to transform their respective industries. Companies, such as GE,
are rapidly adopting and exploring the possibilities of using this technology ,as with +) ... W
successful implementations of the Leap fuel nozz le tip and custom engine brackets .
Individuals are also benefiting from the highly customised and highly detailed implants that
can be made using bio-compatible metals in LPBF. However, there are still many
industries that have not fully explored the possibilities and potential of AM. One of these
areas is the manufacturing and design of electric motors , as mentioned previously. But in
order to enable the transformative power that AM can provide to any industry, a shift in
manufacturing mentality needs to take place by understanding how to use the guiding

principles of DfAM.

1.4 Design for Additive Manufactu ring (DfAM)

AM has a design freedom that is not as constrained as traditional manuf acturing. This
design freedom enables several principles that can be taken advantage of because of AM.
These principles include reducing assembly part counts by consolidatin g multiple parts into
one, improving performance by creating complex internal geometry, reducing weight by
removing excess material, and automating some of these process es by means of topology
optimisation. When transitioning from traditional design to DfAM, a few different approaches
can be taken. The following approaches are listed from quickest to implement to the most

effort to implement.
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Figure 1-2: DfAM level one « Direct replacement parts such as a 3D printed wrench[33].

The first and easiest scenario is to take an existing design, without modification , and create

it using AM technology (see|Figure 1-2). This is advantageous when the single part is

excessively complex, making it difficult to produce using traditional methods . It is also
desirable to use AM if it is made from materials that are expensive and minimal waste is
desirable. In addition, if the parts are no longer available through previous supply chains,

then AM can be an effective source for replacement parts.

Figure 1-3: DfAM level two- Modify existing parts such as using topology optimisation on a bracket[34].
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The second is to follow DfAM rules to redesign a single part to either improve

performance or decrease weight {see|Figure 1-3) by the use of design optimisation methods

38] «[B7] and/or to make the part b etter suited for AM [38] «[#0]. This allows for direct

replacement parts to be made while making them either lighter, cheaper, or stronger. It
involves minimal redesign of assemblies and can be trialled and tested while minimi sing the

risk associated with adopting a new manufacturing technology.

&1JSH % J X

Figure 1-4: DfAM levelthree « Combine multiple parts as with the GE Leap fuel nozzlebefore redesign

(right) and after redesign [42] (left).

The third scenario is to combine multiple parts to aid in part reduction, reduce assem bly

costs, and enhance performance (seelFigure 1-4). This occurs once a company or individual

are comfortable with DfAM and have proven its value with individual parts. By combining
parts, significant improvements can be had in terms of assembly cost, parts cost, inventory
reduction, weight reduction, and performance increases. This is the situation that allowed
the GE Leap fuel nozzle to go into mass production. It still looks and behaves very similar to
the original and can fit into existing assemblies, while still providing the previously
mentioned benefits (although it is only the tip that is manufactured via AM, with the rest of

the assembly being cast with minimal post -processing ).
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Figure 1-5: DfAM levelfour < Redesign from first principles such as the eimagined antenna design by

Optisys [44].

The fourth is to completely rethink the overall assembly and redesign according to basic first

principles and analysis of design requirements (see|Figure 1-5). While this complete

redesign can yield the greatest results, it takes the most time and effort to achieve. It
requires a mastery of DfAM as well as the functions and purposes of the intended
application. Despite the vast amount of effort this approach takes, this is where AM can be a

transformative and disruptive technolo gy for many different industries .

By combining DfAM, LPBF, and characterised AM materials, the electric motor industry could
potentially be transformed. New families of electrical machines could be created that were

impossible to manufact ure using traditional methods. Some researchers have already

started to investigate aspects of AM with electric motors [43] [#7], but they have not fully

combined all of these elements. This research helps fill some of the existing gaps and

encourages this adoption to take place.

1.5 Significance and novelty of this research

For electric motors to be able to benefit from the advantages that AM can provide, there are

two areas that need to be addressed. First, there needs to be an understanding of how DfAM

10
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can be used for electric motors as current motor designers have demonstrated a lack of
understanding of the potential that AM has in redesign . This research addresses the design
and manufacture of electric motor coil windings , as well as the advantages and
considerations that are required to create them using AM. The research also proposes
design guidelines based on DfAM that can aid in either the retrofitti ng of motor coil windings

into existing motors or for creating new winding geometries for new motor topologies.

Second, there needs to be acharacterisation of the electrical properties of meta | parts
created through AM as there is an incomplete body of published data relating to these

properties. This research aims to address this gap of understanding how metals processed

by AM behave electrically as will be shown in thelLiterature Reviewwith respect to initial

build orientation, heat treatments, and using a direct resistance measurement technique.
Pure copper is a widely used and popular choice for electrical machines due to its low
resistivity, but electrical data has not been published for it as processed on a 200 W AM
machine with a small spot size, despite numerous attempts to process it. The aluminium
alloy AISi10Mg has been widely researched, however, there has not been a comprehensive
investigation into the electr ical properties as processed by AM. This work fills in this lack of
electrical knowledge for this alloy. Both materials are thus characterised in this research in
the as-built condition according to build parameters that maximise relative density. The as -
built electrical properties are modified through post -processing, and based on this work,
AlSi10Mg has now been investigated and reported in the journal Additive Manufacturing .
Any differences found in resistivity then needed to be understood according to processing

parameters, microstructure, geometry, and post-processing.

11
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1.6 Thesis overview

Aim: To show how using DfAM can improve upon electric motor coil design and
to address the lack of directly measured electrical properties of highly conductive
metals processed by LPBF.

Design for Additive
Manufacturing

Material Characterisation

Design of electric
motor coils

Processing of
pure copper

Processing of AlSi10Mg

Objectives

Design and manufacture
electric motor coils for an
existing electric motor and
characterise the coil
properties.

Determine the LPBF
processing parameters for
pure copper to maximise
relative density and directly
measure the electrical
resistivity and to evaluate
machine learning as a
parameter optimisation aid.

Directly measure the
electrical resistivity of LPBF
AlSi10Mg alloy with respect
to initial build orientation
and determine how to
minimise resistivity via p ost-
processing.

Methodology

Develop different 3D CAD
models of coils based on
first principles that can be
compared using DfAM
which are then constructed
out of LPBF AlSi10Mg and

Fabricate thin walls and test
cubes using a range of laser
scan parameters and
strategies to then construct
rectangular bar specimens.
Use machine learning to aid

Construct rectangular bar
specimens using previously
optimised LPBF parameters
and subject them to various
post-processing treatments.
Evaluate methods to

evaluated. in quality assessment
compared to a traditional

parameter optimisation.

improve surface finish.

Chapter 4 Chapter 5 Chapter 6

Figure 1-6: Overview of thesisaims, objectives.

1.6.1 Aim

This research aims to show how AM can improve upon electric motor designs by using the
principles of DfAM to fit an existing electric motor with AM coil windings . This research also
aims to address the lack of directly measured electrical properties of highly conductive
metals process ed by LPBFand compare them their traditionally manufactured properties .
The materials explored will be pure copper which is difficult to process in LPBF machines
but is highly desirable in electrical applications due to its low resistivity, and the aluminium
alloy AISi10Mg which is easily processed but has not been studied exclusively for electrical
properties.
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1.6.2

Objectives

This research will:

X

Design and manufacture replacement electric motor coils motor using DfAM
Determine the electrical resistivity of LPBF pure copper based on the maximum
density achieved through parameter optimisation in a 200W LPBFmachine
Use machine learning to help aid inthe evaluation of process parameterisation
Determine the electrical resistivity of LPBF AlSi1OMg alloy and how to minimise

resistivity through heat treatment post processing

1.6.3 Methodology

The methodology for investigating the electrical properties of a material processed by LBPF

is shown in|Figure 1-7

Figure 1-7: Methodology of research for investigating electrical properties of AM materials.
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1.6.4 Structure

Chapter 1| An overview of areas this research covers: electric motors , AM, LPBF, andDfAM.

Chapter 2| A literature review of the most recent and relevant research surrounding:

x  Electric motors and current AM efforts to create electric motors
X Summary of AM processes resulting in conductive parts

x Pure copper processed by LPBF

X Aluminium alloys processed by LPBF

X Machine learning in AM

Chapter 3| A review of the materials and methods used in this research.

Chapter 4{ The results of using first principles and DfAM to create and analyse an AM design

for electric coils for an electric motor.

Chapter 5[ The results and discussion of processing pure copper with a 200 W LPBF

machine including machine learning quality assessment and determining the resulting

resistivity.

Chapter 6| The results and discussion of determining the resistivity of AM processed

AlSi10Mg along with improving and understanding the surface finish and tolerance.

Chapter 7| A discussion of the pre ZM SYW G L E T X démongtratingy hoR ¥id/research

achieved its aims and objectives including what has been added to literature and how it fits.

Chapter 8| A brief conclusion and recommendations for future work.
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Literature Review
2.1 Introduction

This thesis covers topics including the design of electrical coils using DfAM, material
characterisation of both copper and AlISi10Mg, and machine learning. But before covering
these topics, a review of past and current knowledge surrounding these areas needs to be
addressed. First, a background on electric motor s and motor coil windings along with the
latest research investigating the use of AM with electric motors. Then a summary of AM
processes that can produce high density and conductive parts. Next, the latest information
on processing copper with LPBF, followed by processing aluminium alloys with LPBF.
Following this, an overview of research that has combined machine learning and artificial
intelligence with AM to improve AM processes. At the end of each of these sections, the key
findings from the literature review will be presented and summarised with the gaps in the

current knowledge identified and will be used as motivations for this work .

Before discussing electrical motors, as well as copper and aluminium processed by LPBF, it
is important to understand the basics of why these m aterials are of interest for electric
motors. A critical component of an electrical machine is its motor coil wi ndings which help
create an electric field. These windings are usually comprised of a series of coils. The coils
are wires made of a conductive material surrounded by an insulative material. The
conductive core must have a low electrical resistance in order to minimise Joule losses.
Joule losses are calculated by the /2R loss of a wire where / is the current being passed
through a wire and R is the resistance of that wire. This loss manifests as excess unwanted

heat. The resistance of a wire is determined by the electrical properties of the base material.

One of the key electrical properties of a material is its electrical conductivity (measured in
siemens per metre with units of S/m) or electrical resistivity (measured in ohm-metres or for
ease of reading, micro-ohm centimetres with units of ¥ ©cm). Electrical conductivity and

resistivity describe the same property and are the inverse of each other, where one siemens
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IUY EP W SAotler common measure is the International Annealed Copper Standard
(IACS) percentage. This percentage of conductivity compares the conductivity of a material
to a commercially standard material [LI1V I -caPequals 100% IACS. Both electrical
VIWMWXMZMX] Qchitad well bl IMCR wHI%e reported. The lower the resistance, the

less loss occurs in the material when current passes through it.

Typical materials used in conductive wires are alloys made from copper, silver, gold, or

aluminium | Table 2-1[contains common metals and alloys which are either already used in

creating electrical wires or are of interest to process with LPBF. This table also has an
additional property called specific conductance. While this is not a typical derived unit, it is
useful in determining the amount of conduc tance per mass of a material for the same length
and volume, given in siemens per kilogram. Higher values will be able to carry more current
per kilogram of material. Traditionally, wires made from these common conductors are
manufactured by producing cond uctive cores by pressing and/or rolling and then soaking

thi1Q MR E QIPXIH MRWYPEXMSR FEXL XLEX FIGSQIW XLI MRWYPEXM

Electrical resistivity Density Specific Conductance
Description (¥2%cm) (g/lcm?3) (S/kg)
Pure Silver 10.492 [48] 6010
Pure Copper 8.94 6686
Commercially pure Copper 8.94 6488

Pure Gold 19.37[52 2355

GRCop84 Cu alloy 8.87 4602

Pure Aluminium 2.688[52 14013

1350 electrical Al alloy 2.705[55 13109

AISi10Mg cast alloy 2.659 |56 7659

Beryllium Copper 25 alloy 8.23 1736
Yellow Brass (70% Cu, 30% Zn) 8.44 1339
50-50 Solder (50% Pb, 50% Zn) 8.89 750

Table 2-1: Electrical resistivity, density and specific conductance of common metals and alloys used in
electrical applications at room temperature.
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After comparing the materials listed in | Table 2-1 the ones which hold the most interest are

copper based materials, as well as aluminium based materials. While both silver and gold

have low resistivities, their high densities and high costs make them prohibitive to use in
electric motor applications. Copper alloys generally have much higher resistivities compared
to pure copper which is undesirable. While GRCop84 is attractive, there is no supply of this
alloy outside of NASA distribution channels, however this may change in the future as it is an

alloy of high interest. Thus, pure copperis a logical material to process using LPBF due to its

low resistivity, but as will be seen in Section|2.9] it is extremely difficult to process. Despite

this diffic ulty, there has not been any electrical characterisation of copper processed by
LPBF which has taken direct measurements, or which have accounted for initial build
orientation or post heat treatments. Therefore, pure copper will be investigated in this work.
Alternatively, pure aluminium and the 1350 alloy (which is 99.5%pure Al) are attractive to

process due to their low resistivities and high specific conductance, but as will be seen in

Section|2.10( high purity aluminium has the same difficulties in processing with LBPF as with

pure copper. Thus, the AlSi10Mg alloy is desirable to characterise electrically due to its
ability to process to a high density, despite it inevitably having a lower conductivity.
AlSi10Mg, despite being widely researched, has lacked a thorough investigation into the
electrical properties with respect to initial build orientation and post heat treatments.
Therefore, AlISi10Mg was the second material to be investigated for use in electric motor coil
applications. But before these materials are used to manufacture coils, it is important to

learn how DfAM can be used to design the coils by first investigating how they function .

Key findings from this section

x Both copper and aluminium are attractive to use for electrical applications

x A pure metal which will likely to be diffic ult to process by LPBF should be researched
x Pure copper processed by LPBF has not had direct electrical measurements taken

x An alloy which is easier to process by LPBF should also be studied for conductivity

x AlSilOMg has lacked resistivity measurements meas ured for various conditions
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2.2 First principles of electric motor coils

In order to make the most use of DfAM, it is advantageous to go back to first principles. For
an electric motor coll, this is understanding the governing principles to produce a magnetic
field and how it affects the properties of an electric motor. All non -linear motors have a
rotating component called the rotor, and a stationary p art called the stator. There are a
countless number of different electric motor designs, but all follow the la ws of
electromagnetism and material science. The basic principle that underpins all electrical

machines consists of nothing more than the force that is experienced by a current carrying

wire within a magnetic field, as seen in|Figure 2-1

Figure 2-1: Force on a wire within a magnetic field

A force (F in newtons) is created when a length of wire (L in metres) with a current (/ in

amperes) running through it is put into a magnetic field that is uniform in flux density ( B in

teslas), as stated in Equation|2-1

(L$+. (2-1)

A single wire with current creates a magnetic flux, which is the path in which a magnetic field
flows as it connects a north and south magnetic source. Flux lines are often used as a visual

representation of this magnetic fiel d. Flux can be generated by usng a single wire with a
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current or can be enhanced using coils of wire as seen inFigure 2-2| The effect of this

concentrated flux is called the magnet omotive force (mmf).

Figure 2-2: Visualisation of magnetic flux lines in a singlewire (left) and in an air coil winding (right).

The mmf can be calculated by the number of turns (V) that a coil has, and by the current (/

in amperes) flowing through the coil as seen in Equation|2-2|with units of ampere -turns.

IIB L O+ (2-2)

For a given motor design, the same mmf can be achieved through either a single turn of wire
with very high current, or many turns with a much lower current. The mmf does not depend

on the coil geometry or if the turns are loosely or tightly wound. However, the length of cail

will affect other properties such as the resistance of the coil as seen with Equation|2-3{ The

resistance of a specimen can be directly measured by an ohm-meter but can also be

calculated by the following Equation|2-3

é.

— 2-3
4L— (23)
Electrical resistance (R) is the product of the electrical resistivity ( @ measured in v 2cm
and the length of the specimen (L) in cm, divided by the cross-sectional area (A) of the

specimen measured in cm?,
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As electric motors convert electrical energy into mechanical energy,some of the energy is
converted into heat. This is considered a loss and lowers the efficiency. One of the largest

sources of loss that apply to all motors is copper loss. Copper loss is due to the resistance

(Equation|2-3) experienced by an electrical current when flowing through a conductor, due to

XLl GSRHYGXSV..W M R adcdumsfoabauthatiXavhidavitdrils of the total loss
of the motor . Regardless of the specific conductor material involved (copper, aluminium,
brass), this is still called copper loss. Copper losses result both from the DC component of
the currents in the coil as well as the AC components. However, the latter only become
important for high speed and high frequency applications. Therefore, traditionally the DC
copper loss is the dominant component and usually the AC losses in the copper are
neglected. Thus, for traditional designs, the copper loss is calculated using DC resistance.

Copper loss (Peuin watts) is a function of the total resistance o f the material (/”in ohms) and

the total current (/ in amperes) passing through the material, as in Equation|2-4

2,:L £4 (2-4)

To reduce the copper loss in a motor, a few different steps can be taken. First, the conductor
material can be replaced with one that has a lower electrical resistivity, thus reducing the
resistance of the material. Next, the total amount of con ducting material can be increased
while keeping the current the same which will also reduce the resistance of the coils. This is
often referred to as increasing the fill factor of the motor. The fill factor is a measure of the
percentage of the slot area which is used as a conductor over the total area. This percentage
is lowered when there is unused space, excessive insulation, or poor utilisation of the space
through randomly distributed conductors. Lastly, it is best to keep the conductor's

temperature as low as possible, as resistance increases as a function of temperature.

It is important to also recognise that if the copper loss cannot be reduced, the copper loss as
a percentage of the overall motor effi ciency can be reduced. The concept isdue to electrical

power being defined as voltage times current, and that the copper loss depends on the
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amount of current passing through the coil. Therefore, by increasing the voltage, one can
decrease the current (and thus the copper loss) and still maintain the same expected power
rating. Another perspective is that if the current is not decreased, thenan increase involtage
results in more electrical power. This allows the same DC loss, but the system has more

power overall, therefore the motor is more efficient.

Another important relationship within an electric motor is the productio n of output torque
and power. Torque is simply defined as a force acting at a distance and is the main factor

which defines the size of a motor. This force is derived from the electro magnetic force ( B/L)

in Equation|2-1| However, when this concept is applied to an electric motor, the magnetic

flux, current, and length need to be averaged over the entire surface of the robr. This
averaging over the surface of the rotor for magnetic flux (B) results in a specific magnetic
loading ( $), for current (/) it results in a specific electrical loading ( #Sand length (L in

metres) becomes the surface area of a cylinder. The distance at which this force acts is half

the diameter (Din metres) of the rotor. This relationship is demonstrated in Equation|2-5

& ¢
6L P#EH &, H—tL—t:§#§&6. (2-5)
Power is typically defined as a work performed over a period of time, but in a rotary situation,

it becomes a torque acting through an angular velocity. This power relationship can be

simply written as seen in Equation|2-6|where power (P in watts) is a product of torque ( 7 in

newton-meters) and angular velocity ( Xin radians per second), where torque is defined in

Equation|2-5

2|_6ﬁ|_—f:§#§&6.ﬁ (2-6)
Power is a function of volume (D’°0 ERH ERKYPEV Zdd®a®skrXdcondMEne
implication for this equation is the cost of an electric motor. For a given power and specific
loadings, the motor can either be large and slow, or small and fast. However, a larger but
slow motor will consume more raw materials and be more expensive to manufacture than a

smaller faster motor. But conversely, a small fast motor typically needs a reduction device
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such as gears or belts to bring the speed down to operating parameters. These add

additional cost and may decrease reliability and increase maintenance.

As these equations govern almost all electric motors, there are some insights that can be
learned, including how AM can potentially use these principles to redesign electric motors.
The first is that electrical machines are generally constrained by two main limits, namely the
electromagnetic limit and the thermal limit . The electromagnetic limit is defined by the
electromagnetic circuit of the machine and is governed by the geometry and the properties
of the soft magnetic materials used in the design of the machine. Conversely,the thermal
limit is defined by the losses being produced in the machine as excess heat. As described
previously, for the most common low -speed machines, a major component of these losses
is the copper loss that, in practice, is driven by the electrical loading of the machine.
Therefore, by addressing these two constraints, several improvements for electrical machine
design can be achieved. For example, if one was to consider machines fortransport
applications, where weight and volume of a machine are important, then by improving these

limits, significant improvements can be made.

As will be seen in Chapte2.6[ AM has been used to print some inactive components of an

electric motor such as the housing, shafts and other accessories. While this can reduce the
weight of a motor, it does not address the two limits described previously. To address the
electromagnetic and thermal limits, active components need to be manufa ctured using AM
which have known and understood properties and are comparable to traditionally used

materials. If these properties are known, then AM can address these two limits.

While the electromagnetic limit is partly governed by geometry, the largest factor for it is
defined by the material properties for the soft magnetic components. Since AM has a
freedom of design not seen by traditional manufacturing, there is some potential that th is
limit could be adjusted. However, geometry has not been the limiting factor for increasin g

this limit, but rather it is the material properties. As the AM soft magnetic materials are
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based on traditional materials, it is not seen by the author that the properties will be

increased greatly until two things can occur whi ch can lower iron losses. First, when AM can
fully control the three -dimensional grain orientation in a working machine component as has
been partially demonstrated , . Second, whenAM can create an amorphous structure

using soft magnetics, which is actively being researched , . Both potential

breakthroughs will greatly lower the eddy current and hysteresis losses respectively in iron.

By increasing the thermal limit, a motors torque density can also be increased. An increase
in torque density can greatly improve a motors performance. As this limit is defined by the
amount of heat being generated through losses, being able to decrease these losses raises
this limit. For most machines, copper loss is the dominant form of loss. By in creasing the
amount of copper in the slot (fill -factor), the resistance for a coil can decrease, or conversely,
the current can increase while keeping the loss constant. This improvement can greatly
benefit the performance of electrical machines. In additi on, by being able to remove excess
heat from the coils, the resistance of the coil decreases as it is a function of temperatu re. By
addressing these two areas, fill-factor and heat dissipation, AM can greatly improve the
overall machine performance. Thus, the remainder of this research will primarily focus on

how AM can improve coil design.

With these principles in mind, the next step is to look at the functional requirements for a
motor coil beyond the basic equations. These requirements need to consider additional
limitations such as available space, AM size restrictions, insulation and printability. A few

design options can then be conceptualised and evaluated based on these criteria.

Key findings from this section
X The dominant source of loss in a motor i s from the motor windings copper loss
X Increasing the electromagnetic and thermal limits of a motor increases performance
x Electromagnetic limit increases are limited by existing material properties

X The thermal limit can be increased through better design, enabled by AM
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2.3 Evaluation of motor coil windings

In addition to the first principle equations discussed previously, there are additional design
considerations that need to be addressed. These requirements can aid in the design of coils
which will not only improve winding performance, but also allow for manufacturing
limitations such as supports and overhangs, and aid in an efficie nt insulation application and

thermal dissipation.

2.3.1 Types of windings

Figure 2-3: Concentrated stator windings (left), and distributed stator windings (right).

Motor coil windings are typically classified into two broad categories, either concentrated

windings or distributed windings. Concentrated windings wrap an entire coil around a single

tooth of a stator, forming a large single grouping of wires as in |Figure 2-3|(left). Distributed

windings share wraps between multiple poles or teeth, forming a large interwoven network

of wires around many teeth, segFigure 2-3|(right). With distributed windings, there are

several more sub-types, as the slot can share the space with different phases of windings
creating multiple layers of windings within the slot. This allows a slot to share phases which
can smooth out the air-gap flux density to be more sinusoidal in a rotating magnetic field. It
can also improve the performance of the mot or through lower harmonics and better power
quality by incorporating various patterns of winding. These pattern choices are configurable
depending on the performance characteristics desired in the final motor. However, there are

a few negative design considerations for distributed windings. Firstly, the end turns are long
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and overlapping compared to concentrated. In addition, distributed windings typically have
lower fill factors (35-45%)than concentrated (50-65%) . Also due to the limitations of
most AM build volumes, creating large AM distributed windings woul d be difficult to
manufacture . Assembly of large AM distributed windings into a motor would also be a
challenge due to the rigidity of AM parts. Thus, due to the manufacturing and assembly
constraints, it is recommended to initially focus on concentrated w indings for AM built coils

which are smaller, compact, and can be assembled individually into the motor.

2.3.2 Concentrated windings

Figure 2-4: Examples of different slot geometries including open and semiclosed [66].

The main advantages of concentrated windings are that they can have higher slot fill factors
and that they can be pre-formed. However, available space within the slot for a concentrated

winding can vary depending on the motor configuration. The slot can either be open, or semi-

closed as seen in|Figure 2-4| While an open slot configuration allows easier installation of a

pre-wound coil into it, it also reduces the amount of iron which interacts with the rotor which
can significantly reduce the torque that the motor can generate . Therefore, it is

advantageous to be able to fill a semi-closed slot as much as possible.

There have been many innovations to incorporate a semiclosed slot with a pre-wound coil,
which also can allow AM coils to be easily installed. These innovations all require the stator

to be segmented in some way. Either the entire rotor is segmented, or some part of the tooth

is removable, as seen irjFigure 2-5
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Figure 2-5: Examples of rotors with segmented[67] (left), and removable tooth geometry [68] (right).

As AM has the capability to manufacture a wide range of different geometries, the design
decision was made that there would be no limitations in using the entire slot volume. Despite

having this freedom, there are still several challenges that AM needs to address.

2.3.3 Challenges with windings

Aside from bearing failures (which account for 40 -50% of all electric motor failures), 30-40%
of failures in induction motors occur due to winding faults (either in the stator or in a wound
rotor) . These two areas account for the majority of failures, with the next highest area
being rotor bar and end-ring faults which account for 5 -10% of failures . These winding
faults are typically associated with failures in insulation which cause short circuits to either
adjacent windings, or to the soft magnetic core. These failures are due to the vast number of
stresses experienced by the windings including thermal, electrical, mechanical, and
environmental . As there are entire books dedicated to the study of monitoring the
conditions to avoid these types of failures, only a brief overview will be given . Some of
the root causes of failure that can be addressed by AM are overtemperature events,

defective design, and defective manufacture.

AM can be used to design and customise the shape and size of the windings in order to
better fill the slot and improve design. These custom shapes can minimise the use of small
bundles of wires which are used to form a single conductor. While these bundles do reshape

to better fill the slot, fill factors are still limited to around 50%, with advanced winding
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techniques reaching up to 60-75%. Alternatively, AM can consistently achieve high fill
factors without t he need of bundles as they have some additional disadvantages. One is the
random placement of conductors within the slot. This random placement can cause voids
and localised pinch points which can damage the insulation through overtemperature and
thermally induced mechanical stresses that could lead to failure |[6]. AM can overcome this
through deliberate placement of the conductors in the slot, in addition to the specific
placement of insulation as it is integral to the design of AM windings. By reducing the
number of wires, the total number of potential failure points from insulation faults can

potentially be reduced.

These bundles are also usedfor both ease of assembly as well as to minimise the skin
effect in high frequency applications. The skin effect is only seen in AC applications ,
and is a phenomenon wherein the electrons preferentially migrate closer to the outside
surfaces of the conductor rather than in the centre of the core. This effect is magnified at

higher frequencies, typically above 1 kHz This effectively reduces the cross-sectional area in

which the current flows. As demonstrated by Equation|2-3| as the effective area of the cross-

section is reduced, the resistance will increase. However, high frequencies are not typically
used in electric motor applications but should be kept in mind as thick conductors larger

than 10 mm may experience skin effects at lower frequencies .

In addition to addressing those areas of failu re, there are additional sources of inefficiency
and loss such as the end windings. End windings are the portion of the wires which exit the
slot and then turn out and back around into a different slot. These are seen as an area of
inefficiency due to the 2D nature of traditional electric motor design which only use the
conductor in the slot to generate torque. As these end windings (also called end-turns) do

not contribute, they only add to the overall length of the winding which increases its

resistance as seen in Equation|2-3| These end windings are also subject to the same fault

conditions as with the stator windings . AM can specifically design these end windings to
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be more robust by specifying their geometry includin g changing their geometry so that they

act as better thermal heat sink. This is an area which will be explored by this work and is

contained in|Chapter 4Jand can potentially reduce overtemperature events.

One final area that is a challenge with manufacturing windings is the manufacturing scale
and ability to automate the creation of traditional windings. Typically, windings are creating
either using a needle through which a wire is fed and then used to wrap around the teeth of a
stator, by pre-forming the windings and then fitting them onto a stator, or through manual
methods by wrapping a wire by hand around the stator teeth . However, until a motor is
going to go into mass production, the manual by-hand method is used for creating windings,
which is slow, expensive, anderror-prone, even in large electric maors which are typically
always manually assembled and constructed . AM can potentially provide a cost
comparative manufacturing solut ion to these small manufacturing runs while also providing
the additional benefits that AM can provide over traditional winding methods. Therefore, the

next decision was to decide upon a motor topology to select for AM windings .
Key findings from this sect ion

X Concentrated windings can be fit into an existing motor with high fill factors
X Windings are prone to several failure modes, some of which AM can help avoid

X Small production runs of motors have manually assembled windings

2.4 Selection of electric motor for retrofit with AM

With the first principles in place for what comprises a winding, the next step is to find a
specific motor to apply them towards. Specifically, one which utilises a concentrated

winding scheme would be preferable. In addition to this, the motor should not be overly large,
due to the manufacturing volume constraints to which most LPBFmachines are limited. This
requires a motor which is typically under a few kilowatts for power output. One final

requirement would be the ability to print all elements of the electric motor in the future,
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including the rotor and stator. While this requirement is not necessary, it opens the
possibility to create a fully 3D printed electric motor. The next step is to identify a potential
motor category that coul d meet these requirements. However, selection of a motor topology

is highly application specific and thus needs to be readdressed for each new application.

2.4.1 Comparison of electric motor categories

There are four broad categories of types of electric motors. The first and oldest type is the
DC motor, which is driven by a DC current. Then thereare AC induction motors (also
nicknamed squirrel-cage induction motors), and AC synchronous motors (also called
brushless AC motors or PM motors). The final type are reluctance motors (which includes
stepper motors) and are known for their simplicity and r obust operation. From these
different types of motors, there are some different advantages and disadvantages to weigh

in order to determine the type that is best suited for AM.

Figure 2-6: Conventional layaut of a brushed DC motorf2].

For DCmotors, the speed and torque are able to be controlled through simple changes in the
current delivered to the rotor . They have a very high starting torque (up to five timesrated
torque) and are very quick to start and stop, including quick reversing and accelerating. They
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are also free from AC harmonic waveforms, which reduces some electrical losses and noise

. However, the rotor construction is complex and expensive due to the number of

electrical connections that are required. They also have brushes (seen inFigure 2-6) that

result in a number of different negative effects. Brushes cause electromagnetic noise that
can interfere with other electronics, they can create sparks which could lead to an explosion

risk, and they require regular maintenance and servicing, at least every few thousand hours.

Figure 2-7: Diagram o windings in a 3-phase 4-pole AC indudion "squirrel-cage" motor [76] (a), along
with a squirrel cage assembly: iron core with axial holes (b), and conductor bars with endings (c) which
fit together to form the rotor

For AC induction motors (also called squirrel-cage induction motors or SCIMs), the rotor is

simplified (seen in|Figure 2-7|b and c) and more economical to produce than a DC rotor. It

has no sliding parts such as brushes; thus, it avoids the negative effects mentioned
previously. AC induction motors are robust and able to run at high speeds and can operate in
a wide range of ambient conditions including explosive environments or underwater .
However, they are much more difficult to control speed wise compared to DC motors as it

requires a controIIer. Even with a controller, speed is stil a function of the load applied,

where higher loads lead to a slower rotation. Coil windings are distributed (seen in|Figure 2-7
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a) and are more complicated than concentr ated windings leading to increased copper and
weight . They alsorequire a specialised power source and/or inverter to function. There
is also a risk of unwanted induced currents withi n the motor and bearings which if not

properly managed, can lead to damage in the bearings and unintended electrical shock.

Figure 2-8: Synchronous motor rotors, 2-pole cylindrical winding (a), 2pole salient concentrated
winding(b), 2-pole permanent magnet rotor (c), 4pole permanentmagnet rotor (d) .

For AC synchronous motors, the speed is constant and independent of the load applied

unlike induction motors . This is partly due to the use of PMs in the rotor (seen in|Figure 2-8|c

and d), or a DC field (seenin|Figure 2-8]a and b) rather than an induced current (such as in

SCIMs). Magnets consume no additional power and are more compact than rotor field
windings, resulting in higher motor power density and higher motor efficiency due t o the lack
of rotor losses and brush resistance . However, they do require additional controllers and
sensors for variable speed operation. They are not selfstarting and need some additional
method to produce run-up torque. PMs are expensive and are sensitive to temperatures
above 100 &, and lead to the motor having cogging, which is an engagement and
disengagement of the rotor magnetic forces on the stator iron as it rotates, resulting in
torque ripple. If magnets are not used, then the wound rotors have additional DC power
requirements that consume power and have additional rotating components (such a s slip
rings) that can require maintenance . Coil windings are typically distributed and are nearly
identical to AC induction motors and have the same disadvantages as such, however they

can be manufactured with concentrated windings .
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Figure 2-9: Operation of 30° per step stepper motor with phase A egaged (a), followed by phase B (b),
and then phase C (c) which is then repeate.

For reluctance torque motors such as stepper or a switch reluctance motor (SRM), the rotor

is extremely robust and the most economical to manufacture due to it being a laminated iron

core with no magnets and no windings as seen in|Figure 2-9{ The stator is comprised of

concentrated windings which are easier to install and have higher fill factors . The

operation of the motor simply requires the engagement of each phase in turn in order to

rotate the rotor as seen in[Figure2-9| -X..W WXEVXMRK XSVUYIl MW ZIV] LMKL

production capable at a standstill E’ Also, the motor loss is mainly in the stator, which is
easier to cool than the rotor. However, the motor can develop mechanical resonances which
cause large vibrations. Due to it developing torque through reluctance, high levels of

magnetic reluctance can be very loud. Also, output torque is hot smooth and can have

significant torque ripple .

Motor Type Pro for AM Con for AM
DC Motor X Concentrated windings x Very complicated rotor
AC Induction x  Simplified rotor x  Distributed windings
AC x May use concentrated x Typically distributed windings
Synchronous windings X Magnets on rotor
x Concentrated windings x Potential for uneven torque
Reluctance : : output and vibration
X Single material rotor p

Table 2-2: Summary of pros and cons for different motor types for manufacturing for AM.
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After comparing the different types of motors as seen in [Table 2-2| the motor category which

best suits the original goals of AM electric motor manufacturing is the reluc tance motor,

specifically the SRM. They lackPMs, have concentrated windings, typically within an open
slot, and are available in the size required for manufacturing AM windings. For these reasons
an SRMwas obtained to test the suitability of creating AM windings, with some of the key

pieces of knowledge for SRMs presentedin the next section.

2.4.2 Reluctance torque motors

Figure 2-10: Typical 12spole/8-tooth switched reluctance motor showing the progression of rotor angles
between 0° and 35° as phases A, B, and C are activated (in bold letters).

Reluctance torque motors are also called doubly salient reluctance machines since teeth are
on both the rotor and stator. Popular types of these motors are stepper motors (which have
an equal number of rotor and stator teeth) and SRMs (which typically have a fewer rotor
teeth than stator teeth). Some uses for SRMs arefound in the Dyson X020 motor for high

speed compact applications, augmented with PMs in the Tesla Model 3 motor, in some
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washing machine designs, and other industrial applications which require robust operation in
high temperature environments. The SRM as seen inFigure 2-10 has twelve stator teeth, but
only eight rotor teeth, and is shown with a progression of rotor angles as the three different
phases (A, B & C) are activated. This differing number of teeth between the rotor and stator
allows a set of rotor teeth to be between a set of stator teeth when one phase is engaged so
that it can rotate to the next position as seen in the zero degree position of Figure 2-10 when
phase A is aligned and where the rotor could rotate to either phase B or C. Steoper motors
became popular due to their ability to be discretely controlled with open loop control through
microcontrollers and computers. SR motors have been an area of interest for researchers

and industry since the 1980s due to the lack of magnets and electrical windings in the rotor.

6EXLIV XLER XLI ,&-0... QIXLSH SJ XSVUYI GVIEXMSR XLIWI QSXSV
torque. Reluctance is manifest by irons seeming unwillingness to be in any position that

does not allow it to be aligned perfectly withi n an existing magnetic field. It can be seen

when an iron bar, which is free to rotate, is placed within a magnetic field. The bar will

initially rotate so that it aligns itself with the magnetic field. But if disturbed from that

alignment, it will experience a torque to return to that alignment. In the case of a reluctance

motor, rather than a single bar as a rotor, these motors have a specific multi-bar rotor that is

constantly creating torque as it tries to align with the activated coils. The coils never allow

the rotor to fully align itself with the magnetic field as that scenario results in zero torque.

The equations that govern this torque production are not as simple as those derived

previously, as they depend on the partial deiivatives for flux, current, and position of the rotor

in non-linear relationships [78] ¢[80], where simulation software is typically used to determine

torque and power in the pre-construction phase of development.

The construction of the stator has many teeth that are individually wound to produce a
magnetic flux in them. The rotor is a laminated iron core with no magnets and no windings.

The air gap between therotor and stator is small to maximise flux to flow fro m the engaged
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windings into the rotor as air acts as a resistance for flux. The spacing and number of teeth
between the rotor and stator is an important factor for torque production. If the space
between a winding nearest the rotor tooth is too large or are overapping too much, the
resulting torque is minimised. Rotation is achieved when the phases are engaged
sequentially, with each in the sequence being the next dosest to a rotor tooth in order to

maximise reluctance.
Key findings from this section

X There are many types and variations of electric motors for different applications
X SRMs typically have concentrated windings, open slot geometry, and simple rotors

x  Of the many types of electric motors, SRMs hold the highest potential for AM

2.5 Current electric motor trends

Despite electric motors having been around for over a hundred years, there are stillseveral
areas that are seeing continued research and development. This research is driven by new
materials, new applications for electric motors, improved control systems and power
electronics, new requirements for energy savings, and new challenges in the industry with
existing solutions . Within these areas, there are a few where additive nanufacturing
could aid in the development of new solutions. These include the areas of high efficiency

motors, electric vehicles applications, and the pursuit of the more-electric aircraft.

2.5.1 Increasingly efficient electric motors

As stated in the introducti on, nearly 3540% of all electricity consumed within the EU is by
electric motors , typically within the industrial industry . Thus, small increases to energy
efficiency can save a considerable amount of money and resources. These industrial uses
have a wide range of specific applications such as pumps, fans and compressors, most of

which can benefit from energy saving machines suc h as variable-speed drives (VSDs). In
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2005, VSDs were installed in 25%of new motor installations, and by 2014 had grown to 30 -

40%. As the desire for more efficient motors grew, standards for different classes of

motors emerged based on the motors efficiency, namely IEC 60034-30-1:2014 . This

international standard published by the International Electrotechnical Commission (IEC)

establishes a set of efficiency values for electric motors given the parameters for an electric

motor. These start with IEO at the lowest and potentially can go up to IE5, segqTable 2-3

IEC Code I|EC Classification

IEO | Below Standard Efficiency

IE1 | Standard Efficiency

IE2 | High Efficiency

IE3 | Premium Efficiency

IE4 | Super Premium Efficiency

IE5 | Ultra-Premium Efficiency
Table 2-3: IEC codes and classifications for electric motor efficiencies.

Figure 2-11: Minimum energy performance standards (MEPS) being adopted all over the worI.

IE3 rated motors have been required in the United States since 2011, and in EU countries

since 2015 as seen in

Figure 2-11

While IE4 was only recently defined as a standard in 2014,

IESis being envisioned and may be in the next updated version. However, IE5 has some

questioning if this level of efficiency is even possible with current technologies as no

machines were available for purchase at this classification . One of the most widely used
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motors for industrial applications is the SCIM, which yp until very recently, was not available
in an IE4 rating, let alone how it could achieve an IE5rating using current technologies.
However, other types of motors such as a VSDfed PM synchronous motor have been long
established as IE4 capable. However, tie high and rising cost of rare-earth PM materials
make them undesirable for applications which are either high temperature or cost sensitive.
Thus, research is currently going into SCIMs using new technologies to improve materials
that minimise losses, modifying the geometry for increased torque development, improving
manufacturing processes to minimise the air gap, and improved reliability for rotor core

construction to reduce eddy currents due to burrs and imperfections .

Figure 2-12: EU electric motor market stare for the 0.75-375 kW power rangebroken down by year and
IEC category including a forcast for 2020[85].

One last aspect that can improve motor efficiency is rewinding the motor during repair. Over
the lifetime of a motor (12 -20 years), it is expected that it will be repaired or rewound with
new coils 2-4 times . In , the opportunity is explored to retrofit these motors so that
the efficiency and reliability of a motor can be improved upon once it is repaired. Despite the

IE3 requirement for all new motor install ations in the EU, most motors in use are still IE1 or

IE2 due to their long lifespan (see|Figure 2-12). An actual review of over 4000 electric motors
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in Switzerland in 2013 showed that most motors have been in service 2-4 times longer than
the expected life of the motor. Thus, there is potential to retrofit older inefficient motors to
make them more efficient . However, retrofitting also has the challenge to ensure that IE3
and IE4 motors maintain their high efficiencies. While thes e standards mostly impact
industrial motor requirements, another sector which has a desire for high efficiency motors

are electric vehicle applications.

2.5.2 Electric vehicles

The €electric vehicle (EV) industry is a fast-growing market with high demands for an efficient
and robust vehicle power train. This growth is partially driven by the desire to limit the
amount of GHGs entering the atmosphere like CO,. In 2009, it was estimated that 25% of all
GHG emissions were from the transportation industry . This large contributor to GHGs
can be offset by EVs if they employ efficient drive trains, converters, and are supplied with

electricity which was generated using low emission sources such as wind or solar power .

One important piece for EVs is the power train, typically consisting of at least one electric
motor. Despite making up about 28% of the total number of cars on the road in 1900, the
lack of efficient motors and rechargeable batteries, along with the development o f the
inexpensive Model T, prevented EVs from thriving. Nearly 100 years later, EVs started to
become popular again with new electric cars being manufactur ed such as the General
Motors EV1 (which was later cancelled and destroyed by GM) and the Toyota Prius. It is now
estimated that there are between 2 and 3 million EVs on the road in the world with
estimates of between 9 and 20 million by 2020. Despite this large number of cars on the
road, there is no single EV motortopology in use. According to , all Tesla vehicles (except
for the Model 3), the Chevy Spark, theToyota RAV4, and a few others use a SCIM motor. The
Hyundai Sonata uses a surface mount PM motor, and almost all other production

automotive motors use an interior PM geometry, with some other a pplications using
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alternate topologies such as switched reluc tance motors. Even within these topologies, there

are distributed windings (Figure 2-13(left) and concentrated windings {Figure 2-13|right).

However, most motors are manufactured with a distributed windin g pattern. As a result,
there is still considerable research going into developing new EV motors in order to improve

reliability and performance, and reduce manufacturing and material costs .

Figure 2-13: A distributed winding pattern found in a 2004 Toyota Prius (left) and a concentrated winding
pattern found in the 2011 Hyundai Sonata (right)[88].

One area of interest which is being researched in order to meet some of those goals of
improving reliability and reducing material costs is to develop topologies which do not use
rare-earth elements, a major component in most PMs. This is due to the scarcity of some of
these elements, large price fluctuations, and lack of competitio n for rare-earth element
production with China dominating 96% of worldwide production . Thus, in order to avoid
a constrained supply chain for these elements, motor designers are creating topol ogies
without them . These motors include the SCIM used by several auto manufacturers, as
well as non-rare earth containing PM machines, and SRMs. A recent review of research into
rare-earth-free motors , has shown that these motors can achieve similar performance to
the standard PM machines in terms of torque density and efficiency, in addition to being
more robust and cost effective. In addit ion to the EV market for electric motors, another

opportunity is in the aerospace industry with the more and all electric aircraft movements.

39



Chapter 2: Literature Review

2.5.3 More and all electric aircraft

Aircraft have a few different energy systems onboard which aid in the operation of the
aircraft. These systems include mechanical and electrical, as well as pneumatic and
hydraulic. In order to minimise the number of systems on board, there is a movement to
replace the pneumatic and hydraulic systems with electrified versions. This will increase
overall reliability and quicken repairs while also decreasing weight, costs, fuel consumption,

and maintenance as electrical systems are easier to replace or repair

. These auxiliary
systems consume approximately 5% of the total fuel of the aircraft . WLIR MX.. W
considered that 2% of global GHG emissions are produced by air tansport with a rise to 3%
by 2050 , it is important to try and offset this through electrific ation and higher
efficiencies. This is why both the Boeing 787 and the Airbus A380 have increasedthe use of
electrical energy onboard , andthus have created a demand for technology development
which can support the more electric aircraft (MEA) and ultimately the all -electric aircraft
(AEA) in the future. It is estimated than an AEA could reduce theweight of an aircraft by 10%,
while also reducing fuel consumption by 9% . However, the aerospace industry has been

slow to adopt some of the se advancements due to need for having these new systems meet

the high reliability requirements and prove airworthiness .

While part of the pursuit of the MEA surrounds designing and manufacturing efficient and

compact power electroni cs and control systems, additional tasks are being researched such

as moving an aircraft while on the ground, often called either electric taxi (e -taxi) or Green

Taxi . This aim is to control the manoeuvring of the aircra ft on the ground without the use

of additional trucks or vehicles, and without YWMRK XLl QEMR IRKMRI..W XYVFS JER
motors which are needed for this require high torque density in order to make them as

compact as possible, as well as high reliability in order to survive the harsh environments an

aircraft operates within. Many researchers have explored the design space for such amotor

and have been alie to generate prototypes which demonstrate these requirements .
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Figure 2-14: The Airbus EFan personal allelectric aircraft AEAat the Paris Air show in 2015[100].

With an annual air travel passenger increase of 6.2% from 2012 to 2017 (with similar growth
projected for the next 20 years), and the currently record low price of jet fuel, which is

expected to inevitably rise, there is a need to reduce operating costs for air travel. This has

led some to envision the AEA such as the Airbus EFan[101] personal aircraft (seen in[Figure

2-14) to remove the dependence on airbreathing engines, or at least develop hybrid

gas/electric propulsion systems [102]. While the main challenge of moving towards an all-

electric propulsion system for an aircraft is bat tery technology and getting the required
energy density to enable ranged flight, a second challenge comes from achieving the
required power densities from existing moto rs. For example, some have proposed power
density goals for the electric motor industry to reach, with 10 kW/kg being a short term goal
in the next 10 years, 20 kW/kg in 15 years, and 50 kW/kg in 25 years. To put this in
perspective, current electric motors in electric cars have a power density of between 0.5 to
2.5 kW/kg with most being below 2 kW/kg. This requires a 5-fold increase in electric
motor power densities in order to meet the proposed short -term goals, and over an order of

magnitude increase for long term goals.

The goals of creating highly efficient motors to meet increasing IEC standards, robust and

cost-effective motors for electrical vehicles, and compact and reliable motors for aircraft are
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very lofty. While current research is incrementally improving these motors, there still needs
to be a stepped improvement in order to achieve these goals. Some have proposedthat
additive manufacturing can be this improvement, so the next section will thus explore the

current research into electric motors and additive manufacturing.

Key findings from this section

x  Electric motors have increasing demands for efficiency and relia bility
x Incremental changes cannot achieve some of the goals set out for future motors

X There is potential to retrofit existing motors to i ncrease their efficiency/performance

2.6 Electric motors and AM
To date, research into the use of AM with electric motors has taken three different routes.
The first is to explore the concepts of using AM to manufacture electric motors, however, the

required materials and machinery to manufacture the proposed geometries are not available,

so the research is limited to concept ual designs and simulations [43] ¢[#7]. The second is to

develop materials for AM which are currently being used to manufacture traditional el ectric

motors, such as hard and soft magnetic materials [13] ¢[L7], and use AM to manufacture

proof-of-concepts using those materials. The third path, in which this review will focus, is to
demonstrate partial or fully working p rototypes using some AM parts, but lack suitable
materials or equipment to demonstrate a fully functional motor. As a result, despite claims
SJ XLI [SVPH..W JMVW Xerd hasvoeR Xd elidri&X f8na 100 purely AM

motor, but it is getting clo ser to be a reality.
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Figure 2-15: An example of mixing traditional methods and materials with3D printed design [103].

Some of the earliest examples of building electric motors with AM technology involve using
FDM and plastic. One of them is a motor which had DfAM in mind so that some parts are 3D

printed, however, the printed parts are plastic with traditional magnets, winding s, and

bearings placed into it [103]. While incorporating a number of pauses into the build which

were used to then place the traditional parts into the build, it does not greatly improve what

an electric motor could be, as it is inherently weaker by relying on plastic parts to hold the

entire motor together, seen in|Figure 2-15) In[104], this concept was improved upon slightly

by incorporating some iron powder int o the filament used for the stator, but the majori ty of

the motor is still plastic, with traditional ma gnets and copper wire making up the active

materials of the motor. Despite this use of iron-filled filament, the motors presented in [104

are conceptual motors only, and are bolted onto a workbench for demonstration purpo ses.

Another group of researchers have focused on developing rotors for elect ric motors, using a

number of different materials. In [105], a lightweight rotor was designed and manufactured

for a PM machine using H13 steel powder from an unknown source. The rotor successfully
demonstrated the ability of AM to decrease weight and improve acceleration times, however,

the H13 material did not have a high enough magnetic permeability to achieve the goal of
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sensorless control of the motor. In [106], a 30 mm diameter, 45 mm long rotor for a SRM

was made out of a custom iron -cobalt powder which was mixed by the VTT Technical
Research Centre of Finland The resulting material was able to be printed to a relative density
above 99.9% with a magnetic BH-curve provided for the material. While the resistivity of the
material was lower than what would be desired for this application, and the design was a

simple extrusion of a 2D design, it did demonstrate the potential of using this mater ial as a

rotor. Similarly, in[107], a switched reluctance rotor for a food processor motor was created

using MS1 powder from EOS. TheMS1 powder was a maraging steel with approximately

18% nickel, 9% cobalt, and 5% molybdenum content. As seen ifFFigure 2-16| the design of the

rotor incorporates some complexity such as a 5% skew and rib feature which helps reduce

torque ripple and windage loss but was not designed using DfAM.

Figure 2-16: An additively manufactured switched reluctance rotor made from maraging stee[107].

Besides developing rotors for electric motors, another area of research is in creating highly

conductive coils whic h can be used in a motor. Some of these highly conductive materials

and methods may or may not be suitable for electric motors. For example, in [108], small

silver interconnects were created on a flexible substrate using a custom built jetting process.
These interconnects were on the order of less than 1mm in height, and despite good range
of geometries demonstrated, would be unsuitable for coils due to size limita tions and a

reported resistivity of approximately 30 ¥ 2cm or 5.7% IACS.
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Figure 2-17: Examplesof coil designs that have been cast using copper, aluminiunf109], and
incorporating novel geometry such as air cooling passageq110].

Rather than using AM to create larger coils, some work has been performed with using

casting as seen inFigure 2-17| In[109], [110], Fraunhofer IFAM collaborated with Lloyd

Dynamowerke GmbH &Co. KG (LDW) in Bemen Germany to create some coils for a PM
motor used in a crane application. They noted all the same advantages that creating custom
AM coils can provide, such as increased fill factor, variable cross-sectional shape, and
freedom of geometry. However, the results were still limited in terms of what is achievable
with the lost -foam casting process such as geometry constraints, minimum wall thicknesses
and achievable tolerances. The resistivity was close to that of the bulk materials, with the
cast copper (>99.9% purity) coils being 1.79 ¥ 2cm or 96.3% IACS, and the aluminium alloy

(Rotoren-Al 99.7) measuring between 2.90-2.99 ¥ 2cm or 57.8-59.5% IACS.

Figure 2-18: AM copper coil mounted in prep for insulation(left) and in a steel core for testing(right) [111].

While casting has shown to create highly conductive large coils, AM has an additional

freedom and potential t hat cannot be achieved by casting such as dimensional accuracy and

surface finis h. In[111], these properties were investigated in order to develop a copper
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winding which was optimise d to minimise power loss in an 400 Hz AC application. Both the
machine and powder used to create the coil were not reported. After manufacture, it was

drip coated on a rotating fixture with an air-drying polyester varnish and then mounted into

an electrical steel core for testing as seen in|Figure 2-18] Electrical resistivity was measured

and found to be 51% IACS, much less than the anticipated 100% IACS. However, the research

demonstrated the advantages of using AM for custom shap ed coils to minimise losses.

Figure 2-19: Prototype coil for an MRI machine made using a multimaterial extrusion AM process[112)].

Figure 2-20: Prototype switched rductance motor coil made using a multi-material extrusion AM process,
with the CAD design (left), printed coil (centre), and post sintered (rightj113].

Another advantage that AM has over casting is the ability to use multi-materials. A few

researchers have investigated this aspect of creating coils with AM. In [112], researchers

created windings for use in an magnetic resonance imaging (MRI) machine using an

extrusion-based method which utilised both a conductive and insulative material, as seen in

Figure 2-19| While the specific materials used for the metal and insulation were not

specified, the typical resistivity for the metal layers were reported to be < 10 ¥ %cm (> 17%
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IACS). In[113], a different multi-material extrusion system was used to create a copper

ceramic coil for a pro posed switched reluctance motor, as seen in|Figure 2-20{ The coil was

fabricat ed using copper and ceramic pastes, and then sintered using an undisclosed
method. This research focused on the performance of the coil in terms of maxi mum current
draw, current density, copper loss and temperature rise. In the end, they were able to creae a

coil that was 87% dense with a conductivity of 71% IACS.

While there are some patent applications being filed [114],|[115], and a number of other

electro-mechanical devices being researched [116] there is still a lot of room to explore this

area of AM and electric motors. The concepts of how AM can influence an electric motor
from the design of the coils to the design of an entire machine is still being explored. Electric
motors have a potential to be improved and changed by AM, but AMmust first provide the

materials and properties that electric motor designers need for this change to occur.

Figure 2-21: Patent drawing of 3D priried electric motor process using a sheet lamination method[114].

Key findings from this section

x  Electric motors have high interest for AM, but function and performance not reported

X Motor windings have great potential, but properties and/or DfAM have been ignored
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2.7 AM process review for conductive materials

Of the seven categories of AM mentioned in Chapten1.2|conductive metals can be

processed to some degree with each of them. However, notall the resulting metal parts
would be suitable for complex geometries in electrical applications. As the selection of an

AM process is highly dependent on application specific requirements, the pros and cons for

each of the seven categories will then be presented for electrical windings in|Table 2-4f Then

only the processes that can achieve the following will be reported upon in[Table 2-5

1. Metal parts with high porosity tend to ha ve much higher resistances than solid direct

metal fabric ation methods [117]. Thus, only the highest as-built density or highest

post-processed densities are reported.

2. The process must have the ability to create highly detailed structures such as a
continuous electric coil. This structure may have supports if the support structures
are removable, and the resulting coil will not have adjacent windings connecting as
to create a short circuit.

3. The process must be able to build windings for a generic small traditionally
manufactured electric motor in the 1 kW range. This type of motor would typically
require coils in the range of 20 mm wide, 50 mm long, and 20 mm tall. This
requirement is limited for th is research purposes only.

4. The AM process must have demonstrated that there is a potential to produce h ighly
conductive materials (i.e. copper, silver, gold, aluminium) with a high relative density.

5. Only processes which have published either conductivity or density measurements

are included, which is why processes which show promise for high density and

highly conductive materials such as direct metal jetting [118],|[L19], havenot been

included.
6. If a process has demonstrated limited conductivity with low density but no other

work has demonstrat ed higher conductivities, the best conductivity will be reported.
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Table 2-4: Comparison of AM processes for creating electric motor coils.
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AM Process Material Density IACS Ref.
Binder Jet Copper 85.5%with sinter  n/a [120
Binder Jet Copper 97-99%with HIP n/a [121],]|122
DED Copper Near 100% n/a [125],[[126
Extrusion (Filament based) Ni-Snin PA6  30% NiSn by vol. 0.05% [128
Extrusion (Paste based) Copper 87% post sinter 71% [113
Jetting (Ink jet based) Copper n/a 10% [130
Jetting (Ink jet based) Silver n/a 12.7% [129
Jetting (Laser film transfer) Copper n/a 8.3% [131
PBF (Electron Beam based) Copper 99.3% 97% [136
PBF (Electron Beam based) Copper 99.5% 101.9% [132
PBF (LPBF) Copper 96.47% n/a [137
PBF (LPBF) Copper 97.8% n/a [138
PBF (LPBF) Copper 66-68% n/a [139
SL (Ultrasonic based) Copper n/a n/a [134
Vat Photopolymerisation Copper 60% by weight 5-8% [135

Table 2-5: Comparison conductive material properties from a literature review of theseven AM process
categories.

After comparing these processes in|Table 2-4[and in| Table 2-5(for their ability to use

materials that are highly conductive and dense, the process which best meets the ability of
creating coils for electric motors is PBF, specifically LPBF. However, there is a general lack

of reported electrical properties, especially those which take into consideration initial build

orientation or post-heat treatments. While all of the processes in|Table 2-4|and| Table 2-5

meet some of these needs, none except LPBF meet all of them. Binder jetting isgenerally not
able to create highly conductive parts without significant sintering and distortion to the
original part. DEDcannot achieve the detailed resolution required for creating coils without
post machining. Material extrusion can create multi-materials but has the same issue as

binder jetting. Material jetting has not demonstrated the ability to create large conductive
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parts while sheet lamination cannot produce the complex geometries required for el ectrical
coils. Vat photopolymerisation simply does not have the ability to load resins w ith enough
conductive material to make them usable for this application. While Electron Beam Melting
has proven the ability to create highly conductive parts, it lacks the fine resolution and
smoother surface finish which can be achieved by LPBF. While LPBF is not a perfect process
as it still requires support structures and the need to re lieve residual stress, it is able to

create large, dense, highly detailed and condictive parts in several different materials.

Despite much research into AM of copper and other conductors, little work has been done to
characterise AM materials conductivity and electrical properties. Most research specifies
density (or porosity), hardness, and/or other mechanical properties such as tensile strength.
AM research which has published electrical properties mostly comes from thin films, which
are not recommended for electric motor applications, or use indirect measurement
techniques that measure eddy currents and assume isotropic material properties. However,

it has been shown that generally, asbuilt AM mechanical properties are not isotropic ,

, [140], and thus the assumption that electrical properties are isotropic in order to use

eddy current electrical measurements which require isotropic properties for accurate results

needs to be questioned when applied to AM parts. Next is a deeperlook into PBF.

Key findings from this section

X

Many AM process can produce conductive metal parts, including using copper

X

Despite much research, little/no work has been done to provide electrical properties
X Those which have been given, rely on isotropic properties for accuracy of resistivi ty

x LPBF has the greatest potential to create ready to use, highconductivity windings

2.8 Powder Bed Fusion (PBF)

PBF creates parts from a powder bed by using an external heat or energy source tofuse the

powder together through either sintering or melting. It includes a few different processes.
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These processes include LPBF and Electron Beam Melting (EBM), among several others.

Within each of these generic processes, there areseveral additional trade names all

describing the same process, see Chaptern1.3

PBFhas the advantage that a wide range of materials can be processed, provided that
generally the material is weldable as LPBF is a micro laser welding process, andthat a
spherical powder can be produced to allow the powder to spread easily . Further, parts
that are melted can have significant strength advantages over other non-melted AM
processes, as the material properties can be close to that of wrought material. Depending on
the process and material, support structures may not be needed, as the powder bed
becomes the support, however LBPF typically always uses supports Build speeds can aso
be fast depending on materials and process, with processes that preheat the powder bed to
just below melting being the quickest because it al lows for a fast scan speed. Electron beam
scan speeds are the fastest of any PBFprocess due to the lack of mechanical parts needed
to direct the beam. Processes that use lasers result in a high level of detail and fine features.
EBM can process materials that are highly reactive in oxygen as the process occurs in a near

vacuum, and thus can be made quicker and cheaper than subtractive methods.

PBF also has some disadvantages. Surface finish is generally rough (similar to sand casting)
and needs post-processing in order to achieve tight tolerances. Methods that require support
structures require additional (typically manual) work to remove them from the final part,
including EBM. Excess powder removal is common to all PBF processes and requires
additional design fo resight to ensure that there are no trapped powder regions within the
part. Long channels and holes can be especially difficult to remove all unprocessed powder
from all PBFprocesses. EBM specifically requires either powder blasting, ultrasonic
vibration, or mechanical methods to remove the powder, as the remaining powder no longer
acts as a light metal powder, but clings together like wet sand due to the quick pre-scan

which pre-heats and partially fuses the powder and prevents a phenomenon known as
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smoking [141]. Thus, certain geometries, such as deep narrow cavities are especially difficult

to produce with EBM.

Of all PBF processes,LPBFhas the greatest ability to create fine detailed, and highly
conductive metal parts. LPBFmachines are usually capable of creating parts that fit within a
250 mm cube, which is large enough for the scale of motor coils in this research. As there is

a wide range of available materials with LPBF, many have processed conductive materials.

Sections|2.9|and|2.10(will dis cuss copper and aluminium respectively processed by LPBF.

A few PBFprocesses other than LPBFhave been used to processed copper and copper

alloys. For example,EBM of copper has been reported [132], [136], [142],|[L43] by a number

of researchers. In [136], multiple copper powders were tested including two which were over

99.99% pure, andanother which was air atomised resulting in 99.8% purity. Theresults

showed parts which were 99.3% the density of wrought copper and had an electrical

conductivity of 97% of that of commercially pure copper. In[142], 99.91% pure copper was

processed and a final density of 99.95% and electrical conductivity of 96.24% IACS. In[143],

99.94% pure copper was processed to a maximum density of 99.95% and showed elongated

grain growth, beyond layer thicknesses, in the build direction. In [132], 99.95% pure copper

was processed and was optimised for electrical conductivity, achieving 101.9%IACS which
exceeds commercially pure copper but is not quit e the conductivity of 99.999% pure copper
(103.06%IACS) . However, in all cases where electrical measurements were given, the
method reported did not directly measure resistivit y. Rather it indirectly calculates near
surface conductivity using induced eddy currents and assumes isotropic material properties

while also being sensitive to surface roughness and surface contamination .

Copper alloys and mixtures have also been sintered by laserto various success [144] ¢[147],

but as the use of a CQ; laser was used, and due to the age of this research, few relevant

findings can be drawn from this early research.
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There have been otherhighly electrically conductive materials processed with LPBFsuch as

gold and silver. In[133], pure gold was processed with a maximum relative density of 89.6%.

However, the cost of gold is prohibitive for use in an electric motor. Electrical measurements

were also not taken. In [148], silver was processed and evaluated through simulations, but

density measurements were not taken, nor electrical properties measured. In both cases,
surface finish was rough due to a lack of fusion caused by lim ited laser power and the high

reflectivity and high thermal conductivity which limited the depth of the melt pool.

Overall, there is a lack d electrical properties reported for materials processe d by PBF. When
those properties are reported, they do not use direct measurement techniques such as the
four-wire resistance, but rather indirect induction eddy-current techniques which assume
isotropic properties when they calculate resistance . But due to the unique

microstructure of PBF parts compared to cast or wrought, an d how mechanical properties in
the as-built condition display anisotropic propert ies, it cannot be assumed that electrical
properties are isotropic. Thus initial build orientation also needs to be considered, including
any effects that powder spreading cou ld have on those properties. Copper processed by

LPBF will next be covered in mote detail including challenges and the resulting resistivity.
Key findings from this section

x EBM has created highly conductive parts, but all assumed isotropic conditions
X Gold and silver have been processed by LPBF, but low density was a challenge

X General lack of direct electrical measurements which report initial bu ild orientation

2.9 Processing copper with LPBF
Pure copper is widely used in electrical components due to its balance of low electrical
resistivity and moderate commodity price compared to gold and silver. But pure copper has

proven difficult to process by LPBF. As a result, there are few published papers. Challenges

arise in reaching a high density [149] due to an inability to fully re-melt previously deposited
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copper. Its high thermal conductivity [150] causes rapid heat transfer away from the melt

pool through the previously solidified material. An unstable melt pool [151] due to in part

from the rapid formation of oxide layers [152] on the skin of the melt pool adds to the

difficu lties in processing LPBFof copper. Despite this, copper is an attractive material for

many applications, and several companies including Aerojet Rocketdyne[153] and

Fraunhofer [154] have promoted their ability to research the material, despite not actually

producing any published results with the announcements. To overcome these challenges,

researchers have explored a few different options.

The first is to overcome its high thermal conductivity. This conductivity is 390 W/m*K and is
the second highest of any element, next to only silver . This means that once it is

provided with heat, it can quickly dissipate this heat away from the source of the heat. When
trying to melt copper powder with a moving heat source, achieving full melting and fusing of
the powder is difficult. For example, some of the first tests of copper with LPBF technology

used only a 90 W laser which resulted in very poor processing, where density meaurements

were not reported [152]. Even witha 200 W laser, if the spot size is too large, the resulting

laser power density is not high enough to fully melt pure copper. This was seen in[139

where the resulting parts that were only 66-68% dense. As a result, high power lasers (400 W

and 1 kW) have been used in[137] to create high density parts (96.47%relative density),

however no electrical measurements were taken. Similarly, in[138], a 1 kW laser was used to

create parts with densities up to 97.8% but again, no electrical measurements were taken.
Other than high laser powers, another wayto overcome its high thermal conductivity is by
having a high pre-heat temperature which reduces the thermal gradient between the

unmelted and melted powders. Recently, the company TRUMPF GmbH + Co. KGGermany)

released a new LPBF machine, theTruPrint 5000, which can preheat upto 500 ¢ [155

which is the highest of any commercial LPBF machine. In the press release, they also state
that wit h the addition of a green laser, copper can be processed. Unfortunately, green lasers

were not a viable commercial option at the commencement of this work and were
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unavailable to work with for th is research. However, wsing a green lasercan be used to

overcome another challenge of printing copper, its high reflectivity.

Figure 2-22: Percentage of reflectance of different metal powders including copper (second from the top

in blue) (Recreated from original sairce [156]).

Copper is very reflective at the typical laser wavelengths used in LPBF. Typically, LPBFuses

a laser wavelength of 1094 nm. At this wavelength, solid copper reflects 90-98% of the

thermal energy [157]. However, powders are more absorbent, with copper powder reflecting

only 71-72% of the energy, asseen in|Figure 2-22| which also depended on particle size [156

where larger patrticles reflected more than smaller particles. Using different wavelengths of

lasers is also being explored with copper [158] as it has a higher absorption to wavelengths

less than 550 nm [157]. For example,the Fraunhofer Institute for Laser Technology (ILT),

have stated that they are investigating processing copper via LPBFusing a green laser[154

at a wavelength of 515 nm which is absorbed much greater than the near IR lasers.

Traditionally used in science and medicine, it has been announced that the laser will be

custom built with power up to 400 W specifically to process copper. TRUMPF has also

demonstrated the printing of cop per with a green laser

159

which has been used in welding
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and has a maximum power of 1 kW with a wavelength of 515 nm and a focus diameter of

¥ (J160]. Blue lasers are also now being investigated to weld copper with wavelengths

of 450 nm [161] and powers up to 700 W[162]. However, there has not been any AM

research using these types of lasers to process copper to date.

Lastly, to make copper more suitable for LPBF, researchers have investigateda few different

Cu alloys and modifications to the powder itself . One such Cu alloy is GRCOR4 [163], [164

(and potentially GRCOR42 [165] which was only announced in early 2019), however, this

alloy is very limited and primarily only available to those involved in NASA research. GRCOR
84 has 8% Crand 4%Nb and was developed by the NASA Glenn Research Centeto work
best with rapid solidification technology like LPBF. This is in order to minimise the growth of
CrzNb precipitates which gives it excellent high-temperature strength and good creep
resistance whilst also retaining relatively high thermal and electrical conductivity at 68%

IACS. Copper alloys with 3.3-5%tin have also been processed by LPBF by Ventura et al.

164] +[1L68], with high-density structures being created with a resulting conductivity of up to

24.1% IACSand through thermal ageing were able to improve this to 43.2%IACS[166]. They

used a four-wire Kelvin measurement with specimens measuring 1 x 1 x 60 mm however

they were processing an alloy and neglected initial build orientation with their

measurements. In[169], the goal of printing high conductivity material was researched using

a 300 W LPBF machine as well as a DED powder blown machinavith a 1250 W laser. Copper
powder for the experiments was first reduced by hydrogen gas to remove oxides, and then
coated with a few nanometres of polydimethylsiloxane (PDMS) to inhibit oxidation. The
PDMS would then be vaporised in the AM process. Expenments were performed using LPBF
on both steel and copper substrates. The maximum density achieved was 91%, and

electrical measurements were made. However, the conductivity was far below expected
(maximum 16% IACS) for this density and copper purity (99.4%) It was found that the copper

used in the experiment had 0.6% phosphorus in the starting powder, which has a severe

negative effect on conductivity as seen inFigure 2-23
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Figure 2-23: Influence of dissolved impurity elements on the electrical conductivity of copper at ambient
temperature (1980 OlinCorporation) (Recreated from original source[169]).

Elemental modification to pure copper may impro ve processability, but it always negatively

influences the resistivity of the copper. This is the effect which was seen in [169] with the

phosphorus content. Typically, when copper powder is created through an air atomisation
process, small amounts of phosphorus in the range of 0.1-0.3 weight per cent, is added to
the molten copper before atomisation. Wh en atomised, the phosphorus forms a protective
oxide shield to the copper and reduces oxygen in the copper by forming a phosphorus

pentoxide (P20s) compound. But this also adds residual phosphorus particles into the

resulting copper powder [170]. In electrical applications, even this small amount of

phosphorus has a very large negative effect on conductivity, where just 0.1% phosphorus

reduces coppers conductivity by 50% (seqFigure 2-23).

As electrical conductivity is an area of interest for processing copper with LPBF, there have
been afew researchers who have tried to overcome the challenges mentioned above and
have either demonstrated conductivity or reported the resistivity. One way toaccomplish this

is using a small laser spot diameter with a 200 W laser in order to achieve high laser power
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densities which can overcome some of the challenges of processing copper with LPBF. For

example, 99.7% pure copper was pro@ssed in [151] using a 200 W laser with a small laser

spot diameter, achieving a density of 73%. Despite not reporting the resistivity, they

demonstrated a functioning printed circuit board with an LED light. In both [149],|171] Lykov

et al. were also able to produce copper parts using a 200 W laser and small laser spot
diameter. Densities ranged from 88.10% to 99.12%. However, it is believed that the 99%
density was not the actual density, but rather a result of poor polishing technique and/or
poor thresholding measurement technique . This is due to the 88% measurementbeing
obtained through an Archimedes measurement (a volumetric measurement) rather than
optical porosity measurement (a single slice measurement dependent on the applied
polishing technique) . Optical measurements are a valid method for obtaining a relative
density for a material, but the polishing technique needs to be perfect. This is especially true
for very soft materials like pur e copper where improper polishing (too much pressure) tends
to smear material over top pores creating artificially high densities. The polished images for
the 88% resultappear to be a higher density than the image for the reported 99% dense

result, thus furthering the belief of poor polishing techniques.

To summarise, processing copper by LPBFhas proven to be difficult. In order t o use copper
in LPBF applications for electrical applications, these difficulties either need to be overcome
or they need to beaccepted and quantified. This research will process high purity copper
which is free of detrimental elements with a 200 W LPBF machine that has a very smadl laser
spot diameter in order to investigate the resulting electrical properties. Knowing the
challenges that have been faced by others, the processing parameters will be optimised to
achieve a density which is as high as possible but will likely be below 90% basedon this
literature review. Once this high-density parameter set is found, despite the potential for high
porosity, it will examine the electrical resistivity of the pure copper and will use the direct
measurement four-wire Kelvin test method. This research will then compare the effect on the

resistivity of initial build orientation and post heat treatments. As copper is difficult to
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process with LPBF in a pure form, an alternative strategy will be employed for a second
material. An aluminium alloy, AlSi10Mg, will be explored in the next section, and while it will
not have as high of a potential conductivity as a pur e metal, it should be within an order of

magnitude to the baseline properties but with better LPBF processability.
Key findings from this section

x Copper is hard to process with LPBF due to high reflectivity and thermal conductivity
x High densities have been achieved primarily only by high-powered lasers

x LPBF machines ratedat 200 W or lower have not reached 90% dense with copper

x Alloying elements, especially phosphorus, have negative effects on conductivity

x Few have reported any resistivity measurements, those that have did not process

pure copper, andignored initial build orientation and post heat treatments

2.10 Aluminium alloys with LPBF

LPBFhas been used to process copper[152], silver[148], gold [133], and aluminium [172].

But few have reported on the electrical properties of the produced material, and none have
reported if these properties were isotropic or not. While silver,copper, and gold have a lower
resistivity than aluminium, the cost of silver and gold prevent them from being used for

anything other than thin film conductors. Pure aluminium has been difficult to process with

AM as it suffers from many of the same proble ms of pure copper. In[172], it was shown that

challenges arise in reaching a high density (89.5%), as there are issues of oxidation, an

inability to process without a high power laser due to its high thermal conduct ivity, high

reflectivity and an unstable melt pool [172]. As a result, aluminium alloys have mainly been

processed. However, recently, relatively pure aluminium has been printedwith a 400 W laser

173], achieving a density of 99.5%as part of a study of LPBF of aluminium-silicon alloys. An

advantage that aluminium has over copper is that while it has approximately 60% higher

resistivity than copper, it weighs about 70% less. This allows it to have the highest specific

conductance out of all materials, as seen in|Table 2-1| Aluminium also costs significantly
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less than copper which has had high fluctuations in price in the past. Thus aluminium can
carry more current per kilogram or per dollar than copper. This gives it an advantage in

applications where weight or cost is an important desi gn requirement such as in aerospace

1741, automotive [175], or in high-frequency applications [176].

While pure aluminium has a better conductivity than any of its alloys it is too soft to be
processed in the manufacture of traditional electric wires. Thus the 1350 alloy was
developed for electrical purposes. It is 99.5% pure aluminium andis rated at 61.2%IACS .

When pure aluminium is melted and cooled quickly, it shrinks quickly resulting in hot tears

and cracking [177]. The casting industry has developed a range of alloys which contain some

silicon and magnesium to help counteract this phenomenon while also increasing strength.
AlSi10Mg is a casting alloy that was developed as an alternative to pure aluminium which

was too soft to use in many engineering applications. It was adopted early by AM as an easy

to process metal powder for LPBF[172]. As with pure aluminium, AlSi10Mg has a high

specific conductance, and is better per kilogram even when compared to pure copper and

silver, despite not having as low a resistivity as pure aluminium.

Some investigations have processed AlSi10Mg and reported some electrical conducti vity
measurements, but each has lacked vital information cruci al to adopting it for actual
electrical applications. One paper reported on a mix of 1% by weight carbon nanotubes in

AlSi10Mg processed with LPBF. But the claimed resistivity was in the order of one-tenth of

that of pure silver and failed to characterise the base alloy [178]. Another claimed

conductivity with respect to various heat treatments [179] but ignored initial build

orientation. They also used an indirect measurement method which cannot directly

determine bulk properties. Another paper compared a single as-built AISi10Mg specimen to

one which was annealed [180], but it also failed to include initial build orientation and used

the same indirect measurement method which resulted in values which were 10% lower than

that expected for cast versions of this alloy (| Table 2-1).
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While AISi10Mg has been studied extensively in LPBFas seen in these two recent review

papers [181],][182], there has not been any focus on any electrical characteris ation, perhaps

due to it being more of a structural alloy . The focus has been on reporting the microstructu re

and physical-mechanical properties. Emphasis has been on how to optimise processing

parameters [183],[[184] or heat treatments [185], [[L86]. Those who have reported electrical

properties have not correlated them to the initial build orientation or heat treatment. Also,
only non-contact indirect surface measurement methods have been used which assume
isotropic conductivity . While this can be assumed with cast versions of the alloy, which

are isotropic, the grain structure and texture produced by AM is distinct from that of cast.

Additional aluminium alloys have been studied for their mechanical prope rties, but none

have reported electrical properties. In [187], aluminium alloys 2022 and 2024 were

fabricated, which are copper-magnesium aluminium alloys. Through parameter optimisation,

a final density of 99.5% was achieved. In[188], aluminium alloy 6061 was processed with

LPBF, however, results were very poor with many cracks and high porosity visible This was

due to the fact that this alloy tends to hot tear during cas ting and welding. In [189],

aluminium alloy 7075 was used as a starting point to develop a custom alloy better suited
for LPBF processing. The non-modified alloy showed similar signs to 6061 developing
microcracking, even when silicon was added up to 2% the maximum density was around
95%. However, byincreasing the silicon content to 4%, the microcracking was eliminated and

a density of 98.9% was achieved.

In order to design AM parts for electrical applications, the actual AM properties are needed
and cannot be assumed to be the same as cast. This research will examine the electrical
resistivity of an AlSi10Mg alloy using a direct four-wire (Kelvin) test method. This method
can directly determine bulk (non-surface) electrical properties. This research will also

compare how initial build orientation and heat treatment affect resistivity .
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Key findings from this section

x  Pure aluminium suffers from the same challenges to process by LPBF as copper

x Mainly Al alloys have beenprocessed by LPBF, with AISi10Mg keing one of the first

x Despite a large body of research on processing conditions and mechanical
properties of Al alloys, no electrical properties have been directly measured

x  All published resistivity values have been indirectly measured (assumed isotropic)

and have neglected initial build orientation and post heat treatments

2.11 Machine Learning (ML) and AM

While AM is touted as a purely digital manufacturing method, the reality is that there is still a
lot of manual human inter vention at all stages of the process. However, because the core of
AM is digital, it allows the introduction of other digital technologies which can help remove
some of this human interaction. One of these areas is finding and deciding upon the optimal
processing parameters while developing a new material for LPBF.As copper is difficult to
process, there can be difficulty in qualifying the differences between differe nt parameters.

An emerging field of research which helps with organising and finding patter ns in large
amounts of data is Machine Learning (ML). With ML, qualifying the optical micrographs can
greatly aid in processing materials such as copper. ML is a subsection of a larger area of
computer science which is often called Atrtificial Intelligence, or Al. In Al, a programcan
accomplish a task which is typically thought to only be accomplished by something that has
some intelligence. ML furthers thisco RGITX F] PIEVRMRK E XEWO JSV [LMGL MX |
programmed. With exposure to more data, algorithms continue to improv e. Within ML, there
is a further subsection called Deep Learning. In Deep Learning, algorithms are organised into
multiple layers of processing. These algorithms can find patterns and solve problems that
are unable to be seen directly. At the core of each of these areas, lies computer

programming, linear algebra, and statistics.
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Through these types of algorithms, Al has been able to perform tasks which were thought

impossible a decade ago. In 2016, Al was &le to make the adjustments in a 2001 Nobel

prize winning experiment in under an hour [190] (which was the motivation to think to use

ML in this work) . These same adjustments took the practised and experienced researchers

ten times longer to figure out. In 2017, Al mastered the game of chess in four hours starting

from scratch [191] and mastered the game of Go without any human training in 40 days

192]. It is now able to diagnose retinal disease from 3D models at a level which matches or

exceeds that of human experts [193]. In this research, ML will be used with images gathered

from the parameter optimi sation of pure copper in order to cluster and organise the
parameter sets into different levels of qua lity, and aid in the decision-making process to find
the parameters which result in the highest quality. But first, a review of what ML is and how it
is used, followed by current state of the art uses of Al with AM applications, and finally how

images are clustered them into discrete groupings, which is how this research wil | use ML.

2.11.1 Machine learning architecture and background

The basis of ML comes from th e concept of neural science. The neuron accepts information
from several sources, determines if it should fire, and when it fires, it sends that information
to other neurons. This pattern continues until an output value is reached and provides some

new information based on the input. In ML, this concept of neurons is applied as a feed

forward neural network with cells, as seen irfFigure 2-24]| Input cells pass information to a

hidden (also called fully connect ed) layer, which thenfeeds into output cells. The weight
values (black lines between cells) are what is learned through the ML process. By increasing

the number of hidden layers (and thus the number of connections), a deep networkor

Artificial Neural Network (ANN) is created (Figure 2-24). These networks can be trained

using known outputs so that it ¢ an learn the connections that match the output given the
inputs which lead to it. These outputs can be classification labels ( e.g. cat/dog), numerical

values (e.g. images), or a mirror of the inputs (e.g. verification ). This ML can then be applied
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to new inputs which have not been encountered before and can provide new outputs based

on its previous training.

Figure 2-24: Examples of basicfeedforward and deepfeedforward neural networks.

Cells use real numbers as both input and output. When a cell receives an input, it multiplies

this number by a weight. A weight is another real number and can be representedas the

black lines between the circular cells seen in[Figure 2-24| When theinput is multiplied by the

weight, the result is passed into an activation function. This activation function can be a

wide range of available mathematic al functions as seen inFigure 2-25|to determine what

the value should be that is passed onto the next cells which are connected to it.
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Figure 2-25: Examplesof four step functions with outputs given the corresponding input; the binary step
(a), the logistic sigmoid or soft step (b), the rectified linear unit or ReLU (c) and the leaky ReLU (d)

A step-based activation function (Figure 2-25|a) either returns a 0 (does not fire) or a 1 (does

fire), but there are situations and reasons why a step function should not be used (such as in

a deep network). As such, there is a range of other functions which can pass values between

0 and 1 such as the logistic sigmoid function (Figure 2-25|b), others which pass values

above 1 like the Rectified Linear Unit (Figure 2-25|c), and others which can pass negative

values such as the Leaky ReLU|Figure 2-25[d). The choice of activation depends on the

architecture and purpose of the network being used.

This pattern of cells receiving and sending values continues through the entire network.
However, images can also be fed as an input into a neural network. An image is simply a grid
of pixels where each pixel is a single value between 0 (black) and 255 (white) for greyscale
images. Colour images contain three values for each pixel, where each value represents
either red, green, or blue. However, whenthis pixel data is fed into an ANN, they lose all

positional meaning .
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Figure 2-26: A simple example of how a convolution creates a newdinction.

To overcome this limitation, a new type of neural network was created based on the
mathematical idea of convolutions , named the Convolutional Neural Network (CNN)

Convolutions create a new function based on the input of two different inputs. An example

of a convolution can be seen infFigure 2-26| The original image is seen on the left as a 5x5

matrix of numbers. The convolution matrix (also called a filter) is represented as a 3x3
matrix and is being applied to the original image matrix at the location highlighted in red,
with the region of interaction highlighted in green. The resulting matrix (or feature map) on
the right is a 5x5 matrix, but only a single value is shown, as this filter needs to pass over the
entire original image to fully populate the new matrix . This feature map contains the sum of

the products of each corresponding location. In this example, all zeros multiply to equal a

zero sum but 42 is a result from -1*28 + 1*70. This specific filter in|Figure 2-26|can enhance

the vertical right edges of an image, with an example seen in|Figure 2-27

Figure 2-27: An example of applying a convolution matrix to enhance veital right edges.
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Figure 2-28: Typical Convolutional Neural Network architecturd194].

The CNNis used in ML to turn an image into a compressed data structure which retains

information about the patterns and positional information of the original image. The original

architecture for a CNN can be seen irjFigure 2-28|which has seven layers. This CNN uses

two convolutional layers, which use filters (as one function) applied to the input image (a
second function) to create a new output called a feature map. These filters correspond to
learned features which the CNN identifies as significant such as a vertical lines, edges, or

other patterns. The activation function within a CNN is typically always the ReLU as it yields

better results than any other. The example inFigure 2-28Jalso has two subsampling layers

which are applied to the convolutional output feature maps.

Figure 2-29: Example of subsampling using max pooling and average pooling.

Subsampling (such as max or average pooling) is a technique which reduces the size of a

matrix while retaining the majority of information from the original ima ge, as seen inFigure

2-29| These smalller feature maps can then be fed into an ANNto perform desired tasks.

This architecture has been used since 1998, however, with therecent advances in both
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central processing unit (CPU) and graphics processing unit (GPU)technology, CNNs have

become faster and more powerful and have been used to quickly classify millions of

different images w ith thousands of different image categories [195].

Figure 2-30: Typical concept for an autoencoder.

An Autoencoder (AE) is another specialised type of neural network which has been around

since about 2006. AEs are able to reduce highdimensional data such as images to a low-

dimensional compressed representation [196]. AEs typically are comprised of two halves,

namely an encoder portion and a decoder portion, with a compressed representation of the

original input between the two, as seen inFigure 2-30| For images, the encoder of the AE is

the same as the convolutional and pooling layers found in the CNN. The decoderportion is
the opposite of the encoder, with deconvolutional and unpooling layers. The compressed
representation in the middle is also called the latent space of the AE. The AE network is
trained over many iterations to match the output as closely as possi ble to the input while
reducing the error between the two, typically using the mean square error or other similar
error measurement technique. There are two parts which make the AE useful, the error
calculation comparing the input to output, and the compressed latent space representation.
Initially the AE wasseen as an alternative way to encode datausing the latent space to be
more efficient in data processing, however, other applications have emerged for using the
error calculation such as fraud detection. For example, if the model is trained with only valid
transactions, when a fraudulent transaction is passed through, the error becomes much

higher than normal, indicating that it has a high probability of being fraudulent.
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Figure 2-31: Concept for a denoising autoencoder.

Another application is to eliminate specific noise from images. Rather than using a perfect
input image, it is a noisy version of an image. When theerror is calculated for the output,i X ... W

compared to the original rather than the noisy version. This results in the network being

optimised to eliminate the noise and pro duce a perfect output, seen irFigure 2-31| After it

has been trained, itcan then be used onnew images it has not encountered before to reduce
the noise and clean up the input image, andif the noise is similar to that it was trained with .

This application has been shown on not just simple images, but on complete high-resolution

images, producing remarkable recreations, as seen infFigure 2-32

Figure 2-32: Example of a denosing autoencoder: a) ndsy input, b) autoencoder output, c) original
reference image[197].
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Both ANNs and AEs are considered supervised learning applications, which means that the
network is trained using data that has known ground truth labels or output values. When
these ground truth labels or values are available, the ML problem is considered supervised,
as it requires supervision to create the labels. However, when the output values are not
known, or for which there are no labels, unsupervised learning is required. Clustering is an
unsupervised method within ML which has become very efficient at finding patterns and

organising data when no label is given. An example of the t-SNEclustering graphing

algorithm [198] with handwritten digits is shown in |Figure 2-33| Given a population of data

points, there are a number of different algorithms which can group clusters together ba sed
on their similarity. This is a non-trivial problem when using high-dimensional data, such as
images. There are several existing solutions which are purely statistical in nature that can be

applied to this type of problem, such as K-Means, and K-Nearest Neighbours (KNN).

Figure 2-33: Example of raw input before clustering, showng handwritten digits from the MNIST dataset,
graphed in 2D using the dimersional reducing t-SNEgraphing method.

71



Chapter 2: Literature Review

But where ML comes into play rather than statistics, is when an autoencoder is paired with
these algorithms to produce better clustering resul ts. Due to the nature of the latent space
representation of the AE, clusters of data can be better seen when compared to traditional
dimensionality reduction techniques such as Principal Component Analysis (PCA).PCA is a
statistical method that transforms the original data to a desired number of dimensions.
These new dimensions are used to explain the amount of variation that existed in the
original data. The higher the number of dimensions for PCA, the better it represents the
original data. While PCA does a good job at reducing the dimensions and explaining variance
within the original data, it does not correlate any potential spatial relations that existed in the
original data. However, the latent space of the AE doesboth jobs. This latent space can then
be used in clustering algorithms which help further improve the accuracy of image clustering

applications.

While applicatio ns for Al have also prompted advances in natural language processing (Siri /
Hey Google), computer vision for self-driving cars (Tesla / Waymo), and facial recognition, it
also has been making its way into AM. Most instances for AM and Al involve using it for in-
process monitoring fo r defect detection, however there is potential for Al to apply to many

more applications in AM.

2.11.2 Uses of machine learning in AM

While there has been a number of announcements of companies adopting Al and Big Data to
help in process monitoring and control, only published applications will be covered here.

There are many potential applications whe re Al can be used with AM. One application which
is actively being researched is using images of each layer of a PBF processto detect defects

or problems in the build.
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Figure 2-34: Identification of various defects in a layer of PBH199].

For example, in [199], a shallow ML classifier was used which identified different types of

visible problems which occur in a PBF build. This supervised classifier was trained on
labelled images to recognise different defects such as recoater hopping (wavy bumps in the
powder perpendicular to recoater travel), recoater streaking (indented lines along the
direction of recoater travel), debris, superelevation (areas raised above the powder bed), part

failure, and incomplete spreading (areas on the powder bed that are not fully covered by

powder creating a shallow hole). Each of these can beseen in|Figure 2-34| These defects

were then superimposed upon the images of each layer and highlight areas of concern. It is
currently used as a diagnosis tool post -build but is in the development stages of being a

direct feedback control loop for real-time control.
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In order to get the most out of supervised learning, additional data sources can be

incorporated, such as computed tomography (CT) data. This occurred in [200] where a

supervised ML algorithm was developed to detect anomalies during a PBF build. Many
images were taken during the build and fed into the ML algorithm which then either
classified portions of the image as having a defect or not having a defect. This was trained
in conjunction with processed CT data which was analysed by a human and labelled with
defect locations. It was then trained further and was found to have over 80% accuracy with

further cross -validation experiments.

Similarly, Xray CT data can be used as n [201], where Inconel 718 was analysed using a

supervised learning algorithm known as a Random Forest Network (RFN). The RFN was used
to both classify defects and determine optimal processing parameters. Cylinders which were
4mm tall with a 2mm diameter were imaged using X-Ray CT and analysed using statistics.
The result was that the researchers were able to narrow down the causes for different types

of failure and defects in the build.

Figure 2-35: Analysis of a jetted droplets to determine various properties through machine learning[202].

ML was used for droplet inspection as a closed-loop control system for the Vader Systems

Beyond PBF,ML can be used with processes such as material jetting. For example, n

liquid metal jet printing machine. First, an image was taken at a set time after a voltage was

applied to create a droplet. A region of interest was identified below the nozzle of the original

image and was extracted and analysed for droplet features, as seen inFigure 2-35( This

image was segmented to identify and label different features including the n umber of
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droplets, as well as the area, height, width, and vertical location of each droplet. The
segmented image was used as the input to a ML network, along with the voltage parameters
which were used to create a droplet. The network was then trained to correlate the image
with the applied voltage parameters. It was then tested with new images in order to predict
the voltage parameters used to create the image. Using this training method, the algorithm
can then be used as a closedoop real-time feedback mechanism to ensure quality jetting.

The waveform was a constant trapezoidal s hape and was not varied.

In addition to process monitoring and optimisa tion, a ML model can be used to predict

geometrical deviations in 3D printed parts as in [203]. This learned deviation of the printed

geometry to the CAD model input can inform the part designer of the expected tolerance s of
the printed part. This algorithm can aid low-quality built printers to achieve the same level of
accuracy as higher-quality printers. It can also be used as a tool for those using DfAM to

manufactur e parts to greater tolerances and accuracy.

In the course of process parameter optimisation for new materials for AM, a lot of
experimental data is generated. Some of this data is in the form of images of scan tracks or
printed test specimens. From imaging the top surface of a test print, a sense of the quality of
the parameters can be determined. However, this quality is a subjective judgement and
becomes especially difficult when there is varying quality within a single test specimen. This
is a type of problem that Al and ML can potentially aid in. Image classification and clustering

are two areas of ML which are of potential benefit in determining print quality .

2.11.3 Image clustering autoencoders

Within the last few years, the concepts of clustering images and autoencoders have

combined into the Convolutional Autoencoder (CAE)resulting in ever-improving results. In

204, the concept of pairing a convolutional autoencoder together with a clu stering model

was introduced. Previously, the clustering was performed with traditional ANNs. Images
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were reduced to pixel values and fed into the input cells of the ANN. The hidden dense layers
would then compute values which would then predict if the ima ge was one of the pre-
determined classes. In the example of the MNIST database (a database of 70,000
handwritten digits), the output would be a prediction of if the input imag e was a number 0 to
9. However, feeding images into this type of network causes features that are spread over
multiple pixels to be lost. As a result, they are not able to preserve the local structure of
images. But a CNNcan preserve this data and can make more representational

compressions to the data when paired with an autoencoder. The centremost layer of the

CAE can be used for dustering. But what made the work in [204] unique is their combination

of deep learning, the clustering AE, and use of convolutional layers. They also proposed a
Deep Convolutional Embedded Clustering (DCEC)technique which combined these concepts
along with a secondary clustering output attached to the late nt space of the AE. Once the
CAE is trained, the DCEC is then iterated upon to mimmise the error in the clustering layer,

while still retaining the CAE in order to preserve the origiral features. This work was shared

and made opensource on GitHub [205]. They were able to achieve an accuracy of 8897% on

the full MNIST dataset.

While 89% accuracy is good, it does not represent the best that can be achieved on this

dataset. An easy to implement ANN that is often used as a benchmarking tool [206] is able

to achieve an accuracy of over 99%. This high accuracy has to do with the training method
and simplicity of the dataset . When training an ANN, the nput is given, and the output makes
its prediction. This prediction is then compared to the actual ground truth, and the weights

are then adjusted to reduce the error between predicted and actual. With the MNIST dataset,

it has been shown that the prediction can be made usually by just a single pixel[207]. This

underlying pattern is discovered in training by the ANN, and which achieves its high
accuracy. However, as previously mentioned, this method does not preserve thefeatures
that we would recognise as a handwritten digit. This is where CNNs excel, but when used for

clustering, there is still room for improvement.
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F

gure 2-36: Autoencoder architecture employed b in order to promote clustering.

In [208], this disparity between the ANN and CAE accuacy is addressed. They found that the

pre-training portion mentioned in the DCEC method contributes the most to the final
accuracy, with the second part of clustering contributing less than 15 -20% of the final
accuracy. Here they propose an improved clustering technique in the pre-training phase of
the CAE. Rathe than the traditional method of calculating the loss of the CAE (compari ng
the output to the input and making them as similar as possible) which aims to reproduce the
original image exactly, they propose a new loss function. This loss function does a
comparison within each batch of the learning and compares the latent space distance
between all points. The points that are closest to each other are treated as being the same,
and one mathematical form ula is applied to them in order to promote their sameness, while
all other points have a separate formula applied to them. This pairwise loss function is also
combined with the traditional comparative loss function between the input and output in
order to maintain reconstruction similarity. They also adopted an AE structure that is much
shallower than most, with only three convolution al layers and no flattening of the encoded
latent space. This elimination of the flattening helps in feature perseveration. W ith this new
architecture and pairwise loss function, they have been able to achieve an accuracy of 97.4%

on the MNIST database, wih an accuracy of 87% in the pretraining phase alone.

In this research, these previous two works are adopted and modified in order to cluster

image data taken of single-wall copper tracks produced by LPBF. This resulting output can
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then be used as a method to determine the quality of the test tracks. Once the quality of the
tracks can be determined, the process parameters can be automatically optimised . One of
the applications for co pper LPBFparts is in exploiting its high electrical conductivity. Having
custom designed copper parts can potentially be used in electric motor applications, but
before designing such parts, a review of what research areas are being investigated for

electric motors is first needed.
Key findings from this section

X ML is a digital technology which can aid in various AM aspects
x Convolutional autoencoders can aid in clustering similar groups of images

X To date, there have been no ML applications aiding in parameer optimisation

2.12 Summary

Materials such as copper and aluminium are used for electrical applications as they are cost
effective and have a low resistivity. Pure copper and pure aluminium are very rdlective at the
wavelengths of lasers used in LPBF and hawe very high thermal conductivities that conduct
heat away from the heat source. For these reasons,pure copper and pure aluminium will be
very difficult to process with LPBF but they have the lowest potential resistivity . Alloys of
these elements can aid in processing with LPBF, but at the expense of low resistivity as
alloying elements are detrimental to conductivity . In order to prove out these two concepts
(processability of a pure element verses an alloy), pure copper and an aluminium alloy,

AlSi10Mg, have been chosen to process with a 200 W LPBF machine.

But in order to use any AM material for manufacturing of electric motor coils, a review of the
first principles of coils needed to take place, i ncluding how coils are manufactured
traditionally, challenges with those coils, and how AM can redesign them. As copper losses
are the dominant source of loss in an electric motor, AM needs to be able to address this

loss through its freedom of design. While AM cannot increase the electromagnetic limit of a
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motor due to inherent material property limitations, AM can potentially i ncrease the thermal
limit of a winding which will increase motor performance and efficiency. AM can also help
avoid some of the failure modes which exist in traditional windings due to a | ack of control

of the conductors in the slot, while also increasing the fill factor of the motor , and dissipating

heat from the end windings.

As most non-mass-produced motors rely on manual hand-manufacture for windings, AM has
the potential to provide an alternative without the same issues that plague manual windings.
But in order to achieve this, the motor and type of windings needed to be identified for an
initial investigation into this. Concent rated windings which can fit an open slot, which is
often found in an SRM was identified as the desired candidate for using AM windings. Using
AM, some of the future trends of electric motors can potentially be achieved such as higher
efficiency motors, ro bust and economical electric vehicle motors, and reliable and compact
motors for enabling the more and all-electric aircraft. Because of this, AM has become a
topic of interest for electric motor designers, and some have started to investigate this area.
But of those who have, eitherfunction or performance has n ot been demonstrated or have
not used DfAM in the design process. Only proof-of-concept parts have been created, along
with motors with non -AM active components. Therefore, this was identified as a gap in the
literature knowledge on how best to use AM to create windings. Thus, this work will help
address how to use AM to create windings, from design to manufacture. This will be the first

area that this work will address.

While AM can produce conductive parts, electrical properties have not been typically
reported. Those who have measured electrical properties have not used direct electrical
measurements, but rather surface eddy-current based measurements which rely on isotropic
properties for accurate results. AM has shown that mechanical and other propertie s are not

generally isotropic, thus this indirect method is flawed f or resistivity measurements on AM
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parts. For those few who have used direct methods for measuring resistivity, initial build

orientation and heat treatments have been ignored.

The review of LPBF for pure copper and AlSi10Mg has shown that there was an oppatunity
to measure and provide direct resistivity values with respect to initial build orientation and
post-heat treatments. The literature has shown that pure copper will be very difficult to
process with a 200 W LPBF machine, even with a small laser spotsize. Regardless of relative
density, pure copper has not been properly measured for resistivity. And despite a large body
of knowledge for AISi10Mg, it too has not had its resistivity pr operly characterised. These are
the second and third areas that this work will focus in order to help fill in this gap in the

literature.

As pure copper did not have a published parameter set for use in LPBF (unlike AlSi10Mg),
part of that work dealt with finding a parameter set that maximised r elative density. But due
to the challenges that copper has with LPBF, it was theorised that ML could be used as a
quality assessment tool to aid in parameter optimisation . Thus, ML was reviewed and found
that there have not been any applications in AM for parameter optimisation. This work will
investigate this topic and is included as part of the work of copper. In the next chapter, the

methods, materials and apparatus that was used will be detailed and explained.
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3.1 Introduction
In this chapter the materials and experimental methods use in the thesis will be described.

The chapter is structured as follows;

X Materials

X AM equipment

X Laser scanning parameters

X Manufacture and preparation of specimens
x Electrical test methodology and equipment
X Software and computational method s

X Machine Learning parameters

3.2 Metal powders

As explained in Chapten2.1{ copper is a very attractive material to use for electrical

applications due to its low resistivity. The highest purity of copper is of most interest in ord er
to maximise electrical conductivity, as it has been shown in the previous chapter that even
small amounts of other element s can drastically affect conductivity. While it will be di fficult

to process it to a high relative density, there has been no work showing how it will perform

electrically when processed with LPBF. In addition to copper and explained in Chapter2.1

AlSi10Mg is an attractive aluminium alloy for use in electrical applications due to its high
specific conduct ance, its low density for lightweight applications , and ability to be processed
to a high relative density. It has been shownthat AISi10Mg can be processed to a high
density with LPBF equipment, thus enabling it to be a potential material to be widely adopted
for electrical applications despite having additional alloyed elements which will affect

resistivity . Thus, a potentially high conductivity pure metal which is hard to process by LPBF
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(pure copper) will be compared to an alloy which is easy to process by LPBF (AISi10Mg) but

has a lower conductivity.

The powders were characterised in terms of shape, size, and elemental composition. For
particle sizing, a Mastersizer 3000 from Malve rn Instruments Ltd. (UK) was used. It was
equipped with an Aero S dry powder disperser to transport the powder via vibratory action
and 1 bar of air pressure into the detector. The detector was set to detect between 0.5% and
15%laser obscuration with betw een 3 and 10 measurements taken per sample, with

averages of the measurements being reported.

Powders were also imaged and analysed using a desktop Hitachi High-Technologies Corp.
(Japan) TM3030 scanning electron microscope (SEM) with backscattered electro n
detection. Images were taken using an acceleration voltage of 15kV along with an energy

dispersive X-ray (EDX) spectrometer for elemental composition analysis.

Powders were stored in air-tight containers between use in order to minimise oxygen
contamination, however the sieving and loading of powders into the AM machines did

introduce a source of oxygen exposure.

3.2.1 Copper powder

Samples of gas atomised copper powder were obtained from ECKA GranulesGmbH
(Germany), who were rebranded in 2017 as part of Kymera International (USA). Several other
companies were contacted to supply copper powder, however, only ECKAmet all the
requirements for high copper purity (99.5%+), quick availability and reasonable price.
Originally, ECKA,'STTIV %/... [EW TY V GaskEnaitatdmised topper powder.

However, during the purchasing process,it was discovered that phosphorus is detrimental to

conductivity [169] ERH XLI ,%/... TY&WY & ghdsghidrus, as seen n|Figure 3-1

%R EPXIVREXMZI ,'STTIV W3 gasaiv®ided @4 nifrbgdrGatmosphere was
subsequently purchased, which has phosphorus specification of < 0.05%.
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Figure 3-1: Elemental analysis using EDX on the Copper AK powder with traces of phosphaishown.

Figure 3-2: SEM image at 574X magnification of copper AN powder.

The nitrogen atomised Copper AN was a spherical powder (SegFigure 3-2) with a minimum

99.9 weight per cent copper purity. It had an apparent density of 4.80 g/cm 3 (1SO3923/1)

with 90% of the particles below 65.3 ¥ QIt has a size distribution as seen in|Figure 3-3|with

ER EZIVEKI ( S JD50 istitg measurement for particle size at which 50% of the

cumulative measured particles are below this value.
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Figure 3-3: Dry particle size analysis onthe copper sample from ECKA.

It was confirmed through EDX analysis that the phosphorus content of Copper AN was
below 0.002 wt.% with no other interstitial elements detected . The particle shape and size
distribution met the requirements needed for good flowabili ty in the LPBF process, while the

purity enabled the potential for high electrical conductivit y.

3.2.2 AISi10Mg powder

An argon gas atomised AISi10Mg metal powder alloy was obtained from LPW Techrology
Ltd. (UK). The wrought version of this alloy has a density of 2.68 g/cm 2 and a melting range

of 570-590 °C.

Figure 3-4: SEM image at 8&500X magnification of sieved AISi10Mg powder.
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The powder was spherically shaped (SegFigure 3-4) with few satellites or irregular shapes.

The original powder had a size specificatian of 99 5P6below 63 pm and 7.89% below 20um.

The measured powder had a powdersize distribution as seen in|Figure 3-5] The measured

powder had an average ( S J ¥TQe measured powder was still within the original

size specification despite it having been processed and sieved many times since the original

specification. LPW provided the chemical composition as seen in|Table 3-1|and is compared

with the acceptable range (at the time of purchase) for the alloy and was found to be within

specification . The solid material was analysed for elemental comp osition in Chapter|6.2

Figure 3-5: Particle size distribution of sieved AISi10Mg powder.

Source Al Si Mg Fe Mn Cu Pb Zn Ti Ni

LPW 89.13 9.71 0408 0501 0.061 0.051 0.043 0.040 0.021 0.015

Typical 87.15- 9.0- 0.20-
<055 <045 <006 <005 <01 <0.15 <0.05
Range 908 11.0 0.45

Table 3-1: Chemical composition in weight percentage of the AlSi10Mg alloypowder provided by LPW.

The patrticle shape and size distribution also met the requirements needed for good
flowability in the LPBF process. The powder composition provided by LPW was within the
acceptable range for the AlSi10Mg alloy and thus should exhibit the mechanical propertie s

and processability as found in literature.
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3.3 AM equipment

Figure 3-6: Creation of AlSi1OMg electrical test specimens within a Renishaw AM250LPBFmachine.

Copper and AlSi10Mg were processed on different Renishaw plc (UK) LPBFmachines which

have similar layouts internally, with the AM250 LPBF machine shown inFigure 3-6{ An

overhead hopper contains metal powder which is dispensed via gravity and a dosing
mechanism. This mechanism o pens and closes via the wiper and has precise openings in
the bottom of the ho pper to allow for controlled volume dispensing. This dosed powder falls
behind the build area and is wiped forward onto the build area by a soft-edged silicone blade.
Excess powder is further pushed into an opening past the build area which is connected to
bottles. These valved bottles are removable so that the overflowed powder can be sieved for
reuse. An inert gas flowed across the build area perpendicular to the powder deposition
direction. The Renishaw machines are ideal for exploling the processing of new materials

with LPBFdue to their open architecture and ability to control nearly all the variables in the

LPBFprocess. These parameters will be described more in Section|3.4{ Another aspect of
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the Renishaw machines which is ideal for materials such as aluminium and copper is the

ability to minimise oxidation via us e of a vacuum and argon purge.

When comparing the lasers of different LPBFmachines, an important aspect to keep in mind

is the laser power in comparison to the laser spot size, called the laser power density, seen

in Equation|3-7

— O AN S ABIA J OLE R DS AN 37
T = OQ\INKE A (3-7)

Copper was processed using an AM125 LPBFmachine which was equipped with a 200 W
D-Series redPOWERtterbium fibre CW laser from SPI Laser (UK) with a wavelength of 1070
nm (£10 nm) and a spot size of 35 um (x5 ¥ Q This resulted in an average laser power
density of 22.1 MW/cm 2 (#6.19 MW/cm 2). It had a build volume of 125 mm? with a base
plate heater, set to 170 °C, which wasmaintained at this temperature throughout the build
process. A vacuum and argon purgewere used in the build chamber in order to keep oxygen
content below a maximum of 500 parts per million, however actual processing conditions

were lower. Mild steel substrates were used as this has been found to be a suitable material

to build copper parts upon as there was good bonding between these two materials [152].

The AM125 was the ideal choice for copper due to its high laser power density resulting
from a small spot size. Without this small spot size, a machine with a 70 um laser spot
diameter (as with the AM250) would need to operate an 800 W laser to achieve the same

laser power density.

AlSi10Mg was processed using an AM250 LPBF machine which was equipped with a 200 W
redPOWERYytterbium fibre continuous wavelength (CW) laser made by SPI Laser(UK) with a
wavelength of 1070 nm (x10 nm) and a spot size of 70 um (x5 ¥ Q. This resulted in an
average laser power density of 5.28 MW/cm? (+0.75 MW/cm?). It had a build volume of 250
mm x 250 mm x 360 mm (X, Y, Z)with a base plate heater, set to 80 °C, which was

maintained at this temperature throughout the build process. A vacuum and argon purge
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were used in the build chamber in order to keep oxygen content below a maximum of 900
parts per million, however actual processing conditions were lower . Parts were built upon
baseplates made from aluminium alloy 5083 which is known for its ability to re tain its
strength after welding, making is suitable for use in LPBF which is a powder based micro-
welding process. Alloy 5083 has between 4.0-4.9% Mg, 0.41.0%Mn, and typically less than
0.4% Fe and up to 0.4% Si. As the balance is Al it is a compatiblalloy for building AlSi10Mg
parts upon. The AM250 was the ideal choice for processing this alloy due to its large build

volume and ability to create large parts.

3.4 Laser Scanning parameters
As there are two different materials being studied with two differe nt LPBFmachines, two

completely different processing parameters wer e needed for this research. As AlSi10Mg had

been widely researched as noted inChapte|2.10] an optimised processing parameter set for

the AM250 had already been published and was chosen to be used. However, pure copper

had not received the same amount of attention, thus the processing parameters needed to

be investigated for the AM125, using the findings from Chapter{2.9|as a reference for the

parameters.

3.4.1 Copper parameters

Unlike AlSi10Mg, there was rot an optimised set of processing parameters for pure copper
with the AM125 LPBFmachine. Thus, an investigation into the printing parameters which
would achieve the highest possible density and highest electrical conductivity was

necessary. The variables investigated in order to determine optimal processing conditions ,

based on prior work in this area, are listed in|Table 3-2
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Variable Value or Range

Laser power (W) | 200 (maximum available)
Laser spot diameter (um) | 35 (minimum)
Powder bedtemperature (°C) | 170 (maximum allowable)
Laser scan speed (mm/s) | 50 to 1250 (in increments of approx. 25)
Laser point distance (um) | 30 to 200 (in increments of approx. 25)
Layer thickness (um) | 30, 45, 60
Laser beam focus position (mm) | -10 to 10
Hatch spacing (um) | 50 to 175 (in increments of approx. 10)

Scan strategies | Stripes, Islands*, Rotation*, Nested Contours, Pre-
sinter, Re-melt, Multiple Scan, Offset Hatch

*Scan strategy rotation (°) | 0, 67, 90
Table 3-2: Table of LPBFvariables and the corresponding value or range to be tested with pure copgr.

Laser power defines the laser power density which will interact with the t op surface of the
powder and is used to melt the powder below. The maximum laser power was used as it has
been found in literature that high laser powers are needed to fully re-melt the previously
deposited copper layers. Laser spot diameter also influences the laser power density and
was a variable which was fixed within the LPBFequipment, as it was not adjustable in the
Renishaw line of LPBFmachines. Powder bed temperature was set to the maximum
allowable value in order to pre-heat the powder and lower the energy requirement needed to
melt the powder. Laser scan speed and laser point distance influence the length of time in
which the laser interacts with the top surface of the powder. In the RenishawLPBF
machines, the laser scan speedwas calculated by the point distance divided by the laser
exposure time (in ps). Whena specific laser scan speed was tested, several point distances
were also tested, and the laser exposure time was calculated and used in the Renishaw
software to define the speed. For example, for a laser speed of 200 mm/s and point

distances of 50 and 100 pm, the exposure times would be 250 and 500 us respectively.
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Figure 3-7: Example of the focus position of the laser beam(left), and example of hatch distance, laser
spot diameter, and weld track width(right).

Layer thickness defines the amount of material that the laser needs to fully melt, as well as
how well the powder spreads on the powder bed. Thick layers spread well but make it
difficult for a laser to fully melt, whereas thin layers are easier to fully melt, but may have

issues spreading the powder due to issues of spreading particles which are larger than the

desired layer thickness. Laser beam focus position (Figure 3-7[left) adjusts the location of

the focus and changes the spot diameter as well as the energy profile of the laser spot

(edges of the laser become less defined). If the actual laser focus position was not located

at the zero position, this method can correct for it. Hatch spacing (Figure 3-7|right)

influences the amount of overlap a laser weld track has with previous tracks in the same
layer. An overlap occurs when the hatch distance is less than the weld track width and is
desirable to ensure the fusion of adjacent tracks . Note that the laser beam spot diameter,

weld track width, and hatch distance can and usually are all different dimensions.
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Figure 3-8: Examples d the scan strategies which were used in the manufacturing of cubeswith single
scan strategies along the top and multiple scan strategies along the bottom

The scan strategies shown in|Figure 3-8|can be divided into single scans per layer (stripes,

islands, rotation, and nested), and multiple scans per layer (pre-ssinter with lower laser
powers first, re-melt by repeating the scan, multiple scans, and anoffset scan between
tracks). Rotation of the scan pattern by either 0°, 67° or 90° were tested with both island and
rotation scan strategies . Stripes are long unbroken scans from one side of the part to the
other, reversing direction for each hatch while maintaining the same axis for each scan on
each layer. An advantage of long tracks is that if a melt pool is unstable over short distances,
but becomes stable over longer ones, thenthere will be less discontinuities in the track.
Islands break up these long scans into multiple smaller areas (called islands) where the axis
of the scans are perpendicular for each layer, but the overall location of the islands is not
changed. The island scan pattern creates shorter clustered tracks where the heat is more
concentrated within the islands, and thus reduces thermal gradients over the island. Rotation
can be used for both stripes and islands, where the entire pattern of scans is rotated by a
certain amount (typically either 90° to repeat every few layers, or 67° to minimise repeats).
Rotated scan patterns help even out defects from layer to layer, with 90° patterns repeating

the same scan locations every fourth layer but have exactly opposite patterns every other
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layer. 67° patterns repeat exactly every 360" layer but are within 1° of an exact repeat every
43" |ayer, within 8° every 16 layers, and arewithin 4°of an exact opposite pattern every 8
layers. Nested contours scan the entire area as a series of decreasingly sized contours in an
attempt to maintain long t racks while also scanning close to previous scans to help reduce

thermal gradients.

Multiple scans per layer attempt to increase density by melting more material than a single
scan can achieve. Pre-sinter is a striped scan strategy where the first scan is by a lower laser

power, followed by a higher laser power in an attempt to sin ter the material and aid in

increasing density, as this has been shown to work with alloys such as AlSi10Mg [183]. Re-

melt is similar except that the first scan is a higher laser power, followed by either equal or
lower laser power in an attempt to melt any unmelted powders which may exist in areas of
discontinuitie s and irregularities by using the same laser power and pattern. Multiple scan is
also a striped scan strategy where three (or more) scans occur on the same layer in the
same locations, where each scan is either equal to or lower than the first scan in order to
attempt to fully melt any discontinui ties or gaps in the initial scan. Finally,offset hatch is
also a striped scan strategy where the second scan is offset by half of the h atch distance to

fuse the areas between the original scan tracks and melt any unfused powder in this region.

The method for parameter optimisation was as follows. First, single scan tracks were

created to define the processing window for scan speed as seenin|Figure 3-9(a). Next, thin

walls were fabricated, as shown in|Figure 3-9(b), to evaluate the intralayer bonding with a

layer thickness being varied in the range 30-60 ¥n at intervals of 15 ¥n. Thin walls were also
used to evaluate the effect of focus position on quality. Cubes were then fabricated to

evaluate hatch distance, rotation and scan strategies with respect to density and interlayer

bonding according to Section|3.5|and are seen in[Figure 3-9(c). The scanning strategies

presented in[Table 3-2|were used in an attempt to minimise defects and inc rease the density
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of the as-built parts. A further discussion of the optimisation of these processing parameters

will be contained within |Chapter 5{Processing of Pure Copper with LPBH

Figure 3-9: As-built scan tracks (a), thin walls (b), and cube specimens(c), of pure copper for parameter
optimisation.

3.4.2 AISi10Mg parameters

Specimens were processed using a previously optimised parameter set from [209] which

was optimised for density by a design of experiments using a Renshaw AM250 LPBF
machine. The design of experiments first optimised the laser p ower, laser scan speed, layer

thickness and hatch spacing, then further optimised the hatch spacing with different scan

strategies. This optimised parameter set can be found in[Table 3-3|and was used in order to

maximise as-built density.
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Variable Value

Laser power (W) | 200 (maximum available)

Laser spot diameter (um) | 70 pum (x5 ¥ Q (minimum)

Powder bed temperature (°C)| 80 (maximum allowable)

Laser scan speed(mm/s) | 571
Laser point distance (um) | 80
Laser exposure time {1s) | 140
Layer thickness (um) | 25
Laser beam focus position (mm) | O

Hatch spacing (um) | 130

Scan strategies | Islands as per with 67° rotation per layer and a

Table 3-3: Table of LPBFparameters used with AlSi10Mg.

Parts were spaced out on the build plate as shown in

field overlap of 10 um

Figure 3-6

with the wiper blade moving

from front to back (seen in the bottom of the image), and gas flow from right to left in the

image. This spacing maximises the potential for all parts to successf ully complete because

if there was a defect or part failure which damaged the soft wiper blade, the defect in the

blade and resulting raised powder line on each layer would not interfere with any other part,

since nearly all parts were not overlapped in the X direction (left to right).

3.5 Manufacture and preparation of specimens

In order to characterise the density and microstruct ure of a material manufactured by LPBF,

small specimens are needed. These specimens need to be large enough to demonstrate the

material properties and characteristics of the materia |, while also being small enough in

order to minimise manufacturing time, m aterial usage, and preparation time. A 5 mm cube

fulfils all these requirements and allows many of them to be built on a single build platform

in order to test a large number of parameters at one time. These 5 mm test cubes are used

to study both density and microstructure by cutting the cube in half and studying the interior
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surface. These cubes can be cut in order to study the top XY planeg or the side XZ and YZ

planes.

In addition to density and microstructure, electrical test specimens are needed for testing

resistance. The resistance of a specimen can be directly measured by an ohm-meter but can

also be calculated as seen previously in Equatior|2-3| As both AISi10Mg and copper are

highly conductive materials with low resistivity, in order to achieve a resistance which was
high enough to measure (greater than 100 v 9, the ratio of length over cross-sectional area
needs to be balanced. This requires the length of the specimen to be significantly longer
than the dimensions for the cross -section, at least one order of magnitude larger. The cross-
sectional dimensions of the specimens need to be large enough to be robust for the testing
method, but the length also needs to be within the acceptable limits for manufact uring. This
size was different for both AlSi10Mg and copper due to the different ways they were

electrically tested. These specimens were built in three orientations, vertical, horizontal and

at a 45° angle. This is similar to what has been done for mechanical testing [185].

In order to calculate the resistivity of the material to a high degree of accuracy, the
resistance, length, and crosssectional area need to also be known to a high degree of
accuracy. This requires the length and dimensions of the cross-section to be known with

high confidence. However, because LPBFcan sometimes have a rough surface finish, this

caR GEYWI HIZMEXMSRW MR XLIWI QIEWoaaMo@hovewhis BLIVIISVI MX...

roughness in order to measure these dimensions accurately. This method was different for
both materials. All the differences and details of manufact ure and preparation for these two

materials will be detailed in the next sections.

3.5.1 Copper specimens

As copper first required parameter optimisation to occur before electrical t esting, cubes

were used to evaluate density for each test parameter set as mentioned in Section|3.4.1
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Copper parameters| Cubes were designed to be 5mm in size as seen in|Figure 3-10| To

measure density and reveal macro structures such as inter-layer bonding, cubes once
printed and removed from the baseplate, were encapsulated in a non-pressurised cold
mount resin. It was decided to cold mount as opposed to a pressurised hot mounting
process since the heat and pressure could skew density measurements and deform as-built

features due to the ductility and anticipated porosity of the processe d copper.

Figure 3-10: Build plate containing copper test cubes with the first row supressed during the build due to
unstable build parameters.

Test cubes were first ground using course grinding paper to reach the area of interest, and
then fine grit paper to remove scratches from the previous step. Specimens were then

polished according to the Struers ApS (Denmark) guide for pure copper. The overall

procedure can be seen inTable 3-4| After initial optical imaging, grain boundaries were

identified using a macro etch solution of 50 mL Nitric Acid (1.40 pH) and 50 mL water with a

submersion into the solution for 2 seconds foll owed by a water rinse.

Speed Pressure  Duration

Surface Fluid/ Suspension (rpm) (Newtons) (Minutes)
240 Grit paper | Water 300 Hard As desired
1200 Grit paper | Water 300 Light Until plane
MD-Largo | (ME4VS %PPIKVS ¥ 150 40 4
MD-Mol | DiaProMolR3 ¥Q HMEQ £ 150 25 2
MD-Chem | OP-S Colloidal Silica 150 10 2

Table 3-4: Grinding and polishing procedure for pure copper.
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Test cubes were also imaged and analysed usingan FEIXL-30 field emission scanning
electron microscope (SEM) with backscattered electron detection. Images were taken using
an acceleration voltage of 20kV along with an EDXspectrometer for elemental composition

analysis which was performed using an Oxford Instruments ISIS system.

Density measurements using the Archimedes principle were attempted using a Helium
Pycnhometer made by Micromeritics (USA), model AccuPyc 1330. It was calibrated using a
sphere with a known volume of 318.5510 mm?3. The maximum specimen size that was able
to be tested in this machine was a cylinder 17 mm in diameter and 35 mm long. This method
however relies on closed porosity to derive a density measurement. Open porosity becomes
a challenge due to complete infusion of the helium into the s tructure. If open porosity exists,
the volume calculated by the pycnometer can be compared to the externally measured

volume for a relative density measurement.

Electrical test specimens were designed and printed at 2 mm x 2 mm x 25 mm. These
dimensions were chosen for three reasons. First, so that the expected resistance for each
bar would be at least 100 ¥ °at 100% IACS Second, so that they would be mechanically

robust enough for the handling and soldering used in electrical testing described in Section

3.6| Third, so that many specimens could be printed on the AM125 despite having a smaller

build volume compared to the AM250. Laser-scan parameters for these specimens were

selected from the set that resulted in the highest density for the previous test cubes.

Test Case Parameters

Number of specimens per test case | 3
Initial Build Orientations | Horizontal, 45°, Vertical
Post Heat Treatment Temperatures| As-built, 800 °C, 1000 °C

Post Heat Treatment Dwell Duration | 0.5, 1, 4 hous

Table 3-5: Test cases for copper electrical specimens.
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Specimens were created for each of test cases as shown in|Table 3-5| The orientation of the

specimen was classified according to the normal of the cross-sectionl|of the bar which also

correlates with the direction of the longest edge of the bar. These test cases resulted in the

creation of sixty-three specimens (as only nine specimens were needed for as-built), seen in

Figure 3-11|along with two test coils . Temperatures for heat treatment represent the range at

which copper will sinter [210] before it melts at 1083 °C.

Figure 3-11: Build plate with electrical test specimens manufactured in vertical, horizontal and 45
orientation along with prototype coils and test cubes.

Heat treatments were conduct ed in atube furnace with an argon inert atmosphere. Test
specimens were placed in crucibles to avoid any contamination. The ramp up temperature
was set at 10 °C per minute for all heat treatments, followed by furnace cooling to room

temperature.

Test specimens were lightly surface ground using 800 grit paper by hand to remove the
rough as-built finish. After heat treatment and light hand grinding, specimens were

individually measured along all dimensions, in a minimum of four places using
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Mitutoyo digital calipers which had an accuracy of £0.02 mm. This was done to accurately

determine the cross-sectional area and length of each specimen.

3.5.2 AISi10Mg specimens

As no parameter optimisation needed to take place for AlSi10Mg, many 5mm test cubes
were not needed. Instead, only a few cubes were printed for each post-heat treatment in
order to study microstructure and verify density. Electrical test specimens were designed
and printed at 6.5 mm x 3.5 mm x 50 mm. These dimensions were chosen for two reasons.
First, so that an expected resistance for each bar would be at least 100 v °by using the

highest cast values found in literature. Second, so that they would be mechanically robust

enough for the clamping method used in electrical testing described in S ection|3.6

Test Case Parameters

Number of specimens per test case | 4

Initial Build Orientations | Horizontal, 45°, Vertical

Post Heat Treatments | As-built, Annealed, T6like [186
Table 3-6: Test cases for AISi10Mg electrical specimens.

Specimens were created for each of test cases as shown in|Table 3-6|resulting in 9 test

cases and 36 total test specimens. The T6-like heat treatment was developed in [186] to be

similar to the quench and aging process seen with a typical T6 in order to achieve high
strength with higher ductility. However, due to the unique starting grain structure in LPBF
compared to cast, the casting T6 process does not achieve the desired results when
followed exactly. Thus, a T6-like process was developed for LPBF and wasused in this work.
Similar to copper testing, the direction of the longest edge of the bar defined the name of the

orientation. These three orientations were chosen as they replicate orientations used in

mechanical testing as seen in previous literature [211] ¢[P13]. Horizontal parts were not built

in the X direction as seen inFigure 3-12|as the laser scan parameters rotated the pattern

every layer, in an effort to minimize any effects that X verses Y orientations may have. It is
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also important to note that there co uld be other factors such as wiper blade and gas flow

directions which could still cause differences between X verses Y directions; however, it was

decided that these effects would be ignored.

Figure 3-12: Build plate (250 mm x 250 mm) with electrical test specimens printed in vertical, 45°, and
horizontal orientations along with 5 mm specimen cubes.

Twelve test specimens (four of each orientation) and two 5 mm cubes (Figure 3-12) were

removed from the build plate to be tested in an as-built condition. A Carbolite furnace rated

to 800 & with Eurotherm 2408 temperature control was used for heat treatment. A typical

annealing heat treatment

214

was performed on a similar set of specimens by placin g the

test specimens and cubes in a preheated furnace set to 300 °C for two hours and then

removing to be air cooled. A T6-like heat treatment [186] was performed on the remaining

twelve test specimens and 5 mm cubes by placing them in a preheated furnace set to 520 °C

for one hour and then quenched in 20 °C water. The quenched test specimens were then

dried and put into a different preheated furnace for artificial aging, set to 160 ° C for six hours

and then removed to be air cooled.
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Figure 3-13: 3D printed jigs used for polishing specimens as to keep them as square as possible.

After heat treatment, electrical test specimens were surf ace ground and polished using a
manual grinding and polishing machine. First, the specimens were ground with 400 grit
grinding paper and water at 300 rpm until all traces of the original as -built surface were

removed. Then 800 grit grinding paper was used to remove any deep scratches and defects.

Specimens were held using the jigs infFigure 3-13|to keep specimens as square as possible.

Surfaces which had supports attached to them were ground first. Afterward, the ends which

had the smallest surface area were ground using the circular jig seen in[Figure 3-13| The

other jig was used for the sides with the largest surface ar ea, followed by the remaining
smaller side. After removal of surface defects , specimens were individually measured three
times along all dimensions, in a minimum of five places using a Mitutoyo Corporation
(Japan) digital caliper which had an accuracy of £0.02 mm. This was done to accurately

determine the cross-sectional area and length of each specimen.

The 5 mm test cubes were sectioned using a CNC circular cutting saw to expose the XY
plane (top view) and YZ plane (side view). They were thenground flat and polished
according to the Struers ApS (Denmark)application notes for the metallog raphic preparation

of aluminium and aluminium alloys, specifically silicon cast aluminium as that was the

closest match to LPBFAISi10Mg. The procedure for the polishing can be seen inTable 3-7

The polished sectioned cubes were imageH ERH XLIR IXGLIH YWMRK /IPPIV..W VIE

seconds to help reveal the microstructure with further imaging.
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Speed Pressure  Duration

Surface Fluid/ Suspension (rpm) (Newtons) (Minutes)
240 Giit paper | Water 300 Medium Until plane
MD-Largo | DiaPro AlegVS ¥Q HMEC( 150 30 4
MD-Mol | (ME4VS 1SP 6 ¥Q F 150 25 3
MD-Chem | OP-U NonDryColloidal Silica 150 15 1

Table 3-7: Polishing and grinding procedure for silicon content aluminium aloys.

In order to determine and correlate microhardness with the test cubes, nanoindentation was
performed using a Micro Materials Ltd. (UK) NanoTest NTX based machine with a calibrated
Berkovich indenter. Fifteen indents were made per specimen, spaced 30um apart with a

force of 100 mN.

Test cubes were imaged using a Nikon Corporation (Japan) Eclipse LV100ND microscope
with a 2560 x 1920 pixel colour sensor. These images were used for microstructure analysis

as well as optical density measurements.

Figure 3-14: Test specimen for geometric analysis, a variable thickness coil (left) and corresponding
section indicating location of section (right).

To determine the dimensional accuracy of the LPBFprocess with AlSi1l0Mg, a geometric test

specimen was created as seen inFigure 3-14|(left). This coil geometry was representative of

an electrical coil, with the exception that this coil has a continuously variable thickness in

order to test different printed thicknesses. The coil was 18 mm in diameter and 26 mm long.
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The coil was sectioned in CAD at a specific radial angle and attached to a back plate seen in

Figure 3-14|(right) . This back plate was made with through holes in order to aid in the hot

resin mounting process and was designed to fit within a 30 mm circle which was the
diameter for the hot mounting process. After hot mounting, the specimen was ground and

polished using the aluminium polishing procedure mentioned previously.

Once polished, the specimen was imaged and measured using Nikon software using image

tools to determine the maximum and minimum wall thicknesses. These tools rely on an

accurate pixel to distance ratio, given in|Table 3-8| This ratio was used with the images and

analysed using the Nikon software .

Microscope Quick Save (1280x 960 px) High Quality (2560 x 1920 px)

Magnification Resolution Ratio [um/px] Resolution Ratio [um/px]
5X ‘ 2.494 1.247
10X 1.239 0.620

Table 3-8: Distance to pixel ratios for images obtained from Nikon Eclipse microscope.

3.6 Electrical test methodology and equipment

In order to determine the resistivity for a material, the cross-sectional area and length of
each specimen was needed in addition to the resistance. This resistance was measured

directly using an ohm metre. Traditional two -wire ohm metres measure the resistance of the

wires as well as the subject, as seen in the left of |Figure 3-15( This method is acceptable

when Rample >> Ruire. HOwever, when measuring short samples of low resistivity materials,
this method cannot provide accurate measurements for the sample. It is also important to
note that there is an additional contact resistance between the wire and the sample which is

not shown.
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Figure 3-15: A common two-wire resistance measurement method(left), and a four-wire Kelvin
resistance measurement method (right).

Four-wire Kelvin resistance measurements eliminate the condition of needing Rample >> Ruire

by providing a constant current through the sample, as seen in the right of{Figure 3-15| The

amount of current that flows through the vo Itmeter is negligible compared with the amount
that flows through the sample. By using Ohms law (I~ /R), the exact resistance of the

sample can be obtained.

Electrical DCresistance testing was performed using a Valhalla Scientific Inc. (USA) 4300B

digital micro-ohmmeter, seen irfFigure 3-16| This DCfour-wire Kelvin resistance

measurement meter was calibrated to within 5% accuracy by an external vendor and verified
internally through tests using precision low -resistivity resistors and current shunts. It could
generate a current between 0.1 mA to 10 A and was able to measure the voltage from 20 mV

to 2 V, with a minimum sensitivity of 1 ¥ :
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Figure 3-16: Electrical test jig (left) and set-up showing polished aluminium test specimen clamped
between four-wire Kelvin probes(right).

Additional AC electrical testing was performed using a Rohde and Schwarz WK Limited (UK)
Hameg HM8018 LCRMeter. This AC four-wire resistance measurement meter was

calibrated using the internal calibration technique before the measurements were taken. It
was equipped with the four-wire HZ17 Kelvin test leads with probe tips. It was able to
measure AC resistance at frequencies of 100 Hz, 120 Hz, 1 kHz, 10 kHz, and 25 kHz. It has a

QE\MQYQ VIWSPYXMSR SJ Q° ERH E FEWMG EGGYVEG] SJ

Each specimen was tested a total of five times, once on its own for a base reading, and then

two more times where each instance was a combination of two measurements in

succession, being flipped around in the test stand for AISi10Mg (Figure 3-16) to reverse the

specimen, and reversing the connections for pure copper. This was in accordance to ASTM

B193- "7XERHEVH 8IWX 1I1XLSH JS&(\BI\H\GEWXSJRZI—WG)E\/)PECXIVMEPW%O
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Figure 3-17: Copper test specimen soldered directly to electrical tabs in order to minimise catact
resistance as measued by a 4point probe.

Copper specimens had electrical tabs soldered on to them in order to minimis e contact

resistance between the specimen and the voltage probes as seen inFigure 3-17| However,

for AISi10Mg specimens, soldering was unable to be performed on this alloy due to an
inability for any type of solder to wet the surface. Welding was undesirable due to the excess
heat that flows into the specimen, which could disrupt the microstructure created in each of
the heat treatment cases. Each electrical measurement for AISi1lOMg was thus clamped
using a force of approximately 4000 N in order to minimis e contact resistance between the
probes and specimen. Forces greater than 4000 N would buckle the specimens. This contact
resistance could not be eliminated through the use of four-wire measurements as this
resistance was between the specimen and the voltmeter connections but can be minimised
through ensuring that contacts are clean of residue and oxides, that the contacting faces are
flush with each other, and that the clamping force is sufficiently high. These steps were
taken with each AISi10Mg specimen which was tested. The resistance of the contacts was

also measured when no sample was loaded between the probes in order to obtain a baseline
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measurement, and this measurement was subtracted from the results. Results were then
averaged with the corresponding standard deviations determined. An alternative method to
determine the contact resistance, which was not used but would be used in future work,
would be to fabricate a second specimen which was twice the length of the first. From
measuring the resistances (R: and Ry) from the se two specimens, both the contact
resistance (Rc) and the material resistance (Rv) could be determined as Ri = Rc + Ry and R

= R+ 2Ru.

4 # -
el (39)

Electrical resistivity ( @ measured in v >cm was calculated by Equation|3-8|where R is the

QIEWYVIH VIWMWAXigtRextodd BeatiBnal area of the specimen measured in cm?,
and L is the length of the specimen in cm. Resistivity is also a function of temperature, but
for this investigation, only room temperature values will be reported, as the full temperature

dependency of resistivity has been previously reported for both copper and cast alloys

A319 and A356 which are very similar to that of AISi7Mg [215].

3.7 Software and computational methods

As AM is a digitally based technology, several different software applications were needed.
These applications were used to design the shapes which were to be printed, to prepare the
resulting models for printing, and to translate the mo dels into machine specific formats with
the corresponding processing parameter sets. Once a printwas finished, software tools
were used to determine characteristics such as density and dimensional accuracy, with
other tools being used for statistical anal ysis and organisation of data. Additional analysis

could be done with more computationally intensive software tools such as those us ed in ML.
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3.7.1 Design and model preparation

Parts and designs beyond basic primitive shapes such as cubes and specimens were
created using Solidworks 2017-2018 by Dassault Systemes (France). Solidworks was an
easy to use 3D computer-aided design software package which has partnered with the
University of Nottingham to provide this software. Parts were then exported to the STL file

format, using a deviation tolerance below 0.005 mm and an angle tolerance below 5°.

FLatt Pack software from A dded Scientific Ltd. (UK) was used for lattice generation. Flatt
Pack stands for The Functional Lattice Package for Additive Manufacturing . It was able to
generate several unique lattice types, either in a customisable pre-defined envelope or within
a custom imported volume. It was also able to functionally grade lattice densities within a

given volume.

Materialise Magics from Materialise NV ( Belgium) version 21.1 was used to load and fix and
make slight modifications to STL files. STL files were checked in order to ensure only
desired volumes were printed (no noise shells), which were fully closed, with no inverted
normals or holes. STL files with a high number of triangles (>500,000) were fixed so that only
a low number (less than 100) of overlapping or intersecting triangles remained after fixing.
Files with lower numbers of total triangles were fixed as to have no overlapping or

intersecting trian gles.

MTT AutoFab software was provided by Renishawplc (UK) andwas used to prepare STL
files for building on either the Renishaw AM250 or AM125 LPBFmachines. It can generate
primitive shapes such as cubes as well as support structures for attaching a part to the build
plate and supporting any overhanging areas. Individual material files can be produced for
different scan strategies and layer thicknesses for a defined material. This program also

slices STL files and generates the machine code (.mtt file) to build the final parts.
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QuantAM build preparation software was also provided by Renishaw pk (UK) andwas the
replacement to MTT AutoFab for their newer LPBFmachines. It was used to verify the .mtt
file, which was generated my MTT AutoFab, as well as vsualise scan strategies and scan
paths prior to building. It was also able to give a visualisation of energy density for different

scan strategies.

3.7.2 Analysis

After images were taken of specimens on the microscope, density measurements were

made through threshold selection of contrasting areas in the open -source software Fiji [216].

Fiji was a version of ImageJ software which comes pre -bundled with common plug -ins and

libraries. Within the software, pixel ratios from the microscope (Table 3-8) were used with

the images to take accurate measurements of features within pictures. C ustom macro s
were also written to automate different tasks. One waswritten to determine the profile and
average thickness of the thick or thin walls for geometrical analysis . Another was written to
split up a larger image into smaller images while centring the main features within the

smaller image for use as input images for machine learning.

3.8 Machine Learning (ML)

ML was developed within the Python programming language [217] using version 3.5. It was

an open source software package that was available for free on Mac OS, Windows, and
Linux. It was installed using the open source Anaconda Python distribution in order to
manage the coding environment and allow it to be installed to different machi nes without

interfering with any existing python environments. Within Anaconda, open source Spyder

software was used in order to write, debug, and un python scripts. Scikit-learn [218] was

also used in Python for clustering and other analytical tasks.

For implementing ML, Tensorflow [219] was selected as the platform within Python.

Tensorflow was originally developed within Google and was made open source in 2015. It
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has become one of the most popular ML PMFVEVMIW HYI XS MX..W IEW] XS YWI T\
implementation along with its ability to run on not only a computers CPU, butalso on any
available GPU which greatly speeds upcomputations due to the greater number of

computing cores within a GPU.

Keras [220] was used to act as the application programming interfac e (API) for Tensorflow .

It is an easy to program interface between common ML workflows and methods. It focuses

on being user-friendly yet powerful.

A Convolutional Neural Network (CNN) [194] was used in conjunction with an Autoencoder

(AE)[196] to reduce the high-dimensional image data into a simplified reconstructed output,

as seen previously inFigure 2-30( The resulting Convolutional Autoencoder (CAE) was based

on the Deep Convolutional Embedded Clustering (DCEC) technique 0204}, as it could be

used with both labelled and non-labelled data. However, as this data was unlabelled, only the

pre-training portion of the DCEC was used. In order to promote clustering, the specific

architecture of [208] was used as it was found in that research that the training which occurs

after the pre-training contributed less than 15-20% to the final accuracy. Thus, the
architecture that was used for the AE is much shallower than most, with only three
convolutional layers and no flattening of the encoded latent space. The elimination of the

flattening helps in feature pres ervation.

The autoencoder, patterned after [208], was comprised of two sets of convolutio ns and

maximum pooling with batch normalisation, with a convolutional layer which acted as the
middle latent space of the autoencoder. The remainder of the autoencoder was comprised
of two sets of conv olutional 2D transpose and 2D up-sampling layers along with batch

normalisation. The number of convolutional filters used was 64 for the first layer, 128 for the

second, and 200 for the middle latent space. The DCEC from[204], which was made

opensource [205], had a number of variables which can be changed to finetune the process.

These variables (called hyperparameters) are notlearned but are pre-set before the process
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of learning. The hyperparameters are described in more detail in the work of [204] and [208],

and include lambda set at 0.001, a batch size of 512, an alphaset to 0.9, the number of final
clusters to be determined through additional analysis of the dataset, the number of nearest

neighbours as 9, and the number of top anchor points investigated for each training as 7.

In order to determine the number of clusters which was appropriate for clustering, a method

known as the gap statistic [221] was utilised. This method was designed to aid in estimati on

of the number of clusters within a set of data by giving a gap value for the different number
of clusters, with the highest gap value indicating the optimal number of clusters. Here it was
applied to the output imag es from the autoencoder. Initially, the latent space of the
autoencoder was going to be used in clustering, however, it was found that clustering the
output was more useful and informat ive. Before applying the gap statistic to the output
images, a principle component analysis (PCA) was required on the data in order to reduce
the number of dimensions, as there were 4096 dimensions for an image that was 128 x 32
pixels. PCA is a statistical method that transforms the original data to a desired number of
dimensions. These new dimensions are used to explain the amount of variation that existed
in the original data. The higher the number of dimensions for PCA, the better it represents
the original data. However, with continuous data such as the images used in this research,
lower PCA dimensions are required to find the optimal number of clusters. Too many PCA
dimensions cause the gap statistic to form a logarithmic trend line which then recomme nds
the maximum number of clusters being tested. For this data, between 2 and 10 dimensions

for PCA were expbred to find the optimal number of clusters, K.

In the process of parameter optimisation, there were times when two tests appeared to have
a similar quality, despite having different parameters applied. After many tests, it was
possible to determine which parameter set to use, but only by additional test methods such
as density measurements. In order to obtain these density measurements, 5 mm cubes are

manufactured using the parameters being investigated, then removed from the base plate,
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sectioned by a saw, mounted into resin, ground flat, polished to a mirror quality, then imaged
using a microscope and manually analysed using thresholding limits in image processing
software. These additional steps require a significant amount of additional time and
resources. To quicken this process and develop an alternative method for quality
assessment, it was theorised that the top surface of a thin wall could be used. By imaging
this top surface, and using a method to rank the corresponding quality, the time to reach the
final parameters could potentially be shortened. In order to remove a human-based
subjective assessment of quality, it was proposed that ML coul d potentially be used to learn

patterns and grade the resulting thin walls.

Figure3-18 *YPP WGER XVEGO MQEKIW XEOIR F] QMGVSWGSTI [MXL E TSMRX
of 250 mm/s (top), and poin X HMW XER G | ¥Q ERH WGER WTIIH SJ  QQ W FSXXSQ

The first step was to gather th e raw image data [Figure 3-18) which would be fed into a ML

architecture, specifically a convolutional autoencoder (CAE) which was described in Chapter

2.11.3) These images were taken by microscope while keeping all optical settings such as

physical light brightness, white balance, contrast, and focus as constant as possible. In order
to ensure that there were high quality tracks to compare with in the data set, in addition to
thin wall images, the single scan tracks were also included in the raw data. As the

autoencoder cannot take the original high-resolution 38 megapixel raw images as input as

seen in[Figure 3-18| the images were sectioned and scaled and modified into a format which

could be fed into the autoencoder. The original colour images contained two thin walls which
were produced with the same processing parameters. These large stitched images were

approximately 15,000 pixels long by 2,540 pixels tall. The images also had a variable colour
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background due to the out of focus features at the base of the thin wall. Through a series of
custom -macros written for ImageJ, the images were cropped to remove the track ends,

scaled down and de-colourised, separated into two tracks, then segmented so that the track

was centred with the background removed, with a random selection seen in|Figure 3-19

Figure 3-19: Selection of random images processed and readya feed into an autoencoder architecture.

The final 47,448 images are grey scale (where each pixel has a value between 0 and 255),
approximately 0.004 Megapixels with an exact dimension of 32 pixels long by 128 pixels tall.
These dimensions were chosen as they are direct powers of 2 (25 = 32 and 27 = 18) and
are more accommodating to the autoencoder architecture. After these images were run
through the autoencoder, the reconstructed output removed many of the finer details that

were unique to each image. This enabled the images to be better clustered to find patterns in

the data. The resulting output from the autoencoder can be seen in|Figure 3-20

Before
Autoencoding

After
Autoencoding

Figure 3-20: An example of the input images fed into the autoencoder and the resling output image.
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In order to determine the correct number of clusters to use for this data, the gap statistic

was used along with principle component analysis (PCA) in order to simplify the data. For

this data, between 2 and 10 dimensions for PCA were explored to find the optimal number of

clusters, K, as seer

Figure 3-21

with the highest gap value highlighted in red. Using a PCA of

2 resulted in only 2 clusters which was not large enough to correctly capture the continuous

nature of the data. PCA valueshigher than 4 started to represent the logarithmic trend line,

which was undesirable. However, a PCA value of 3 was ideal for the gap statistic to fairly

determine the number of clusters to be visualised with a cluster count of 2 8, which was also

identifi ed with a PCA value of 4, further strengthening the idea that 28 was the ideal number

of clusters for this data set.

PCAof 2,
K=2
PCA of 3,
K=28
PCAoof 4, PCA of 9,
K=28 K =30

Figure 3-21: Gap statistic graphs indicating the ideal numberof clusters in the decoded image data, with
PCA value tested and resulting number of clusters.
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PCA of 3 PCA of9

Figure 3-22: Visualisation of clusters using the tSNE graphing algorithm.

To visualise the clusters, the dimensional reducing t-SNE graphing method[198] was used

as seen infFigure 3-22] This method is not an exact representation of what the clusters look

like, but rather it interprets the number of dimensions (3 for a PCA of 3 and 9 for a PCA of 9)
into a two-dimensional image. Due to the continuous nature of the data, using a higher
number of dimensions reduces the definition of the clusters as with a PCA of 9, which also

was seen by the logarithmic trendline in the gap value.

Once the optimal number of clusters was identified, a clustering algorithm was applied to the

non-PCA reduceddata to group images toget her. As there were a large number of clustering

algorithms wi thin the Scikit-learn [218] ML toolkit, the KMeans Mini Batch [222] algorithm

was selected due to its speed and ability to report the location of cluster centres. These
locations were used to obtain several images which were closest to them. Those images
were found to be similar in appearance and fairly represented the type of image within the
cluster. The clusters were then manually analysed. This was necessary because the ML was
unsupervised and hence lacking the labels to separate good from bad quality weld tracks

that a supervised approach would require.
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Figure 3-23: Sample of clustered images with a manually assigned quality score and original image.

The top 20 images from each of the 28 clusters were evaluated and scored, a small

selection of these are seen in

Figure 3-23

For each cluster, a score of between 0 and 100

was applied, based on the assessed quality of the cluster. Scores of 0 were applied to

clusters which showed signs of balling or an unstable melt pool. Scores of 100 were applied

to clusters where the images demonstrated high quality continuous weld tracks. For

example, if all the images in a cluster showed no indication of continuous tracks, the score

for the cluster was low. If some of the im ages in the cluster showed some well-defined

continuous tracks, the cluster was scored higher. If the majority of images showed well

defined and continuous tracks, it was given a maximum score. While this score did involve a
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human-based assessment, it was applied to a cluster of features, and not an entire track.

This assessment was then applied to all tracks equally without further human -bias.

3.9 Summary

This research sets to establish the viability of using AM as a method to p roduce electrical
coils within an electric motor. In order to explore this potential, the electrical properties of
materials that are manufactured by LPBFneed to be identified . Two materials are the focus
of this research, pure copper and an aluminium alloy AISi10Mg. Pure copper is attractive due
to its lower resistivity. AISi10Mg is attractive due to its high specific conductivity and ability
to be processed to a high relative density using LPBF.AISi10Mg processing parameters
were derived from previously published results, whereas the processing parameters for pure
copper had to be derived from scratch. These materials were processed on Renishaw AM
equipment, pure copper on an AM125due to its higher laser power density and AlSi10Mg on

an AM250 due to its larger build volume.

Different types of specimens were created with both materials. To analyse density and the
quality of processing parameters, small 5 mm cubes were created which minimises material
usage and maximis es the number of parts per build. For electrical resistivity determina tion,
small rectangular specimens were created in order to provide enough resistance to measure,
a minimum of 100 ¥ °for both materials. For geometrical analysis, custom coils were
designed and modified to represent an electric motor coil as well as to test the accuracy of
different sized walls printed by LPBF. With each of these specimens, different equipment
was used to measure and analyse different properties including density, hardness and
microstruc ture. To ensure that the processing parameters were compared equally, standard
grinding and polishing techniques were followed. Heat treatments were performed to
compare how it affects other characteristics such as electrical conductivity and

microstructur e.
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To determine the resistivity of the material processed by LPBFwith respect to initial build

orientation and heat treatment, electrical tests were performed using a well-defined test

standard, ASTM B193-02 Standard Test Method for Resistivity of Electrical Conductor
IEXIVMEPW% 8LMW WXERHEVH HIJMRIW Xak b fRutpdirntipiddey MTQIRX XS
micro-ohm metre and knifed-edged callipers, as well as the standardised method to follow

such as taking two measurements back to back while reversing the polarity of the probes. By

following this standard and using multiple specimens for each test case, an accurate

description of the relationship between resistivity a nd the test cases can be determined.

As part of this research, numerous software tools were used to accomplish these tasks.
These include CAD software to create custom designs, to tools which prepare the resulting
designs to be manufactured by AM. Other tools were used for post-analysis and
organisation, as well as ML algorithms to aid in the classification of the results of parameter
optimisation . Having a high freedom of design with high conductivity materials could be
especially useful in designing coil s for electric motors or other electromagnetic devices. In
the next chapter, this freedom of design will be explored for electric motors, specifically how

it can potentially change how we manufacture coils for electric motors .
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4.1 Introduction

Additive manufacturing is often touted as an enabling technology which has a freedom of
design that is unmatched by any other manufacturing method. However, there are a few
things which need to be better understood before engineers can confidently design for AM.
The first is an understanding of the expected material properties from a part that is
manufactured through AM, including how post -processing may affect them. This requires a
valid processing parameter set for the desired material, and a complete dataset of properties
in as-built and post-processed conditions. The next is the knowledge of the limitations of the
specific process being used for manufacture. This requires a knowledge of the machine,
processing conditions such as la yer thickness, surface finish and tolerances. Lastly, a
complete understanding of the item being replaced or redesigned is paramount, as this

unlocks the transformative power that AM allows through redesign.

Through this research, some of these requirements are addressed for redesigning electric

motor coils. The electrical properties for both pure copper and the aluminium alloy AlSi10Mg

are reported in|Chapter 5jand|Chapter 6[respectively. These properties are explored for the

as-built condition as well as for various post heat treatments. In addition to these properties,
the surface finish was investigated in relation to how it affects the tolerances of the printed

components, with new techniques for improving the surface finish of AISi10Mg being

presented on a regular basis [223] ¢[R26]. The knowledge of LPBFand how it affects designs

has been researched and is generally well known and published, , 227]. However, the

final element required to enable the adoption of AM to manufacture motor coils is to

redesign the coils for AM. This will be addressed in this chapter.

A review and breakdown of what makes an effective electric motor coil design will first be

discussed. Following that, various design options will be explored in the context of the new
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design freedom afforded by AM. Finally, a specific example of fitting a motor with AM coils
will be explored. These results will then be discussed and summarised at the end of the

chapter.

4.2 Motor winding design

Figure 4-1: Example of a raditional tightly wound copper coil made from rectangularcross-sectional wire
with paper and Kapton tapeinsulation (Provided by thePower Electronics, Machines and Control
Research Groupat the University of Nottingham).

Traditional conductors are limited in a few ways. First, there are only a fixed number of

available cross-sections for use in winding motor s. Only certain circular diameters or set-

sized rectangular wires are available, as seen inFigure 4-1| Circular packing factors, or the

maximum amount of circular material that can fit into a given a rea, limit the fill factor whe n
using round wire. Conversely, rectangular wire cannot perfectly fill an angled slot. There will
always be unwanted gaps due to geometric constraints when using circular or rectangular
profiles. In addition, there will also be gaps due to the manual assembly of the wire coils
around the teeth in the slot. Here, AM can vary the conductor cross-section to fill all available
space so that there are no unwanted gaps, all the while maintaining a constant cross -

sectional area.

120



Chapter 4: Using AM in Electric Motor Coil Design

Figure 4-2: Comparing the maximum number of windings given a specific shape (circular, rectangular, or
variable) of equal cross-sectional area that can fit within a traditional half-slot volume.

This advantage for AM was tested as seen in|Figure 4-2] with a wire diameter of 4.11mm

which corresponded to an American Wire Gauge of 6, however any size from any standard
such as the Standard Wire Gauge olEC 60228 (the International standard for wire sizes)
could be used. This area was used in a set volume which was patterned after a traditional
half-slot geometry. Using a circular profile, it was found that only nine wind ings would fit. By
changing the winding shape to a rectangular profile, but keeping the cross-sectional area the
same, eleven windings fit into the same space, which increased the fill factor by 12%. By
moving to an AM generated shape, thirteen windings were able to fit, which increased the fill
factor by 23% over the circular cross-section. In all these cases, a minimum clearance
between the sides of the slot volume and windings, as well as between windings was

maintained.
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Figure 4-3: Comparing the maximum crosssectional area of different shaped windings (circular,
rectangular, or variable) that can fit within a traditional halfslot volume.

If rather than keeping the cross-sectional area the same, thenumber of windings was kept

the same (with the cross-sectional area increased) as seen infFigure 4-3| the following

insights were observed. The rectangular profile only increased the fill factor by 10% over the

circular, but the cross-sectional area increased by 19% over the previous crosssection. The

AM cross-section had the largest advantage, increasing fill factor by over 29% and

increasing the cross-sectional area by over 55%. The theoretical fill factor for this AM caoil is

82% versus the 53% for the circular crosssections. These simple comparisons clearly

showed thatacustoQ %1 WLETI IREFPIW XLI PEVKIWX TSXIRXMEP KEMRW
The next step was to design an entire generic winding which utilised these basic findings to

evaluate how AM can improve fill-factors and use DfAM principles such as minimising

supports and overhanging areas through design and choosing an initial build orientation.

4.2.1 2D design of windings

The perceived advantage of AM is that it can make use of the entire slot and improve fill
factor. Thus, the next question is how to best arrange the AM windings in order to optimise
for AM manufacturability and elec trical considerations. AM manufacturability includes

minimising the amount of overha nging areas in order to reduce the need for support
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material. Supports increase build time, increase part cost, and increase the amount of post-
processing required for each part. Electrical considerations include minimising the end turn
length to lower the resistance of the coil, as well as increasing the ratio of torque -producing
copper in the slot to total copper. In addition, the design freedom that AM allows enables an
electrical motor designer to precisely control the geometry such as to place conductive
material exactly where the designer requiresit to be within the slot. This can be used to
various advantages such as better thermal management and reducing the amount of

insulation between turns that is required.

Figure 4-4: Division of equal areas in either a vertical (a), horizontal (b), or nested jaconfiguration.

In order to evaluate these additional considerations, the geometry was represented in an

easy to visualise manner as seen irfFigure 4-4| Here, a simplified slot is shown as a

rectangular area, divided into twelve equal parts which represent different locations for a
conductor. Three primary design patterns were considered. One was to have all the
conductors aligned side by side so that the longest edge was orientated vertically (a).
Another was to stack the conduct ors on top of each other so that the longest edge was
aligned horizontally (b). Lastly, was to nest the conductors (c) in a grid so that the length and
width of the conductors were of similar length. Depending on the layout of the divisions, the

maximum am ount of needed insulation varies compared to the enclosed area.

The advantage of vertically aligned conductors was to potentially eliminate any support
material that would normally be required, while also maintaining the height of the slot
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resulting in the shortest winding. The aspect ratio of each conductor leads to it having the
greatest surface area when compared to the other two. This aspect ratio would be

advantageous in applications of high frequency due to the skin effect (which was discussed

in Chapter|2.3.3). This stacking arrangement of the conductors also had the negative effect

of leading to a much wider coil due to the need for a minimum clearance for manufacturing

and insulating.

The advantage of stacked horizontal conductors was that it not only maintains the slots
original width, it also could compress vertically due to it acting more like a spring rather than
a rigid geometry. This could be of benefit if the manufacturing clearance is much larger than
the insulating thickness, as it would allow the winding to compre ss into a smaller volume
than in which it was manufactured. While this geometry could potentially have the largest
need for support material, if the winding was manufactured on its side, the amount of

support material would be greatly reduced.

The advantage of the nested conductors was that they minimised the overall surface area
that would be needed for insulating. This minimisation could potentially lead to a smaller
overall winding, which would help minimise the resistance of the coil and thus lower copper
losses. However, this geometry would also be more rigid and would not maintain the height
or width of the original slot. The next step was to model these concepts in CAD to determine

if these benefits would materialise in 3D.

4.2.2 3D design of windings

In order to explore the full implications of the ideas presented previously, five different

generic 3D CADcoils were designed and analysed, as seen inFigure 4-5| These designs

incorporated the 2D features which were shown in[Figure 4-4| The 3D windings seen in

Figure 4-5|have two vertical configurations (a & b), two nested configurations (c & d), and

one horizontal (e). Winding (a) is entirely vertical and resembles a spiral when seen from
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above. However, in order for the inner terminating part of coil (a) to be connected electrical ly,
it needed to have a jog in the wire which crosses above the rest of the coil which increased
height of the coil. In order to avoid this jog, coil (b) was designed to also be primarily vertical,
but with two spirals on top of each other. Coil (c) was a nested design which had six spirals
stacked on top of each other, with three loops per spiral. Coil (d) was also nested, but rather
than stacked spirals, it resembles three nested springs, where each spring has six vertical
loops. Coil (d) best represents a traditionally wound coil configuration. Coil (e) was an

entirely horizontal configuration which res embled a wide flat spring. Additional design

factors can be summarised for these coils in [Table 4-1

Figure 4-5: Five different 3D modelled coils represening how AM could be used for design.

Cross-section

Coil  Configuration Design Factor to Investigate dimensions
a | Vertical Minimise support material 16 mm x 0.25 mm
b | Vertical Better terminal geometry 8 mm x 0.5 mm
¢ | Nested Minimise length 2mmXx2mm
d | Nested Compare traditional design 2mmx 2 mm
e | Horizontal Minimise overlapping 0.5 mm x 8 mm

Table 4-1: Comparing the main design &ctor to investigate for the corresponding 3D modelled coils.

The windings seen in|Figure 4-5were not designed to any specific application but were

designed with generic parameters so that they could be easily modified and compar ed.

These parameters were kept constant and can be found in[Table 4-2
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Parameter for design

Value

Terminal extension from centre of core

Cross-sectional area
Number of conductors in the slot
Centre winding core dimension

Clearancebetween all surfaces

4 mm?2

18

10 mm by 10 mm

0.5mm

17 mm

Table 4-2: Properties for comparing different designs of windings.

By maintaining these dimensions, the different designs could be compared in te rms of

volume, surface area, effective wire length, envelope dimensions, required supported area,

and fill factor, with these key comparators being listed in

support area and on-side support area for coils (a) and (e) can be seen in

Table 4-3

An example of vertical

Figure 4-6] The key

factors to look at are minimising wire length (in order to minimise resistance), minimising

the required supported area (in order to aid in AM), and maximising fill factor (in order to

increase power density).

Vertical Onside
Surface  Wire Coil Coil Coil Support Support As-Built  Vertically
Volume Area Length Height Width Depth Area Area Fill Compressed
Coil  (mm?) (mm?) (mm) (mm) (mm) (mm) (mm?) (mm?) Factor Fill Factor
a 5,907 47,409 1477 17.1 36.2 371 74 17,541 31% 31%
b 4,806 20,432 1,201 16.5 26.2 28.0 297 7,062 51% 53%
c 4,551 9,109 1,138 145 242 275 1,894 1,365 66% 80%
d 4,379 8,768 1,095 19.3 242 250 1,868 1,228 50% 57%
e 4,680 19,902 1,170 18.3 26.2 27.0 8,762 120 46% 87%

Table 4-3: Comparative properties of he five different 3D modelled coils which could be made using AM.
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Figure 4-6: Comparison of the supportedsurfaces (highlighted in green) for coils (a) and (e) using either
the default vertical position, or by rotating the coil to be onside.

The volume of the coils was proportional to the effective wire length, as all coils had the
same cross-sectional area. Surface area was proportional to the cross -section aspect ratio,
where both coils (c) and (d) had the lowest around 9,000 mm?, (b) and (e) both with around
20,000 mm?, and (a) had the highest with over 47,000 mn?, confirming the 2D analysis. As
wire length determines resistance (when all cross-sectional areas are equal), the lowest
resistance would be seen with coil (d), which is modelled after a traditional coil winding
method. However, except for coil (a), the other coils were all within 10% of each other.
Therefore, resistance/wire length alone was not a good enough indicator of which coil

design was superior and additional properties need to be examined.
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Figure 4-7: The front view of the coils, showing their comparative heights, as well asinlet electrical
terminal highlighted by a red cross, and outleterminal highlighted by green circles

The coil with the largest coil height was surprisingly (d) due to the fact that in order for the

end of the winding to terminate outside of the coil, it had to drop down considerably in order

to clear the other turns of wire as seen by the red cross in|Figure 4-7((d). As (d) was

designed in a traditional winding manner, this type of wire jog is also commonly seen in

traditionally wound coils as seen previously in the top wire of |Figure 4-1| An alternative

winding method was employed in the design of (c) to eliminate this jog, as all three layers of
the coil are in the same plane and comprise six in-plane spirals, rather than having three
nested springs as seen in (d). This is also why (c) was the shortest, as these in-plane spirals
simplified the design so that height was a function of the cross -sectional height and the

number of vertical clearances between spirals. The wire termination jog was also seen in the

design as indicated by the green circle in|Figure 4-7|(a) which had just a single in-plane

spiral, which is why (b) was designed to eliminate the jog by having both vertically aligned
cross-sections and two in-plane spirals. The widest and deepest coil was (a), which

confirmed the 2D analysis as it had the greatest number of vertical clearances.
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One important property for any coil that will be created by AM, is how to support and post-
process the coil. This requires minimising the number of supports and making the supports
easily removeable. Therefore, the five designs were evaluated according to this principle. As

all parts need to be supported on the bottom surface, only the additional supports which are

not at the bottom were analysed, as seen in/Figure 4-6| In that figure, the vertical orientation

of the coll, as well as the on-side orientation have the faces highlighted which would need

supports. The exact values for the surface area was given in|Table 4-3| While the design

intent of (a) was to eliminate supports, due to the end wire jog, this was not possible,
however it did have the lowest total support area of any coil in any orientation. The next
lowest was the on-side orientation for coil (e) which only required supports on the portion of
the coil which was on the inner surface of the coil. However, the opposite orientation for both
(a) and (e) resulted in the highest amount of supported area. The other coils were in the
middle of thes e two extremes. However, the location of the supports is important to note.
While (a) does have the least amount of supports, the location of these supports is in a tight
area right above the coils. Whereas (e) has a considerable amountof vertical clearance for
the supports. When comparing (a) and (e), the most favourable orientation and design for

AM is (e) as the supports would be easier to remove.

Fill factor is an important property for any coil, with higher percentages leading to m ore

efficient and mo re powerful electric motors. The as-built fill factors calculated in |Table 4-3

were calculated with the slot area being the same as the height and width of the as-built coil.
The compressed fill factor used the same width, but rem oved the vertical gap clearances,
effectively compressing the spring to fit into a smaller slot height. Because coils (a) and (b)
were built in a vertical configuration, the compressed fill-factors did not vary considerably.
As coil (c) was much more compa ct than coil (d), it benefited greater in the compression fill
factor despite both (c) and (d) having the same number of vertical gap clearances. Coil (e)
had an average ashbuilt fill factor, but since it is essentially a single spring, it benefited the

most from compression and resulted in it having the highest fill factor at 87%.
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Figure 4-8: Evaluation of performance criteria based on the comparative properties for each coil.

In order to evaluate all performance criteria, the values for each category found in|Table 4-3

were plotted and can be seen irfFigure 4-8| By comparing all the properties which

contributed to the radar plot, coil (e) on-side showed the greatest potential when comparing
all the properties and was chosen to be utilised for the remainder of this research. However,
there are specific applications which would warrant use of one of the other designs. As
stated previously, high frequency applications may favour a much higher cross-sectional
aspect ratio as seen in (a). However, despite the difficulties of removing support material

from designs (c) and (d), there are potential reasons for using a nested design.

Figure 4-9: A few ways to twist conductors in order to minimise eddy currents[228].

For applications which would see high eddy current formation in the slot like high RPM

electric motors with high frequency, there have been some innovative ways to minimise eddy

current losses within the slot ¢ onductor [228]. This involved weaving conductors around
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each other as seen inFigure 4-9. However, the methodsin that work were theoretical in
nature as the traditional manufa cture of such designs proved near impossib le. However,
with AM, these designs could prove themselves to be a viable solution to those types of

applications.

4.3 Retrofit of Switched Reluctance Motor
An SRM was obtained within the Power Electronics, Machines and Control Research Group
at the University of Nottingham, which met the criteria set forth previously. The motor was

being used with custom control algorithms on a test bench. The as-purchased traditionally -

built motor is shown in [Figure 4-10((right) along with an empty stator and casing, as seen in

Figure 4-10|(left). A full list of parameters can be found in |Table 4-4| The empty stator was

used to test the viability of retrofitting an existing motor with AM windings.

Figure 4-10: A 12-8 SRM with only the stator and outer casing (left) and a fully assembled motor (right).

Parameter Value
Rated Power| 1.5 kW
Maximum Speed | 6000 rpm

Rated Peak Voltage| 36 V
Rated RMS Cumnt | 26 Ams

Stator Poles | 12

Rotor Poles | 8

Stator Outer Diameter | 138 mm

Axial Stack Length | 80 mm

Number of Turns and Poles per Phase | 13 x4
Table 4-4: List of parameters for the 12-8 SRM used in design
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Figure 4-11: Division of the slot by theoretical shapes with equal sized downward triangles with available
space in-between them (left) and the actual design using the maximum amount of space (right).

The first step was to model the entire motor (excluding windings) by CAD. As the coils were
pre-formed, there was a requirement to maximise the fill factor without comp romising the
assembly process. This either required both coils to have the same exact profile for the coils
to be the same and fit side by side in the slot, or to have different shape profiles but share
the same cross-sectional area. However, the problem with having both coils the same profile

was that it does not maximise the fill factor. This can be seen by the yellow and blue

downward facing triangles in the left of|Figure 4-11|which represent the identical coils, with

the middle green upward facing triangle representing an empty space that is unused. The
yellow and blue coils could be installed independently of one another with no interferences
between the two. However, if the yellow and green areas are used for one coil, and the blue
for a second caoll, then the fill factor is maximised, but the coils are no longer the s ame
cross-sectional area. This would also require the blue coils to be installed first, which woul d
allow the yellow-green coil to be installed afterward. Instead of using the entire yellow -green
area for one coil, part of the green area could be used forthe blue coil, which would slightly
reduce the fill-factor, but could be used to maximise the usable area for both coils, while

making both cross-sectional areas the same. This path was taken for design, as seen in the

right of|Figure 4-11| Coil 1 which had a morerectangular cross-sectional shape was named

XLl ,FPSGO.. [LMPI GSMP [LMGL LEH E QSVI XVMBRHty PEV WLETI
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having different shapes, as long as both coils have the same cross-sectional area, and the
same number of turns, both coils will perform the same with similar resistances (although

minor differences may occur due to the length of the end turns).

Figure 4-12: Front view of the two coil desigrs along with the redesigned slot reainer shown in yellow.

As this design had an open slot, a simple curved piece of plastic was needed to retain the
windings, which fit into grooves at the end of the stator teeth. As these grooves were a few
millimetres f rom the end of the tooth, there was an option to redesign the slot retainer in

order to gain more area in the slot. The redesigned slot retainer can be seen in white in

Figure 4-11|(right), as well as in yellow in[Figure 4-12| This redesigned slot retainer gained an

additional 2.4% slot area for the coil redesign compared to the original retainer. Due to the
need to have the retainer assembled by sliding it into place after the coil was assembled, the

bottoms of the coils needed to be designed so that there was an axial clearance for it as

seen infFigure 4-12| This caused some changes to the coils themselves in order to allow for

the bottom loop to be able to wrap around this clear ance as seen inFigure 4-13| This caused

XLl ,[IHKI... HIWMK Rriguife 4X 8[lo RaukeXxheScdrner of the bottom loop to extend

further out in order to maintain the same cross -sectional area while allowing for the retainer

GPIEVERGI *8® .XIHIWRER M|Rig&(rdl;4—1\3l\méhcmomlbop needed to turn

upward and around the clearance area required for the retainer.
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Figure 4-13: Modifications to the coils circled in red to allow the axial installation of the slot retainer.

Fill factor is defined as the total copper area divided by the total available slot area. Without
using the redesigned slot retainer and maintaining a minimum clearance between the edges
of the coil and the slot, the maximum fill factor which could be achieved w ould have been
94.0%. Despite having a triangular section at the base of the slot which could not be used for
winding due to assembly constraints, by using the redesigned slot retainer and maintaining
the same slot clearance, the maximum fill factor which could be expected was 93.5%
compared to the original area. The actual fill factor for the larger slot area by virtue of the
redesigned slot retainer was 91.3%. However, due to manufactuiing, assembly, and

insulation requirements, the expected manufactured fill factor would typically be lower.

Figure 4-14: A fully populated motor with redesgned coils that are coloured according their pha.
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In order to better understand if this fill factor was achievable,a ,[IHKI... ERH ,FPSGO ...

printed using a material extrusion method with plastic which was less expensive and time

consuming than printing in metal. In the final design, six of each coil design would be

needed, with a pair of each design needed for each phase of the motor as seen in[Figure

4-14| However, for this test, one of each were printed, along with the redesgned retainer.

The printed windings were printed as a merged piece so that individual loops were not
present. This allowed the parts to be printed more easily and accurately. While the accuracy
of these types of printers is not as high as LPBF, it proved accurate enough for the 0.25 mm
clearances which were tested. It was found that the redesigned slot retainer was a perfect fit
and required no further changes. The clearance tolerance on the length of the windings was
found to be too tight, and additional clearance was added. The parts were reprinted and

found to fit onto the motor perfectly, with enough clearance between coils and between the

retainer, as seen inFigure 4-15( The nextstep was to print them using AISi10Mg.

Figure 4-15: Plastic printed windings to prove fit and assembly into an SRM.

AlSi10Mg was chosen to print the windings due to its ability to be printed to a high den sity,
and to further refine the resistivity val ues with a larger specimen. Printing these coils in

copper was not an option as the Renishaw AM125 build volume was not large enough to

accommodate this design. These metal -printed parts can be seen in|Figure 4-16{ with the

SJIHKILL HIWMKR SR XLI PIJX ERHh&rght, FPSGO.. HIWMKR SR X
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Figure 4-16: 3D printed aluminumwMRHMRKW EWWIQFPIH MRXS ER 761 [MXL E ,[IHKI... |
+,FPSGO.. HIWMKR VMKLX

The windings were printed with the maximum fill factor discussed earli er, despite the
potential issues with assembly clearance. As a result, the windings needed to be hand filed
on all outside edges in order to achieve a proper fit into the motor. This filing was required

due to the large attached particles that form in the LPBFprocess, as will be discussed in

Chapten6.5] Once these patrticles were removed, the resulting printed tolerances allowed the

windings to be assembled into the motor. Howeve V.. SRP] XLI ,[IHKI... [EW EFPI XS LEZ
retainer properly installed, as the tolerance stack-YT SJ XLI ,FPSGO.. [EWh® EVKI IRSYK

XLl VIXEMRIV GSYPH RSX JMX TVSTIVP] ;MXL WSQI EHHMXMSREP 1|

to be installed next to the previously printed plastic windings, as seen in|Figure 4-17

Figure 4-17: Assembly of 3D printed windings in the electric motor.
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These AISi10Mg windings were then tested electrically as seen in|Figure 4-18|to refine the

resistivity of this 3D printed alloy. These larger parts allowed the r his alloy to be

refined to a greater accuracy than what was found in previous studies. The full results and

procedure of these tests is reported in Chapter|6.4] 8L1 EZIVEKI VIWMWXMZMX] JSV XLI

[EW -*Q ERH XLI ,[IHKI... G <M. Fh¢BWrage of tHese two coils was

v&m.

Figure 4-18: Electrical testing of 3D printed aluminium windings with paper insulation.

4.4 Discussion

4.4.1 Improved reliability

Additive manufacturing provides a level of freedom in design that has not been encountered
before in traditional manufacturing techniques. This is especiall y true for methods which are

based on hand assembly, such as electric motor coils. While there have been some attempts

to use casting as a method to create coils [109], [[L10], it is still generally done by hand for

small production runs, or by automation in mass production that emulates the process of
handmade coils. AM opens a new variable to electric motor designers to further optimise
specific applications. No longer are designers limi ted to set sizes of pre-made wires which
they must try and fit into a specific slot geometry. Through AM, the number of wires in the
slot can be reduced which can in turn improve reliability. For example, the original motor
used here was wound with thirteen loops of wire, but each loop was comprised of 20 smaller

gauge wires, which results in 260 wires in the slot verses the 13 that were used in the
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redesign. By redudng the number of wires, the number of potential faults from insulation
failures can potentially be reduced as it reduces the magnitude of the thermally induced
mechanical stresses that could lead to failure [6]. Because stator insulation failure accounts
for 30-40% of all reported induction motor failures , improving this area for an electric

motor throug h freedom of design could prevent a lot of downtime.

4.4.2 Increased Fill-Factors

Another area of improvement that this freedom of design opens is increased fill factors.
While it may not be possible to have a 100% fill-factor, by increasing this above what is
currently available through traditional methods, several areas are improved. These indude
higher torques and rated power for the same current loading, higher efficiencies, and cooler

operating temperatures for a given load. These improvements have been shown with a fill

factor of 78% [229] using a compressed forming method, however it has been suggested

that fill factors above 74% using this method for compressing windings ris k compromising

the wire insulation [230]. But all the advantages of high fill fact ors can be assumed to be the

same for AM windings without the ad ded risk of compromised insulation. However, due to
these increase fill factors, the amou nt of heat which can build up in the windings becomes

more diffi cult to remove and can require more advanced cooling systems which can

counteract some of the advantagess of fill factors above 80% [231].
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4.4.3 Improved Thermal Dissipation

Figure 4-19: Examples of current reserch into removing heat from endturns in an electric motor [232].

However, some of these concerns with thermal management in high fill factor stat or

windings can be addressed through innovative design. Specifically, design of the end-turns

can be particularly helpful with managing heat. For example, recent work, seen inFigure 4-19

has shown that embedding a pipe into the end-turns and running coolant through it can

remove a significant amount of heat allowing the windings to be much cooler than

traditional end-turns [232]. This was achieved with windings that had slightly longer circular

end-turns in order to allow the pipe to be assembled into them. Typically end-turns are as
tight as possible to minimis e the resistance of the phase by minimising the length of wire in
the end-turns. However, with AM, the end turns can be fully customised in order to allow for
better cooling so that heat does not build up and lead to lower efficien cy and potential

insulation failure.

This type of modification was designed and printed using copper as seen in|Figure 4-20] In

this redesign of a winding, similar but shorter to the AISi10Mg windings earlier in this
chapter, the cross-sectional area was maintained in the end-turns, however, the dimensions
for the end-turns were changed so that when the coil is compressed into the slot and the
turns in the slot are touching, there would be a slight air-gap between the end-turns so that
they can be cooled through forced convection. This allows the resistance of the coil to

remain nearly the same while increasing the surface area for enhanced convective cooling.
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Figure 4-20: Exampleof a 3D printed copper cdl with variable cross-section dimensions from the slot fill
area to the endturns in order to increase the endturn surface area for improved cooling.

4.4.4 Decreased losses

In conventional machines, the top part of the slot near the air gap is a known area that
contains high levels of flux leakage or flux that does not travel within the soft magnetic
material. Due to this and the fact that it is dif ficult to wind and retain coils into this area,
traditional machines typica Illy do not fill this area with copper. However, AM could potentially
change the resistance or geometry of the windings in those areas and reclaim unused space

in the slot. Recent studies into power loss of windings at 400 Hz have been demonstrated by

simulating different geometries, and then using AM to verify the results [111]. They found

that by using AM, the power loss in the slot by the windings can be reduced by 75% br the

layer of windings next to the air gap. They also calculated that using semi-square inside

corners, like those seen inFigure 4-20( as opposed to traditional circular (|Figure 4-19), can

also reduce the power loss in the windings. While the AM winding they created only had 51%

IACS (similar to the value found by this work and reported in Chapter|5.4), they calculated

that with increased conductivity, the losses can be reduced by another 30%. By using AM to

create windings, power densities can be increased by allowing more conductor material to
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be placed in the slot. In addition, AM can produce higher efficiencies due to lower losses in

the windings, as demonstrated by that research, some of which is seen in|Figure 4-21

Figure 4-21: Examples of two geometries studied for high frequency applications with the corregponding
current density distribution, afixed width and height (left) and a variable width andheight (right) [111].

4.4 5 Potential Insulation

While in this work, insulation was briefly investigated only with the aluminium windings in the

form of anodisation (see |Insulation tec hniques|in the Appendix), there islittle difficulty in

insulating AM windings. For example, in previous research[111], they used Synthite AC43

which is an air-drying polyester varnish to insulate the windings along with a rotary drip

application method and post oven curing with rotation. The preparation of t he coil prior to

insulation as well as the finished part was seen previously in|Figure 2-18| The method they

used was the same process that is commonly used with coils that have been manufactured
using traditional methods. These additional coatings are needed when materials other than
pre-coated magnet wire are used such as bar stock or CNC machined windings. It can thus
be seen that there arealready a wide range of existing insulating materials and methods

which can be used with AM windings.

Through improvements such as increased efficiency in high fr equency applications, higher

fill factor, and enhanced cooling through the end-turns, AM has the potential to be a part of
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current trends in the development of electric motors as discussed in Chapter2.5| These

include being an enabling technology in the manufacture and design of IE5 Ultra-Premium
Efficiency electric motors . Through increased reliability of the windings, they can be
incorporated into applications that require added safety and robustness such as in electric
vehicles. By increasing efficiency and power density, they can be included in weight sensitive
applications, such as the more-electric and all-electric aircraft. AM can play a role in all these
areas, as long as designershave the material properties with which they can design, and the
design tools needed to exploit the freedom of design that AM provides for these

applications. While further research is required to increase the conductivity of AM materials,
to improve the surface finish of AM parts, and to lower the cost of parts made by AM, it has

potential as a future manufacturing process for electric motor coils.

4.5 Summary

In this chapter, the design of electric motor coils using additive manufacturing was
evaluated, modelled and created using the first principles of electric mot ors. These first
principles indicated that AM could improve an electric motors efficiency by increasing the
specific electrical loading by increasing the fill factor. Multiple coils were designed i n order
to explore variations of stacking loops within a wi nding and to evaluate the effect on
resistance and overhanging area. The optimal coil was designed so that the loops of the
winding were on top of each other, similar to a single-coil spring. The winding was designed
to be built on its side in order to minimise the amount of support material needed, while also
minimising the resistance of the winding. The ability to desig n the winding using custom
shapes of variable size allowed the winding to maximise the use of the available area for the

slot and hence increase its specific electrical loading.

The next step was to evaluate the type of motor into which a winding could be designed. Of
all the different types of electric motors available, the motor w hich had the most potential for

using AM windings, as well as to be entirely 3D printed in the future, was the switched
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reluctance motor. It typically has an open-slot geometry which allows easy assembly of a
concentrated winding. A suitably sized switched reluctance motor was obtained and
modelled in CAD. It was found that custom slot retainers could be designed in order to
increase the total amount of slot area. Despite not being able to make use of the entire slot
area due to assembly constraints, it was found that the fill factor could be maintained
compared to the original area with similar clearances. This maximum fill factor was 93.5%

compared to the original area and 91.3%for the newer larger slot area.

Two different windings were designed in order to maximi se the fillfactor and to allow for
assembly. One [ MRHMRK [EW MR XLI WLETI SJ E ,[IHKI... ERH XLI SXLIV [
JFPSGO.. 8LIWI X[S [MR HtedRrKplEst[d ¥ lcahfitiiy theXcleanant€s and fit into

the switched reluctance m otor. The new redesigned slot retainer was also printed and fit into

the existing grooves. The plastic windings were modified and reprinted to ensure a perfect fit

before printing in AISi10Mg. AISi10Mg was chosen due to its ability to be printed to a high

density and because the AM125 which was used for copper printing did not have a large

enough build volume to manufacture the redesigned windings.

Despite the need to hand file the surfaces of the windings to remove the large attached
particles, the windings were able to fit into the motor with very little effort. The windings
were printed at the maximum fill factor volume and no insulation was applied. However,
these proof-of-concept windings were used to better evaluate the resistivity of AISi1l0Mg. As
a result, they show the potential that AM has to improve elect ric motor performance and
efficiency. Previous researchers have demonstrated a fill factor that reached 78%, however
this is as high as conventional methods can reach due to a breakdown of the existing
insulation as it is compressed into the slot shape. AM does not suffer from this limitation
and thus can push fill factors up to 90%. AM can also be used to redesign the end-turns so
that they become better heat dissipating devices, reducing the losses in coils due to heat

build-up.
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This study explored how AM can redesign electric motor coils in order to maximise the fill -
factor and incorporate additional features such as h eat-dissipating end-turns. As such, it
opens a new area of research into the use of AM as a new manufacturing technique for
electric motor coils. It allows motor coil designs to make use of the freedom AM allows over
traditional manufacturing methods and ¢ an pave the way for ultra-premium efficiency
electric motors as well as light -weight moto rs that could be used in aerospace or the
automotive industries. The next steps for this work are to validate these advantages through
additional experimentation; unfortunately, these steps were not able to be undertaken due to
this part of the work being completed at the end of the course of study. In the next chapter,
pure copper will be explored as a material to be processed by LPBFand then tested for
electrical resistivity. The challenges of printing pure copper will be discussed along with

methods such as ML that can be used to aid in the parameter optimisation process .
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5.1 Introduction

While aluminium has an advantage in applications which are weight and cost sensitive, pure
copper is more advantageous when the application is volume or heat sensitive. Due to its
lower resistivity, pure copper will have lower losses for a given volume, meaning it will
generate less waste heat compared to another material with the same volume. However,

pure copper is difficult to process with LPBF, due to in part its high reflectivity and high

thermal conductivity as discussed in Chapten2.9| Because of these difficulties and the

resulting lack of information on the resistivity of copper parts processed by LPBF, electric
motor designers may be hindered from thinking of using AM for electric motors. This

research helps fill this void of information of using copp er in AM for electrical applications.

Despite the potential for high porosity, processing pure copper with AM can in turn enable
printing of coils for e lectrical machines if the conductivity and strength are sufficiently high
for such applications . Coils for electrical machines are traditionally hand-made and even
today for small production runs of less tha n a few dozen motors, remain a limiting factor on
the operation and rating of an electrical machine . The ability to print coils would enable
a step change in the design and manufacture of these components, where customised
and/or modulated turns could be achieved. Anot her advantage would be the achievement of
higher slot fill factors wh ich would increase efficiency and power density . This could reduce

the size and weight of electric motors, making them more suitable for aerospace and

automotive applications [102].

Unlike AISi10Mg, copper has not been as widdy researched for LPBF, and thus, does not
have a previously published optimised parameter set for any Renishaw LPBFequipment.
This chapter explores the suitability of using an average powered (200 W) LPBF system with

a small spot size to process copper t o the maximum density achievable (which will be less
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than fully dense). Electrical testing using direct four-wire Kelvin measurements was
undertaken with respect to initial build orientation. P ost heat treatments were carried out to
measure the effect on electrical resistivity. Finally, the use of ML was investigated to aid in
the parameter optimisation and evaluation of test sets with copper and LPBF. These results

are then discussed and summarised at the end of this chapter.

5.2 Parameter optimisation

5.2.1 Single scan tracks

For parameter optimisation, single scan tracks were investigated first. In determining the

optimal laser scan speed, the range was set to the speeds previously reported in the

literature as discussed in Chapten2.9{ Laser-scan speed with the Renishaw LPBFmachines

was defined as an exposure time and a point distance, and initially four point distances were

investigated as seen infFigure 5-1

Figure 5-1: Single scan tracks on a thin plate showing the initial range of laser speeds.

Two 18 mm tracks were created per parameter set to average out variations in processing.
Single scan tracks were created on a temporarily bonded (with ethyl 2-cyanoacrylate) thin

steel plate that could be removed (by acetone and thin blades) and sectioned easily.
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4( 4(
77 77

Figure 5-2: Example of singletrack weld quality for different Point Distances (PD) and Scan Speeds (SS).

While initial observations showed good quality melt tracks (Figure 5-2), upon sectioning and

EDX elemental analysis, it was seen that a considerable amount of iron had transported into

the melt pool, as shown in|Figure 5-3|(b). While this aided in bonding to the substrate which

was also seen in[152], it altered the melt characteristics and did not provide accurate

information on the parameters needed for processing pure copper parts. No cracks or pores

were observed in the SEM miaographs of the cross-sectioned melt pools as shown in|Figure

5-3|(@), proving that the laser power density was sufficient to melt copper . However, the

highly elliptical shape of the melt pool indicated that even though the processing parameters
were optimised, the laser melting process remained in the conduction melting regime.

Higher laser power and slower scan speeds would cause an increase in energy density, thus,

creating a deeper more stable melt pool through a transition towards keyhole melting [233].

Figure 5-3: Crosssection of single scan track (a) along with EDX analysis for copper ad iron content (b).
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5.2.2 Thin Walls

After single tracks, thin walls were investigated as the next step of parameter optimisation.

The same range of laser scan speeds and point distances were used to create thin walls

which were 18 mm long, and 4 mm tall. Two walls were created per parameter set in order to

compare the same processing parameters with the laser scanning in opposite directions.

This test set was repeated for three different PE]JIV XLMGORIWWIW swith ERH ¥Q

the single tracks, there was a large amount of iron diffusio n into the weld tracks at slower

scan speeds. An extreme example can be seenin|Figure 5-4} In this example of a thin wall

processed at 50 mm/s, a large amount of iron had diffused into the melt pool for the first 1.5
mm. Once the copper concentration below the powder layer becomes high enough, the
previously deposited layers with iron fail to re -melt and only pure copper was deposited. This
transition from copper-iron to pure copper was characterised by a significant decrease in the

wall thickness.

Figure 5-4: Thin walls in the first column on the left (a) were ceated at a high power and slow scan
speeds, a sectioned view (b) and EDX analysis (c) reveal copper and iron content.
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In order to optimise the processing parameters for thin walls, five tests were constructed as

seen in|Table 5-1| The best result for each test is also shown.

Thin Wall Parameter to Test Range Best result
1. Layer thickness 30, 45,65 ¥ Q 45 ¥ Q
2. Laser Beam Focus Position -10 mm to +10 mm 0 mm

Pre and post scans at None

3. Multiple Scans 100, 150 and 200 W

20 to 175 ¥ Qat speeds of 5 ¥Q

4. Laser Scanning Point Distance 150, 175. 200 and 225 mm/s

5. Laser Scanning Speed 200 to 1250 mm/s 300 mm/s
Table 5-1: Parameter optimisation results of thin wall tests.

In the first test ¥ Q Ped hiM walls resulted in some powder spreading issues, which

caused the first row of thin walls to have a raised section nearest to the powder re-coater,

with random portions of the thinwall QMWW MR K  8dyéred tiQwalls had much less
GSRWMWXIRX [IPH XVEGOW [MXL KVIEXIV EQSYRXW SJ WMRXIVMRE
layered walls showed no signs of powder spreading issues and had much better melting

behaviour than the thicker layeV *SV EPP VIQEMRMRK XIWXW E ¥Q PE]IV XLI

The best parameter set from the previous test was chosen to study the effect of the | aser
beam focus position. Laser beam focus positions below -5 mm showed significant balling,
and above 4 mm showed increased sintering without any improvements to track quality.
Between -3 and 3 mm, the tracks showed similar quality with both continuity and width of

sintered particles, so the focus position was kept at 0 for all remaining tests.

The third test investigated the use of multiple scans in order to improve the density by

melting any particles that failed to form part of a continuous weld track , or to pressinter the

material which was shown as a valid method to improve density in [183]. However,

combinations of different laser powers and different orders of thos e laser powers failed to
improve the continuity of the thin walls. Instead, multiple high -power passes only resulted in

increased balling in the thin wall.
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The fourth test was needed to determine the best laser scanning point distance . By
comparing this test along with the previous tests, it was found that at many different speeds,
E ¥Q TSMRX HMWXERGI TVSZMHIH X brid hGsWas G&IRoMmeW X IR X XLMR

remaining tests.

The final test was expected to show that the highest laser scan speeds would not
sufficiently melt the powder to form a thin wall, however, all parameters successfully

resulted in thin walls. But the highest scan speeds did result in very thin walls with minimal
bonding and low strength. After comparing the continuity of weld -tracks and thickness of the

sintered particles, the best resulted from a laser scan speed of 300 mm/s.

5.2.3 Cubes

Cubes with an edge length of 5mm were created using a power of 200 W and the

parameters listed in|Table 5-1{ using the test conditions shown in|[Table 5-2| Hatch distances

FIX[IIR ERH ¥Q [IVI M REgWMMNGIESGH dhd multiple scan

strategies which were seen previously infFigure 3-8 Cubes were created first with a stripes

scan pattern testing the hatch distance range with respect to cross-sectioned optical density

measurements. An example of a striped scan strategy with no rotation is shown in|Figure

5-5] and an etchedcross-section showing the grain boundaries of a test cube is shown in

Figure 5-6] The average grain size as shown by he etched specimen in|Figure 5-6|varies

between 5 and 50 ¥ Q with a mean of around 14 ¥ Q

Cube Parameter to Test Range Best result
1. Hatch Distance ERH ¥Q 100 ¥Q
2. Scan Strategies Shown infFigure 3-8 Rotation
3. Rotation of scans 0, 67, 90° 90°

Table 5-2: Parameter optimisation results of cube fabrication tests.
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Figure5-5:CrossWIGXMSR SJ E GYFI TVSGIWWIH [MXL E WXVMTIW WGER TEXXIV
showing side plane (a), top plane (b)and an optical image of the top asbuilt surface (c).

Figure 5-6: Etched adoss-section of XY plane highlighting grain structure of LPBFprocessed pure copper.
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After analysing cubes manufactured by the single scan strategies (stripes, islands, rotation,
and nested), it was found that there were areas of loosely sintered powder within and
between scan tracks. In an attempt to melt and fuse these areas, multiple scans were
applied within a single layer (pre-sinter with lower laser powers, re-melt by repeating the
scan, multiple scans, and an offset scan between tracks). Despite the wide range of tested
scan strategies, little change was seen in the corresponding densities. It was found that the
multiple scan strategies, whether the second was either directly on top of the previous scan,
or offset by half the hatch distance, resulted in 5-15% lower densities than the highestfrom
the single scan strategies. This could be due to a differential in absorptivity between powder
and consolidated powder. 8L1 LMKLIWX HIRWMXMIW [IVI JSYRH [MXL E LEXGL
with several of the scan strategies. Rotation of the scan pattern by either 67° or 90° resulted
in higher densities compared with non -rotated tests. All single scan patterns resulted in
densities that were within 5% of each other. After comparing all scan strategies, the final
selected set of parameters used E ¥Q LEXGL HMWSOEmRt&ibndachllayer.
5.3 Density

Relative densities were initially measured by a single cross-section optical density
measurement using thresholding limits. The region of interest for the optical measurements
was a square inset from the outside edge by 0.1 mm (approximately half of the track width) .
The highest density using the best scan parameters as measured by optical measurements
was 85.8% (+ 0.91%) The range of densities for all the different single scan patterns were
between 80.3-85.3%,with an average density for all single scan patterns being 83.0%.While
an optical single cross-section does not necessarily represent the entire sample, it does
provide a good measurement for the corresponding slice from the whole. In order to

measure the bulk relative density, a helium pycnometer was also used.

Density measurements using the helium pycnometer were obtained using larger cubes
printed in both 90-degree alternating layer scan directions, as well as 67-degrees, as these
two patterns were nearly identical in optical de nsities. Due to the open pores of the test
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cubes, the resulting densities were approximately 98-99% the density of pure copper. The
measured pycnometer volume was then compared to a caliper-measured external volume
for a relative density measurement. The average for the 67-degree rotated cubes was 83.5%
(+ 0.96%) and for the 90degree cubeswas 84.2% (x 1.53%)

5.4 Resistivity

The test bars used for resistivity testing were additively manufactured using the cube
parameters which resulted in the highest density. This parameter set was a scan strategy of

stripes, rotated 90-degrees each layer, and included 3 mm high supports in order to avoid

iron contamination . They were printed using the test cases laid out in Chapter{3.5.1| The

resistivity was measured using a DC four-wire Kelvin resistance measurement meter, which
directly measured the W T | G M @ddistan@é. By individually measuring the dimensions of
the specimen after heat treatment and a light file of the surface , the material resistivity was
determined. The average standard deviation for the length of each specimen was 0.02 mm
or 0.06% of the length and was 0.01mm for width and height resulting in an average

variance in cross-sectional area of 1.1%. The results of the resistivity measurements can be

seen in|Figure 5-7along with the corresponding calculated standard deviations .
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Figure 5-7: Averagedelectrical resistivity under tested conditions of as-built, heat treatments at either
800 or 1000 °Cwith dwell times of 0.5 hours, 1hour, and 4 hours with calculated standard deviations.
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While the average resstivity of the as-built condition specimens was 8.18 v °cm, with heat
treatment, the resistivity dropped to the lowest average of 3.69 v 2cm for the 1000 °C heat
treatment for fo ur hours. The lowest average resistivity for a single build orientation for the

45-degree orientation heat-treated at 1000 °Cfor 4 hours was 3.43 v °-cm which equates to
50.3% IACS. Out of each group of heat treatments, the vertical orientationhad on average

24% higherresistivity than the average of the other two orientations.

5.5 Using Machine Learning to assess quality

After running segmented images through the CAE as described in Chapte}3.8and applying

the clustering algorithm , clusters had populations of between 59 and 5168 images, with
sixteen clusters having a population under 1000, and nine having more than 2500 images.
Each cluster contained an average of 87 unique parameter sets within the cluster. As the
images still retained the original parameter set which created it, the scores for the clusters
were then applied to the entire scan track, giving a total score for the set of parameters
which went into the creation of the tracks. Based on the scores, results were compared with

observations from the traditional parameter optimisation process discussed earlie r.

Figure 5-8: Single scan track ML quality verses laser point distance (a), and laser scan speed (b).

The first insig ht from analysis of the results of the ML exercise is in the quality of single scan
tracks compared to thin walls. The average score for single tracks was 68%, compared to 3%

for thin walls. This agrees with the results found from the microscopic study dis cussed
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previously, which demonstrated that for the single tracks, iron transported into the melt pool
and created perfect looking weld tracks. These iron-infused weld tracks were well defined

and showed very little signs of balling. In comparing the laser point distance for single tracks

in[Figure 5-8|(a), there was not much score variation, with 50 um being the lowest despite it

being chosen as the best point distance. In comparing laser scan speeds in|Figure 5-8|(b),

however, speeds below 100 mm/s scored poorly as those tracks had excess laser power
and lacked any copper tracks due to keyhole welding of the iron causing the copper powder

to be blown away from the scan track.

Figure 5-9: Thin wall ML track quality veses laser point distance (a), and scan speed (b) at different layer
thicknesses.

The machine learned scores for different layer thicknesses with regards to the laser scan

speed and point distance showed similar trends to the traditional parameter optimisa tion

process. In|Figure 5-9|(a), the scores show that for all layer thicknesses, a 50 um point

distance and laser scan speeds of 250 mm/s and above created the best tracks. In|Figure

5-9|(b), it confirmed that if there were no powder spreading issues associated with the 30

pm layer, it would have produced better looking and higher quality tracks verses the 45 pm

layer.
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Figure 5-10: ML track quality for different laser scan speeds and at different laser point distances.

In the traditional parameter optimisation process, once the 45 um layer thickness was
chosen, additional thin walls were created in order to determine the best laser scan speed

and laser point distance, as it was not as clear from the visual examination of the tracks that

50 um was the best point distance. Again, as seen inFigure 5-10{ the ML score results

showed that 50 um was still the best laser point distance with speeds of 275 mm/s (or
greater) which resulted in the best quality tracks. However, in examining the ML results
which explored point distances from 20 to 175 um at speeds of 150 to 225 mm/s, t here was
no discernable difference in ML track quality scores, as all quality scores fell between 3-6%
with no visible trend for either point distance or laser scan speed. This differed from visual

examination which indicated that 50 um was the best laser point distance.
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Figure 5-11: ML track quality for different laser scan speeds with the same50 um point distance.

In order to determine the best speed, the next test for parameter optimization was to

increase the range of laser scan speeds up to 1250 mm/s, with ML scores seen in|Figure

5-11| These high speeds were intended to go beyond the point that a track would no longer

form, however, all speeds resulted in the creation of a track, although with the highest
speeds creating very thin and weak walls. In terms of laser scan speed, the results from ML
differed from the traditional parameter optimisation, the latter indicating that speeds of 300
mm/s resulted in the best quality, whe reas ML indicated that speeds above 500 mm/s
resulted in tracks of the highest quality. This was wrong ly implied due to the scoring
assignment used. There were many clusters which were given scores of 10 due to having
some fine thin weld tracks, which were desirable, along with examples of discontinuous
tracks within the cluster. As high speeds tended to result in consistent looking thin walls,
they happened to also correspond to one of the resulting clusters which was scored as a 10.
That was why speeds above 500 mm/s plateaued at 10%. This is however a reflection of the
subjective scoring which was applied to the clusters. Much more data which includes high
quality weld tracks needs to be included in order to remove this apparent subjectivity and to

allow more validated results.
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Figure 5-12: Track quality for laser focus tests (a) and total wattage applied for multiple laser passes (b).

In|Figure 5-12((a), the laserfocus position test scores showed that the zero-position was just

over 6%, with only the positions of two to four being higher at just over 7%. This closely
matched the actual results which found that the positions between -3 to 3 were similar in

quality. But this result could indicate that pe rhaps more tests should be performed to

confirm if those higher scores are reliable. In|Figure 5-12((b), the scores were graphed

against the total watt age applied by multiple passes of the laser. For example, the point
above 200 was a single pass at 200 W, whereas 600 was generated by three passes at 200
W. These scores match the optimisation results as all multiple passes were found to be

lower quality with high amounts of ball ing.

5.6 Discussion

The electrical resistance of a solid pure metal is derived from the number of disruptions
found in the periodic atomic lattice structure . In alloys, this disruption comes from
elements that are not the main element of the alloy. However, in pure elements, this

disruption comes from imperfections in the crystal lattice. These imperfections are either

grain boundaries (seen inFigure 5-6), vacancies or voids in the lattice, and dislocations in the

lattice structure. Larger grains result in lower resistivity due to the lower number of grain
boundaries compared to small grain structures. But in the case where the material is not

solid but porous, this porosity has the greatest influence on the resistance of the material.
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Comparing the results in this study to EBM, it can be seen that the LPBF of copper does not

create the same columnar grain structures due to a lack of fusion as seen in|Figure 5-6

However, for fully dense high purity copper processed by EBM, the grain boundaies would
dominate the resistivity. But due to the use of non-direct eddy-current measurement devices,
no anisotropicity was reported in the results in any of the EBM copper studies as eddy-

current measurement devices assume isotropic resistivity 1_9| This is likely not the true

case with EBM due to the columnar grain structure seen in [132],|[136], |[L142] which is similar

to the elongated grain structure and segmented texture of LPBF AISi10Mg seen in[1] which
did exhibit anisotropic resistivity. Thus, for copper LPBF in this study, porosity dominated the

resistivity and not grain structure.

In additively manufactured materials, this porosity with respect to resistivity has been

studied for a custom aluminium -magnesium alloy and shown to be linear [234]. This linear

relationship has also been shown with porous metals manufactured with powd er metallurgy

methods [117], where the resistivity for copper with a porosity of 15 %is approximately 2.5

v &cm or 68.9% IACS This is better than the best values for samples found in this study, as

seen infFigure 5-7|which is perhaps due to the lack of having a powder compaction pressure

in LPBFwhich is typically used in powder metallurgy m ethods. Despite having a similar
density, this difference could be due to a lack of connection between particles and weld
tracks as an investigation into the interio r of the LPBF parts verses powder metallurgy parts
could reveal this. This difference could also be due to the oxygen content of the powder
which was used in this study. This oxygen contamination can be removed through high
temperature heat treatments in a hydrogen atmosphere. This was done in conjunction with

increasing density through a hot isostatic pressing (HIP) process. The HIP process has been

used with additively manufactured copper created using binder jetting [121] where HIP was

used after an initial de-binder heat treatment at 450 °C followed by a three-hour dwell at
1075 °Cin a hydrogen atmosphere to promote sintering while also removing oxygen

contamination . This HIP and heat treatment process achieved a density of 97.32% (which
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was aided by a bi-modal powder size distribution ), but unfortunately, no resistivity
measurements were reported. Heat treatment without HIP have resulted in densities of
between 85.5 and 92% but densities above 92% are needed for HIP because HIP cannot

close any surface-connected porosity .

The resistivity of highly porous copper can be decreased with further heat treatments at

increased temperatures, or through a hot isostatic pressing (HIP) process. The HIP process

has been used with additively manufactured copper created using binder jetting [121] where

HIP was used after an initial de-binder heat treatment at 450 °C followed by a three-hour
dwell at 1075 °Cin a hydrogen atmosphere. This HIP and heat treatment process achieved a
density of 97.32% (which was aided by a bi-modal powder size distribution ), but
unfortunately, no resistivity measurements were reported. Heat treatment without HIP have
resulted in densities of between 85.5 and 92%, but censities above 92% are needed for HIP

because HIP cannot close any surface-connected porosity.

In all tested conditions , the specimens built in a horizontal orientatio n had the lowest value

of electrical resistivity in comparison to the other tw o orientations, resulting in an anisotropic

resistivity . This is reasoned by the cross-section of the top plane (XY) in|Figure 5-5{(b) which

shows more continuous tracks and fewer discontinuities than in the side plane (YZ) s een in

Figure 5-5|(a). The weld tracks in-plane can be thought of as poorly connected wires

travelling horizontally. The highest resistivities were found in the vertically built specimens
regardless of the applied heat treatments. This is due to an accumulation of partially melted

tracks in the build direction (z-axis), in addition to the interlayer and intralayer defects such

as incomplete fusion holes and pores due to the unstable melt pool [235]. These

accumulations can be thought of as layers of poorly connected thin sheets, which have a
higher resistance than the in-plane poorly connected wires. These defects and lack of

interlayer fusion reduced the amount of connected materi al in the direction of current flow in

160



Chapter 5: Processing of Pure Copper with LPBF

electrical testing which result ed in a higher electrical resistivity for the vertically built

specimens.

Figure 5-13: Comparison of a fractured section of asbuilt Cu vertical test bar (left) and heat treated at
1000 & for 4 hours vertical test bar (right).

In comparing the as-built condition to the most intense heat treatment, the vertical specimen

was fractured and analysed using SEM as seen inFigure 5-13| with the as-built samples on

the left and the sample heat treated at 1000 « for 4 hours on the right. As seen, in the as-
built condition there are many un-melted powder particles in between the laser weld tracks.
There are also noticeable defined edges between tracks. Comparing this to the heat-treated
case, while there are still some attached powder patrticles, they appear to not be loose
between the tracks but rather fused to them. The number of smaller un-melted powder
particles was also reduced after the heat treatment, to indicate sintering or partial melting .
The weld tracks also appear to be fused together and do not show the same defined edges

between them.

This heat treatment effectively sintered the as-built components and caused necking to

occur for both the un-melted powders and for tracks that were adjacent to each other. This

necking can be seen below in[Figure 5-14|where several fracture surfaces are identified. This

necking and partial sintering decreased the number of discontinuities and gaps in the
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copper, minimizing the effective path length electri city must travel, and thus reducing the
resistivity of the specimen . Signs of oxidation (as indicated by EDX)were seen assmall
spots in some areas of specimens but were not measured as the goal of this stu dy was to
find the trends of electrical propertie s with respect to orientation and heat treatment with
this class of machine. Further studies with machines better suited to process copper to a
higher density should have an oxygen threshold lower than the 500 ppm used in this study

(which was a set standard operating condition) in order to maximise conductivity.

Figure 5-14: Areas on the fracture surface where localised necking of particles and weld trackccurred
but were broken off.

In order to minimis e contact resistance in comparison to the actual material resistance, the
ends of the test bars were soldered to the electrical tabs used for testing. However, this
soldering could cause some of the variations seen in the measured resistivity values, as due
to having a liquid phase metal on a porous surface, some wicking of solder into the ends of

the test bars did occur. While this can help reduce porosity, the resistivity of solder is much
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higher than copper at 15 v 2cm, being composed of 50% tin and 50% lead Additionally,
some variations in resistivity can be attributed to small differences in porosity (2-4%)

between specimens due to the unstable build process. This was confirmed by using EDXon

a sectioned specimen as seenin|Figure 5-15| Multiple specimens were sectioned to

investigate this effect and it was observed that the solder wicked an average of 0.6 mm into
the test surface. If the solder filled all the voids in this section, it would have a resistance of

3.8 v°which corresponds to between 0.9-1.95% of the resistance of the specimens.

Figure 5-15: Sectioned SEM image of thesoldered end of a copper test bar (top), along with EDX
elemental analysis (bottom) showing copper, tin and lead.

Based on the results from this study, the resistivity of pure copper can be compared to the
resistivity of other materials processed by LPBF. Despite having relatively high porosity, pure
copper proves to be the best material choice in comparison to other metals and alloys
processed with a 200W LPBFmachine, in terms of conductivity . The best valuefrom the bar

specimens achieved was 50.3% IACS.This was better than AlSi10Mg at 30.4% IAC and

copper-tin alloys at 43.2%[166). Only the copper alloy GRCOP84 was potentially higher as
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the value for extruded bar stock was 70.7%, however, this does not necessarily represent the

resistivity when processed by LPBFas those values have not been published to date.

The results represented in this chapter continue to confirm that using a medium powered

near-infrared LPBFmachine, even with a small laser spot size, cannot provide the energy

needed to fully re-melt previous layers of copper. While it can melt the top layer of powder, it

cannot completely fuse this newly melted powder to the solid layer below. This could be due

to the fact th at the copper powder absorbs more of the incoming thermal energy from the

laser compared to the solid layer

133],[236]. The powder also retains more heat EW M X ... W

unable to conduct this heat efficiently away to other powder particles , whereasthe solid

layers can conduct the heat away into the surrounding solid parts. By reducing the thermal

gradient between the melt pool and the previously deposited layers, medium powered LPBF

machines could potentially process copper more efficiently as has been seen with

aluminium alloys . This reduction in the temperature gradient requires a higher baseplate

temperature, but most researchers already use the highest temperature allowed on the

equipment. However, new LPBF machinesare being developed which increase the baseplate

temperature (up to 500 °C in
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) above what has beenavailable in the past.

In relation to ML and parameter optimisation, o verall, the results of the clustering and

subsequent scoring reflected many of the observations which were found in the traditional

parameter optimisation process , and did match the trends for deciding the optimal laser

point distance, powder layer thickness, and laser scanning speed. While disparities exist

between ML and traditional optimization process, such as the convergence of scores at

higher speeds, generally the trends followed the same results. As the only data used for this

was gathered from a single parameter optimisation stu dy for a single material, which

G S Y Pb¢ Rracessed to a high density, there is a lot of room for improvement to create a

more robust algorithm . However, it shows much potential and is only currently limited by a

lack of data. As this is an emerging field, there is alack of comparable sources to contrast
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this work with. It also includes some subjective analysis in terms of quality which needs
further validation. Thus, by incorporating additional parameter optimisation studies with
additional materi als, the process could be made more accurate without the same
subjectivity. There is also a potential to then apply labels to the clusters of data, so th at the
process could become more automated as the algorithm would be able to assess the quality
of an image on-the-fly. This latter ability could then potentially be further developed to enable

in-process parameter control and optimisation.

Figure 5-16: Examples of AM copper coils created byL PBFwith a variable cross-section (left) and a
hollow core (right).

Despite the lack of thermal energy and high porosity, in order to further refine the electrical

resistivity of pure copper processed by LPBFand to investigate some design elements,

some demonstration electrical coils were created as seen in|Figure 5-16| They were

manufactured in the same build as the previous samples using the same processing
parameters as the resistivity test bars and were subjected to a heat treatment at 1000 °C for
half an hour. The lack of insulation material in the samples was made up for by the

controlled air-gaps between turns, which was another perceived advantage of printing coil s

and was one of the design elements investigated in|Chapter 4| Resistance measurements

were taken and were correlated using the CAD wire lengths of 1267 mm and 650 mm
respectively and as-built cross -sectional geometries. Due to the variation between CAD

values and the actual external sintered dimensions of the coils, the exact cross-sectional
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geometry for calculating resistivity was more difficult to estimate. Based on an average of
these values for these two coils, the resistivity was determined as 54% IACS which
represents the highest conductivity for this study. As has been widely reported elsewhere,
the design freedom of AM allows for structures that cannot be cre ated using traditional
methods. In the case of Cu coils, these include varying the crosssectional shape of a coil

while maintaining the cross-sectional area in order to improve the cooling ability of end turn

windings or to control local resistances withi n a coil, as seen in the left off Figure 5-16

Hollow shapes can also be made for applications which require addit ional cooling by running

either air or a cooling liquid through the centre of the cross-section, as long as the resulting

parts are non-porous, as seen n the right of|Figure 5-16] These design elements and this

design freedom, along with the ability to print low resistivity materials, can greatly aid in the

development of new electromechanical applications.

5.7 Summary

In this chapter, pure copper was additively manufactured by Laser Powder Bed Fusion in a
printer using a medium powered 200W laser powder bed fusion machine with a small laser
spot diameter of 35 ¥ Q The parameter optimisation process used single scan trac ks and
thin walls to narrow down the variables which would result in a high-density part. The
process continued through the building of cubes and used density as a measure to compare
results. Multiple scan patterns and strategies were used to increase the relative density.
However, due to the high thermal conductivity and high reflectivity of copper, a maximum
density of 85% was obtained. Despite the amount of high porosity, specimens could still be
manufactured and thus several specimens were created in order to test the electrical

resistivity.

The resistivity of test specimens that were built from the pure copper using AM were then
measured. These test specimens were built in either a vertical, horizontal, or 45° orientation.

They were then either left in an as-built condition or were subjected to a heat treatment at
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either 800 or 1000 °C for either 30 minutes, 1 hour or 4 hours. It was found that both

orientation and heat treatment did, in fact, affect resistivity.

As-built specimens showed evidence of having relatively good bonding and connection of
melted material within a layer, however, interlayer bonding was poor. This was due partly to
solid copper having a higher thermal conductivity when co mpared to copper powder, and
that copper powder having a higher absorption of the infrared laser energy than solid copper.
This resulted in the copper powder being melted easier than solid, thus preventing the newly
melted copper to be bonded to the previous layers. Electricity was able to pass easier within
a layer than through layers leading to higher resistivity for vertical built specimens compared
to horizontal specimens. Heat treatments at higher temperatures and for longer durations
caused these previously poorly connected areas to be sintered together, increasing electrical

conductivity and reducing resistivity.

ML was used in an attempt to see if it could aid in the parameter optimisation process.
Parameter optimisation is currently a manual process which relies on human judgement to
determine whether one set of parameters is better than another. But by using ML, an
alternative method to determine this optimal set can be derived. Data in the form of optical
images was collected over the course of the traditional parameter optimisation. These large
images were segmented and fed into a convolutional autoencoder and then clustered in
order to find the clusters which best represented a high-quality result. The clusters were
manually scored according to quality and the results were applied to the original sets of
parameters. It was found that this machine learned clustering and subsequent scoring
reflected many of the observations which were found in the traditional parameter
optimisation process , and did match the trends for deciding the optimal laser point distanc e,
powder layer thickness, and laser scanning speed. While it is not a perfect predictor, with

more data this approach could be made more robust and automated.
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This was the first study to directly measure the electrical resistivity of pure copper
processed on a higher than average laser power density LPBFmachine and correlate the
effect of AM build orientation to post heat treatments. It has proven that despite relatively
high porosity, the resulting resistivity is lower than other currently available metals and alloys
produced by LPBFsuch as AlSi10Mg which will be shown in the next chapter. ML opens up
an opportunity to automate some steps of parameter optimisation to find new alloys which
can be processed to a higher density and high conductivity. In the next chapter, AISi10Mg
will be tested for electrical resistivity, and the results will be discussed along with
observations between resistivity and microstructure. While it does not have the same
potential for low resistivity as a pure element, it will be able to be processed to a higher
relative density and will not have the same processing issues seen with pure copper. The
suitability for AISi10Mg to be used for electrical applications will be d iscussed along with the

challenges of dimensional accuracy and surface finish.
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6.1 Introduction
Before electric motor designs can fully benefit from the design freedom that AM provides,
the material properties of AM parts must be determined. To date, those who have attempted

to investigate the electrical properties of AISi10Mg have assumed that the material

properties are isotropic like those of cast material [179], [L80]. However, researching other

materials indicate this is unlikely to be the case [237]. This chapter directly answers this

question for the electrical properties of AlSi10Mg. In addition, the effects of build direction

and post-build heat treatments are investigated .

Figure 6-1: Electricd test specimens and cubes manufactured by LPBFout of AlSi10Mg.

In order to determine the resistivity of AISi10Mg, test specimens were created which were 50

mm long, with a6.5 mm x 3.5 mm cross section according to Chapter[3.5.2Jand seen in

Figure 6-1] These specimens were designed so that the resistance of each would be

approximately 100 v °based on the best literature values for AISi10Mg cast alloys. Four
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specimens of each test condition were created to average out any manufacturing
differences and measurement errors. These conditions include as-built orientations of

vertical, 45°, and horizontal, as well as a typical annealing heat treatment used as a stress

relief [214], as well as a T6like heat treatment [186] commonly used to increase mechanical

properties. This resulted in thirty-six specimens being produced and tested. In addition, 5

mm test cubes were created to analyse microstructure, density and hardness.

This chapter reports several properties such as the microstructure, density, and elemental
composition of the test cubes. It also reports the hardness measurements which were taken
to compare the effects of the various heat treatments to the published literature. Following
this, the results from the electrical measurements are analysed, with resistivity values being
reported for each of the test cases. A study on the geometrical accuracy of the LPBF
process with this alloy is also reported as it was conducted along with preliminary
experiments for creating an insulating la yer. These results are then discussed and

summarised at the end of the chapter.

6.2 Microstructure and density

Density measurements were taken for all heat treatment states to establish a baseline
between specimens and to examine if a low or highly variable porosity could contribute to
possible variations in resistivity. To establish relative density measurements, the polished 5

mm test cubes were compared using images taken with the microscope and analysed in

computer software , see Materials and Methods Chapter|3.5.2| It was found that the densities

had an average of 99.72%, with only a small variation between allspecimens, as seen in

Table 6-1| This suggested that the differences in resisti vity of the specimens should be due

to the microstructure of the alloy an d not due to voids from an increased amount of porosity
or other variations in porosity. While there could be additional factors such as spatter or
condensate formations within indivi dual specimens, by using four samples per test

condition, these factors are averaged out in the measurements.
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As-built Annealed T6-like Heat Treatment

XY plane (Top)| 99.73%(+0.12)  99.76%(+ 0.12)  99.87%(+ 0.08)

YZ plane (Side) 99.82%(+ 0.12)  99.30%(+ 0.57)  99.87% (% 0.12)

Table 6-1: Relative average densities of 5mm test cubes.

In order to establish the grain and microstructure of the same 5 mm test cubes, optical

micrographs were compared. All images in|Figure 6-2|were taken under the same light and

camera settings. Melt pool boundaries can be clearly seen in the asbuilt specimens as
elongated ellipses in the XY (top) plane and as trough-like features in the YZ (side) plane.
Annealed sections still showed some of the boundaries of the original me It pools but they
were fainter and more diffi cult to see. The T6-like heat treated specimens did not show any
discernible boundaries and were homogeneous in appearance. This suggested that there
was a difference between the specimens, andthat any variance between measured

resistivity could be attributed to these observed differences.

Figure 6-2: Optical micrographs of the polished 5mm test cubes.
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To further expose the grain structure, the polished cross-sections [IVI IXGLIH [MXL /IPPIV ...

reagent for 10 seconds and then imaged using optical {Figure 6-3) and SEM(Figure 6-4

techniques. The as-built specimens showed very clear grain boundaries with regions of fine
grain structures in the centre of melt pool boundaries, larger grain structures nearing the

edge of the melt pool boundary, and varied disrupted structures at the edges of the melt pool
boundaries, representing a heat affected zone (HAZ) . Theannealed WTIGMQIR ... W
microstructure was similar to the as-built, however, the grain structures did not appear to be
as clearly defined. The T6-like heat treated specimens showed a very different structure, with
no clear grain or melt pool boundaries, but showed regions of different sized spheroid

structures.

Figure 6-3: Optical micrographs of test cubes EJ X1V FIMRK | X G Liddgént shiowind grainW
structure with silicon-rich areas that appear darker than the lighter aluminium areas.
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Figure 6-4: SEM imagesof the etched 5 mm test cubes showing close-up grain structure. Silicon-rich
areas are light features, with aluminium areas shown as darker regions.

EDX was used to reveal siliconrich areas, as seen ifFigure 6-5{ andto determine the

elemental composition of the areas imaged. Silicon-rich features were seen in SEM imaging
as lighter compared to the darker aluminium. As-built specimens showed clear regions of
highly concentrated silicon at the boundaries of the grains. The annealing process broke
these silicon-rich areas up into smaller spheroids. The T6-like heat treatment resulted in an
agglomeration of these spheroids into | arger silicon-rich regions. Despite the microstructure
changes, the elemental composition of the specimens remained consistent, so any changes

in resistivity were not due to changes in the composition of the alloy.
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Figure 6-5: SEM images of the etched 5mm test cubes with corresponding silicon elemental mapping
and overall elemental composition expressed as a weight percentage.

6.3 Mechanical properties

To determine the hardness of the test specimens, fifteen nanoindentation measurements

were made per specimen, spaced 30um apart as seen inFigure 6-6| These measurements

were undertaken in order to correlate the hardness to known literature values for this alloy

and these heat treatments in [209]. By correlating the hardness, the other reported

mechanical properties in [209] can also be correlated to this work.

174



Chapter 6: Processing of LPBF AISi10Mg

Figure 6-6: Location of nanoindentation within a cross-section of a 5 mm test cube.

The results from nanoindentatio n tests were compared, as seen in|Figure 6-7| The average

hardness of the as-built specimens was 1.54 GPa, annealed wasl1.16 GPa and T6like heat

treatment was 1.39 GPa. These values match the trend reported by Aboulkhairin [209] and

suggest that these post heat treatme nts are predictable processes that can be applied to

AlSi10Mg AM parts. Further mechanical tests were not performed as part of this study as

these results have been widely researched and publishedas in [184],|209], (238].
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Figure 6-7: Nanoindentation hardness of 5 mm test cubes with corresponding standard deviation.
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6.4 Electrical properties

To determine the electrical resistivity of the test specimens, eachspecimen was measured
five times at room temperature using a micro-ohmmeter with results averaged and a
standard deviation calculated. In the as-built specimens, the range of values for each

specimen varied much greater than that of the annealed or T6-like heat treated specimens,

as noted in the standard deviation seen in|Figure 6-8| Both the annealed specimens and T6-

like heat treated specimens showed no correlation between orientation and resistivity and
were relatively similar to each other in terms of resistivity, wi th the average annealed
resistivity being 5.943 v °cm and the average T6like heat treated specimens being 5.940

v &cm. This is slightly higher than the literature resistivity values S J -grh and 4.26-

5.56 v 2cm seen previously in|Table 2-1| However, the asbuilt specimens showed a strong

trend correlating resistivity and orientation. Among as -built specimens, ones built vertically
showed a lower resistivity witha R EZIVEKI S Jcm, withhorizontal specimens being
XLI LMKLIWX MR XLI KVSYT E XciE,Ritk Z3N\inBbktivegd the twovét 9.01 v &
cm. The average of the as-built specimens [EW -erfi. This indicates that the

microstructur e found in the as-built specimens created anisotropic electrical resistivity.
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Figure 6-8: Averaged electrical resistivityof specimens under tested conditions with standard deviations.
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Figure 6-9: CAD design of electrical coils to be 3D printeda hlock shaped coil (left) and a yedge ...
shaped coil (right).

Two coils were designed as seen inFigure 6-9|to better represent geometry that would be

seen in an electric motor. This design was discussed further in|Chapter 4Using AM in

Electric Motor Coil Design| These were then printed in AlSi10Mg using LPBFwith the

parameters detailed in Chaptel3.4.2| These larger and longer specimens increased the

electrical resistance in relation to the contact resistance and improved the accuracy of
resistivity measurements. A temporary insulation was used to prevent short circuits during

tests, which allowed the specimens to be available for other uses and tests. This insulation

consisted of carefully positioned pieces of paper, seen in|Figure 6-10| Specimens were heat

treated with the annealing process discussed previously in order to minimis e resistivity.

Figure 6-10: Paper insulation used for electrical testing of 3D printed electrical coil.
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Resistivity measurements were taken over two days, where each day the insulation was
reinstalled to ensure that no short-circuits occurred between windings. Four readings were
taken for each coil on the first day, and an additional eight on the following. The average
resistivity for the block coil was 4.87 v 2cm, and the wedge coil was 5.18 v 2cm. The
average of these two coils was 5.03 v 2cm. Compared to the average resistivity of the
original heat-treated test specimens v-&m), this represented a reductio