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Introduction

Additive manufacturing (AM) methods have been suggested as a technological enabler
for producing next-generation electrical machines (EM)s. AMs principal advantage:
unprecedented three-dimensional fabrication freedom can be employed to a great effect
when optimizing the topology of the machines for enhancing the electromagnetic,
structural, and thermal capabilities of EMs.

1.1 Electrical Machines

Electrical machines are the workhorses of the modern world. They are produced on
almost every scale, from the small (mW or W) or medium-sized devices (kW) that we use
every day domestically to the large machines (MW) designed for more specific industrial,
propulsion, or energy applications. Electromechanical conversion facilitates the production
of nearly all the electrical energy on Earth. In 2019, solar energy accounted for only 4.4%
of all electricity produced in the EU, with all other sources involving rotating electrical
machines (nuclear, wind, hydro, geothermal, and thermal power plants) [1]. In parallel,
the motors employed in the industry consume over 40% of all the electrical energy
produced [2].

Electrical machine designs are constantly developed by the sizable EM research
community: driven by specific application requirements or political directives, and
always pushed forward by technological advancements. Requirements for EMs are
ever-increasing: higher efficiencies, more accurate control, vibration/noise reduction,
simpler integration into assemblies /goods, and size reduction are only a few of the
targeted optimization goals. It is challenging to construct electric motors that satisfy
these growing requirements. For example, only a 2% additional gain in machine energy
efficiency, from 92 to 94 %, requires a full 25% additional reduction in machine losses
[3]. This has led to the need to look for a new alternative, cost-effective production
options for constructing novel electrical machines. Additive manufacturing has been
suggested as a potential alternative method for producing full electrical machines or
their subcomponents. Although the method is still relatively immature, the first
experimental results in the printed material properties and prototyping possibilities
show great promise.

1.2 Additive Manufacturing of Electrical Machines

Metal additive manufacturing technologies have emerged as a strong competition to
traditional subtractive methods. The four advantages of AM over conventional methods,
which we consider the most prominent, are illustrated in Fig. 1.1. These include its
production capacity for novel topologies and rapid prototyping, alongside its streamlined
and simplified production cycles. AM benefits are often summarized in two terms:
“complexity for free” and “individualization for free” [4]. Namely, with AM, the costs
involved are largely invariant from part complexity and part lot size, meaning that
cost-effective small volume production of parts with complex topologies is achievable.
First, in the production of simple parts in large volumes, AM is uncompetitive. With
sufficient part complexity, it will become cost-effective — as the subtractive alternatives
become much too resource extensive (i.e., long 5-axis milling jobs, small volume casting,
or welding/soldering of complex assemblies from smaller machined parts). For example,



3D printing has been utilized for the cost-effective production of inductor coils
(previously assembled from 12 parts) [8] and aircraft fuel nozzles (previously assembled
from 20 parts) [9].

( \ ( CONVENTIONAL AM

1+ (SOLDERED FROM 12 PARTS) (PRINTED AS SINGLE PART)
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Figure 1.1. Advantages of Additive Manufacturing. [5-7]

Finally, at a certain part complexity level, novel features, some of which are
completely unobtainable with traditional production methods, can be integrated into the
parts. This is the largest draw of AM, as the almost freeform method is well suited for
the realization of highly intricate, topology-optimized parts [4]. For EMs, the freeform
design would present new opportunities for electromagnetic and thermal optimization
of the machines: as flux paths and electrical/thermal conductors could be shaped in three
dimensions. In parallel, the AM streamlined production possibilities would enable the
research groups to prototype these novel topology optimized designs in-house,
considerably simplifying the verification process and the overall design cycle.
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The emerging field of additive manufacturing of electrical machines has its roots in
2013-2015, with the first experimentations and discussions in 3D printing of
electro-mechanical systems [10-11]. The first metal additively manufactured motor
components (synchronous rotors) were presented in 2016 [12-13]. Overviews on the
feasibility of AM electrical machines started appearing a few years later (2018—-2019)
[14-16]. Up to date, the additive manufacturing of complete electrical machines is yet to
be accomplished. Considerable progress, however, has been made in material sciences
and individual machine component prototyping. By now, several reviews have been
published on the topic. Some of the reviews focus more on novel motor design options:
[17-20]; some on AM magnetic materials: [21-24]; and some on AM copper: [25-27].
Based on the literature, the overall perspective of the EM research community on
integrating AM methods in the EM production cycle is twofold. First, the objective is to
currently work on prototyping novel components and developing new optimization
methods. And secondly, with future breakthroughs in AM fabrication speed and multi-
material capacity, build upon the previous work to establish AM electrical machines on a
larger scale. [7]

The main current challenges in the additive manufacturing EMs are related to the
practical limits of the available printing systems and the technically demanding nature of
electrical machine production. High spatial accuracy must be met for the moving
machine parts, which are produced from at least three different materials. The materials
involved are a soft ferromagnetic for the core, an excellent electrical conductor for the
windings, and a dielectric for the insulation layers within both the core and the winding.
Presently, the parallel printing of these materials is complicated, as the vast majority of
metal printing systems are only effective in producing parts from a single material at a
time. Though some multi-material options are emerging, the technology is largely
untested. Therefore, full machine assemblies have not been produced additively, and
AM of electrical machines has been limited to the printing of individual single-material
components, which have been integrated into an assembly post-printing.

Obtaining high-performance materials with additive means can be a complicated
procedure, as the method is well known for its capriciousness. In order to produce parts
with both the desired dimensions and performance, the printing should be controlled
through finely tuned processing parameters. For laser-based printing systems, the
optimal input energy window is relatively narrow. Excessive energy input has been linked
to part deformation and cracking during printing and insufficient energy — high part
porosity due to poor consolidation of the raw powder. A similar optimal balance
must be determined for a multitude of other parameters, including raw material
shape/composition, raw material supply rate, printing layer thickness, pre-heating
temperature, printing patterns, support patterns, etc. It is also important to note that
depending on the printing method involved, the printed parts require different pre- and
post-processing steps for the printed parts to exhibit useful properties. These operations
can range from thermal, chemical, or mechanical treatments encompassing the whole
part or a specific part surface. In addition to the potential advantages of additive
manufacturing, it offers numerous new challenges to the research community, which
require solutions for the technology to mature.
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1.3 Hypotheses of the Thesis

The research field of additive manufacturing of electrical machines is still at an early
stage. Strong advantages have been linked to the process, yet several critical challenges
are as of yet unsolved. Most prominently, 3D printing processes require further
optimization to ensure high material quality and build job accuracy/reliability. Based on
the current state-of-the-art and our expertise in the field, we propose the following
hypotheses:

e With optimized processing, printed soft magnetic cores can reach similar or
superior values of magnetic properties compared to common commercial
materials: with medium-grade lamination materials and soft magnetic
composites (SMCs). The performance of top-grade materials is likely out of
reach with the current technology.

e Non-magnetic material properties, such as mechanical yield strength,
electrical resistivity, and thermal conductivity of the printed silicon steel, are
likely similar to the typical values of its conventional counterparts.

e Insulation layers cannot be effectively printed with laser powder bed fusion
(L-PBF) within soft magnetic cores. Bulk (non-laminated) soft magnetic cores
exhibit high eddy current losses. By introducing voids (air-gaps) within
printed single-material components, these losses can be reduced substantially.

e Laser powder bed fusion printing method (L-PBF) is capable of fusing
full-sized electrical machine components with comparable, though likely with
slightly reduced performance.

1.4 Objectives of the Thesis

The main objective of the thesis is to provide a firm foundation that the future work on
additive manufacturing of topology-optimized electrical machines and their components
can be built upon. The work is focused on L-PBF prepared soft magnetic core materials:
the material we consider the most influential for motor shape optimization. The goals of
this work are:

e Conduct a literature survey on the current state-of-the-art, perspectives, and
challenges of additively manufactured EM active part materials: soft magnetic,
hard magnetic, and conductive materials.

e Fine-tune the printing setup to achieve the printing of soft magnetic parts
from silicon steel powder with high relative density (above 99.5%).

e Develop and implement the process workflow to obtain printed silicon steel
soft magnetic cores with useful magnetic properties.

e Characterize the non-magnetic properties of the printed silicon steel for
future topology optimization purposes. These properties include electrical
conductivity, thermal conductivity, and mechanical yield strength.

e Demonstrate the practical capability of L-PBF for printing functional
electromagnetic devices, including the performance evaluation for
comparison with conventional counterparts.

12



1.5 Scientific Contributions

Scientific Novelty
The scientific novelty of the doctoral thesis consists of the following:

e Development and implementation of process flow-charts for both printed
material properties optimization and prototype electrical motor production.

e Modelling, fabrication, and verification of novel structures within printed soft
magnetic parts for AC magnetic loss reduction, including the interlocking core
design and the bi-directionally gapped core.

e  L-PBF printing of the world’s first prototype EMs with fully 3D printed metal
cores (power transformer and induction motor) characterized in terms of
performance.

Practical Novelties

e Development and tuning of the L-PBF printing setup for 3.7% silicon content
steel printing.

e Tuning of post-printing annealing parameters for effective heat-treating of
the printed soft magnetic cores

e Development of hysteresis curve analysis software for the core loss
calculation based on spline fitting.

e Improvement of the utilized SLM-280 printers’ custom recoating mechanism:
increasing the efficient printable part height tenfold.

e Creation of properties library for the printed 3.7% silicon content steel for
future machine design optimization efforts.

1.6 Outline of the Thesis

The thesis is divided into four larger subsections, which provide a comprehensive
overview on the topic. First, the state of the art of 3D printing materials and components
for electric motors is discussed. Secondly, the work process of obtaining high-quality soft
magnetic cores by L-PBF is presented. Thirdly, prototyping of full magnetic circuits for
functional EMs is demonstrated. And in the final chapter, conclusions on the conducted
work are drawn, and future work is suggested. A brief description of the main chapters
are as follows:

Chapter 2 focuses on the state of the art of additively manufactured electromagnetic
materials and their implementation for prototyping electrical machines. The paragraph
is divided into three larger parts. In the first half of this chapter, a short overview is given
regarding the history and most common methods of metal additive manufacturing.
The second part describes the current state-of-the-art of AM electromagnetic materials:
soft magnetic, hard magnetic, and electrically conductive materials. In the final part of
the chapter, the recent advances and trends in the prototyping of 3D-printed electrical
machines are presented.

Chapter 3 describes the in-house L-PBF prepared soft magnetic material preparation

process. Workflow for obtaining suitable material properties is proposed and verified
empirically. Material characterization results of L-PBF fused 3.7% silicon content

13



electrical steel samples include DC and AC magnetic properties, electrical resistivity,
thermal conductivity, and mechanical yield strength.

Chapter 4 presents the additional considerations and important steps when utilizing the
characterized printed material for producing full prototype magnetic cores for functional
devices. Two prototype cores are prepared. A passive EM: a 20 VA power transformer,
and an active rotating EM: a 68 W three-phase induction motor. The assembled machines
are characterized in terms of performance and compared with typical commercial
machines of the same size to demonstrate the current state-of-the-art of printed EMs.
The prototyping process and challenges encountered are mapped to provide a reference
point for future work.

Chapter 5 presents the conclusions of this work and the discussion on future work
related to the additive manufacturing of electrical machines.

14



2 State of the Art

The state-of-the-art of AM electromagnetic materials is researched to provide the
answers to two questions. First, what can we expect from 3D printed materials — how
wide of a gap can we expect between commercial and printed materials? And secondly,
can 3D printing be used for producing functional electrical machine components?
The paragraph is divided into three larger parts: metal additive manufacturing, printing
of electromagnetic materials, and the prototyping of AM electrical machines. The chapter
follows closely the results presented in published work I: “State of the Art of Additively
Manufactured Electromagnetic Materials for Topology Optimized Electrical Machines.”

2.1 Metal Additive Manufacturing

Incrementally adding material during a production process is an ancient technique. It can
be encountered in traditional crafting methods, such as smithing, weaving, or pottery.
The modern process of AM is different from these time-worn techniques mainly by the
process increment and its resolution (accuracy), which for modern systems can be up to
~25 micrometers. Without fully automated production systems, this level of repeatable
accuracy is out of reach for additive methods, which is why AM has come into
prominence relatively lately. The very first metal AM system was launched in 1998 —
a directed energy deposition printer (by Optomec), which was followed one year later by
a laser power bed fusion system (by SLM Solutions) [28]. This was followed by a period
of rapid improvement of the technology, and in roughly the mid-2010s, metal 3D printing
systems started entering the mainstream. Previously, the poor price-quality relationship
made the printers unaffordable for scientific work and small-scale niche production.

Four types of printing systems have been used to the greatest extent in the literature
for the printing of electromagnetic materials. These include different powder bed-based
setups: electron beam powder bed fusion (EB-PBF), laser powder bed fusion (L-PBF), and
binder jetting (BJ); and other setups with a print head, including directed energy
deposition (DED), and various extrusion-based methods (FFF-fused filament fabrication,
FDM - fuse deposition modeling). The main differences between the methods are
outlined in Figure 2.1. In powder bed-based technologies, the printed parts are
submerged into the raw powder pool one layer at a time. For both laser and electron
beam powder bed fusion, the part is consolidated through an energy beam, in binding
jetting — with a binding agent. In contrast to the powder bed-based systems, in DED and
FDM, the part is typically stationary while the print head is in a three-dimensional
motion. In these methods, the raw material is supplied by the system print head. In the
case of DED, the process is supplied with a mixture of powder and inert gas or through a
wire feeder, for FDM by a filament of mixed metal particles within a thermoplastic binder
agent. For the methods without directed energy for the melting and fusion of powder,
such as FDM and BJ, additional post-printing steps are necessary. More specifically,
in these methods, the binding agent needs to be removed through chemical and thermal
treatments in order to promote metallic phase densification. The advantages and
disadvantages of each of the four methods are discussed in Table 2.1.
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Table 2.1 Comparison of common metal printing methods. [7]

MI:tlI\:[o d Advantages Disadvantages

¢ High printed material density — ® Low build rate: L-PBF processes are
typically >99% for iron alloys [29] well known for their low build rate.
* High spatial accuracy — printing The reported rates are anywhere
resolution up to 15 um (dependenton  between 5 (single laser 200 W) [32] to
the powder and laser spot size) [30]. ~90 cm®/h (manufacturer declaration —
¢ Promising future multi-material dual 1kW lasers [33]). Most of the

L-PBF printing possibilities [31]. reported rates in the literature fall

somewhere in between.

e Printing systems are typically more
expensive.

* Requires extensive supporting
during printing; support removal can
be time-consuming and complicated.
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Table 2.1 Comparison of common metal printing methods (continued). [7]

M?tlro d Advantages Disadvantages

® Excellent for repair or feature * Low accuracy and surface finish —

addition - can print directly on parts.  limited complexity of printed parts.

[34] [34]

e Fast build rate: depending on the ¢ Very limited maximum overhang

feed mechanism: 70 (powder) — 700 angle. [37]

DED . .

(wire) cm?/h [35]. ¢ Increased waste material — parts are

¢ High printed material density — typically printed larger and machined

typically >99% for iron alloys. [36] to net-shape.

¢ Simple integration with subtractive

manufacturing

* No printing supports — less post- ¢ Shrinkage — typically 15 -20 % [39],

processing, more design options [38]  [40] depending on the density of the

* Fast build rate — some authors claim green part, alloy type, and sintering

practical speeds up to 200 cm®/min temperature. Unpredictable shrinkage

[39] are achievable. can result in non-desired part

® Best for indirect production — dimensions.

BJ preparation of sand-casting cores and ~ ® Low density — obtaining 50 — 90%

molds. relative density is common for BJ
sintered iron alloy samples [40-41] in
the literature; some studies describe
obtaining densities above 99% [42] -
but with unspecified ratio of metallic
to binder phase

* Most simplistic and least expensive e Shrinkage — similar to B] process,

approach to metal 3D printing [34]. FDM metal parts undergo debinding

e Largest extrusion-based printers and sintering post-printing. FDM parts

(BAAM) are well known for their have shown similar shrinkage: in the

FDM impressive size (in multiple meters) range of 15— 20 % [46-48].

and build rate (50 kg/h) [43].

¢ Currently the most capable multi-
metal printing options [44].

® Machinery can be considered the
easiest and safest to operate [45].

* Low relative density — results range
from 93 — 95% dense steel samples [49-
50] to insignificant metallic phase
content samples [51-52].

The best balance between functionality and system limitations is currently found in
L-PPF printing systems. The method enables the fusion of high-purity parts with excellent
spatial accuracy, albeit at a relatively low fabrication speed. High spatial accuracy is
critical for the preparation of electrical machines due to the high tolerance requirements
of their components. FDM, BJ, and DED printers all exhibit faster build rates but require
significant post-processing after printing and are more limited in possible printed shapes.
Even though PBF printing systems offer no multi-material functionality currently, first
steps have been made in the direction with hopes of PBF printing systems exhibiting the
best multi-material capacity in the near future [31].
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2.2 State-of-the-art of AM Electromagnetic materials and EM
components

Comparative analysis of printed electromagnetic material properties was performed to
evaluate their current level of maturity for adoption into electrical machine construction.
Three types of materials were evaluated: soft magnetic materials, hard magnetic
materials, and electrically conductive materials. The chapter follows closely the results
disclosed in publication I: “State of the Art of Additively Manufactured Electromagnetic
Materials for Topology Optimized Electrical Machines.” The main evaluation criteria were
specific for each material type, based on their most relevant characteristics:

e Soft magnetic— core losses (W/kg) and polarization (T) at specific field strength
e Hard magnetic — coercivity (kA/m) and remanence (T) magnetization
e Electrically conductive — relative electrical conductivity (% IACS)

The secondary goal of the survey was to compare the available electromagnetic
material data within the same framework — as there is little standardization in the field
(irregular test conditions and different units are common — CGS, metric, imperial). A total
of 63 academic references were identified from the literature, which included all the data
that was necessary to compose the comparative analysis. Nearly half (47 %) of all the
studies involved the application of L-PBF systems. The summary of the references, both
in terms of publication date and studied alloy, is presented in Figure 2.2, with the
quantity of identified references for each grouping denoted in the parenthesis.
References of less studied compounds were compacted to larger nominators, including
polymer-bound, amorphous, and Cu alloys.

SOFT MAGNETIC ELECTRICAL CONDUCTOR HARD MAGNETIC

>

e FeSi - 58%(12) Pure Cu - 52%(12) NdFeB - 72%(14)
g FeCo - 14% (3) Cu Alloy - 26% (6) Ferrite - 11% (2)
E Amorphous - 14% (3) AlSiMg - 13% (3) AlINiCo - 11% (2)
E Polymer Bound - 14% (3) Polymer Bound - 9% (2) SmCo - 6% (1)
@ 2020 - 2022 - 48% (10) 2020 - 2022 - 30% (7) 2020 - 2022 - 22% (5)
2 2018 - 2019 - 38%(8) 2018 - 2019 - 48%(11) 2018- 2019 - 33%(6)
§ older - 14%(3) Older - 22%(5) older - 45%(8)

Figure 2.2. Reference sources distribution matrix based on alloy type and publication date. [7]

Based on the publication date, the references were divided into three time periods:
2021-2020, 2019-2019, and older articles. It can be concluded that research into printing
electromagnetic material properties is a novel field, as 75% of the reviewed articles have
been published between 2018 and 2021. The oldest research data of the survey was
published in 2014. The survey indicates that research interest in permanent magnet

18



materials has not increased over the recent years, whereas the interest in electrically
conductive and especially soft magnetic materials has been increasing. Material
properties study results are presented in Figures 2.3-2.4. Detailed findings and methods
of the study, plus the subsequent discussion regarding the challenges of each of the
investigated materials types, are presented in the full-length article [7].

Figure 2.3 (a) outlines the polarization achieved in printed soft magnetic materials,
specified in terms of printing method and alloy composition. Two distinct groups of
measurements can be identified: results obtained at low (10°-10* A/m) and high field
strength (~10°A/m) values. The most widely represented material was L-PBF processed
silicon steel, which exhibited similar values of magnetic polarization when compared to
commercial non-oriented ~6.5% and ~3% silicon steel sheets [53]. These properties were
obtained with near fully dense samples (prepared from high purity powder), which were
annealed at high (~1200 °C) temperature. Figure 2.3 (b) presents the comparison of iron
losses in printed and commercial materials. The losses are compared at Wio50-60. This
means iron losses at magnetization of 15 kGauss (1.5 T), and at 50-60 Hz field frequency.
In fully dense printed material, the core losses are significant, reaching up to
approximately 10 W/kg (W1o,50). By introducing air-gaps inside the single-material printed
cores, the losses were reduced significantly. Core losses as low as 1.2—1.7 W/kg (W1o0,50)
have been achieved, depending on the individual sample silicon content, size, and the
quality of the insulating layers.

Figure 2.4 (a) compares the properties of printed and commercial hard magnetic
materials, focusing on material coercivity and remanence. Printed NdFeB rare earth
permanent magnets (PMs) have received the highest research interest. Despite the high
performance of their commercial counterparts, the maximum energy density of printed
magnets is relatively low, currently not exceeding 58 kim?3. This is slightly below
63 kim?3 - the typical value for commercial isotropic neodymium bonded magnets and
considerably below the typical value for sintered NdFeB magnets: 400 kim? for grade
N52 [24]. Despite the low remanence of the printed magnets, their coercivity was
relatively high: reaching 700-800 kJm™ for the majority of the investigated samples in
the literature. The 3D printing of permanent magnets has not evolved past early-stage
attempts and will likely remain unsuitable for electric motor prototyping purposes in the
near future. The main drawbacks of printed PMs are related to their low power density
and limited feasible shapes (methods to imprint 3D patterns are under development) —
commercial hard magnetic materials are currently superior in every way.

The current level of AM conductive materials is illustrated in Figure 2.4 (b), focusing
on the electrical conductivity achieved in the printed material. For comparison, the
conductivity values from the IACS standard were used. The international annealed
copper standard (IACS) was created in 1913 and defined the 100% IACS as the
conductivity of pure copper at normal conditions: 5.8 x 107 S/m at 20 °C. AM of pure copper
was by far the most investigated material in this section, reaching electrical conductivity
values equivalent to top-grade commercial materials with optimized processing
methods. The quality of printed material was identified to be highly sensitive to material
density: reaching ~96-102% IACS at near full density, but exhibiting ~50-60% IACS
conductivity at lower ~85% relative density. Additively manufactured high-purity copper
showed properties suitable for commercial applications. The highest density printed
materials were obtained with beam powder bed methods: with electron beam melting
and green laser PBF. Common infrared PBF was largely ineffective in fusing pure copper
due to the high reflectivity of the material in the infrared diapason.
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Figure 2.3. Maturity of AM soft magnetic materials: (a) Comparison of magnetic polarization of
printed soft magnet with common commercial electrical steels, (b) comparison of iron losses in
printed Fe-Si cores and typical commercial materials. (ID/OD x h) denotes the topology of the
sample — inner diameter/outer diameter x h. [7]
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Figure 2.4. Comparison of printed hard magnetic and electrically conductive materials with
commercial counterparts: (a) comparison of printed hard magnetic materials with common
commercial materials [113-115] in terms of remanence and coercivity, (b) comparison of printed
conductive materials in terms of relative DC conductivity (%IACS) and relative density. For comparison
with traditional materials, %IACS limits are given for pure Ag, Cu, and Al. [7]
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Fully printed EMs were not found in the literature, only individual single-material
components. Printed EM prototype components could mainly be divided into three
larger directions: synchronous rotors, windings, and heat exchangers. For all instances,
the main prototype advantages were related to more intricate and complex shapes of
the parts, which resulted in useful performance enhancements. Some of the main
advantages included: weight/inertia reduction, increased efficiency, and enhanced
cooling. Examples of EM prototype components are presented in Figure 2.5.

Prototype cores for time-varying field applications, such as motor stators, were
virtually nonexistent in the literature. As discussed previously, this is likely due to
significant challenges in suppressing eddy currents within single-material structures,
translating to low component efficiency. As in synchronous rotors, the magnetic field is
less dynamic, obtaining useful prototype performance is considerably less complicated.
Ideally, the field would be quasi-static, but some fluctuations and consequently eddy
currents are induced due to supply and design harmonics and the dynamic behavior of
the machine. Permanent magnets have been utilized little in the prototypes, likely due
to their low power density. In [86], a printed NdFeB permanent magnet was inserted into
a commercial electrical motor, substituting one of its commercial PMs. The performance
of the motor was largely unchanged. The same authors measured 110 °C for the maximum
operating temperature of the printed magnet. This is similar to commercial M or H
temperature class neodymium magnets but would require further enhancement for
electrical machine applications, where temperatures can exceed 150 °C [116].

AM PROTOTYPES

SYNCHRONOUS ROTORS ADVANCED WINDINGS HEAT EXHANGERS

INTEGRATED HEAT EXCHANGERS

i
SHAPE OPTIMIZATION INTEGRATED GOOLING CHANNELS (ENHANCED HEAT EXTRACTION, INCREASED POWER DENSITY)
(REDUCED WEIGHT, INCREASED POWER DENSITY) (MORF COMPACT MACHINE S)

-
COST EFFECTIVE COOLING JACKETS

HOLLOW ROTOR, CONTINUOUS SKEW
(EFFECTIVE MATERIAL USAGE, FASTER DYNAMIC SHAPED WINDINGS P O TG

BEHAVIOUR, REDUCED TORQUE RIPPLE) (ONGREABED EFFICIENCY)

Figure 2.5. Main electrical machine component AM prototyping directions: synchronous rotors ([7-8]),
advanced windings ([9,12]), and heat exchangers ([10-11]). [7]
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Additive manufacturing of pure copper on green laser and electron beam powder bed
fusion systems was identified as suitable for niche commercial applications. These
systems are well suited for the fusion of high-purity powder with high relative density.
The production freedom and associated streamlined assembly of AM are well suited for
small-scale production of nonconventional windings — which are notoriously complex to
produce due to the numerous assembly operations required. Undoubtedly, challenges
still remain due to the single-material limitation. These are mainly related to the
reliability of the insulation layers between the individual winding turns. Some additional
benefits for printed coils have been shown in [117-118] and [119], including the
preparation of conductors with variable cross-sections and braided conductors (Roebel
principle).

The impact of AM systems on thermal management of electrical machines is twofold:
first, the reduction of machine losses themselves through the optimized electromagnetic
design of the machine; and second, more effective heat extraction from the machine.
Prototype heat exchangers have successfully been printed and tested, including
insertable heat pipes in-between EM coils [120], heat exchangers involving complex
shapes [121], and directly liquid-cooled hollow coils [122].

The summary of the material properties study is presented in Figure 2.6: appraising
the maturity of each of the studied material types for EM component production.

C?nn;%?igal + High Conductivity Copper * Winding Inter-turn Insulation
100% IACS electrical conductivity Air-gap insulation can be unreliable.
achieved for AM copper Dielectric varnish applied after printing

limits possible conductor geometries.

« Soft Magnetic Steels for ¢ Insulation layers
quasi-static field applications Shape optimized synchronous rotors have
. . shown great promise, but still require
Analogous DC magnetic properties  f,rther optimization for eddy current loss
achieved to NO commercial silicon reduction (small eddy currents due to

Immature

steel. flux harmonics and dynamic rotor
behaviour).

« Soft Magnetic Steels for time « Insulation layers

varying field applications Compared to commercial laminations

double the losses with ~50% less fill
factor have been achieved with air-
gapped cores. More effective eddy
current suppression must be developed.

Unacceptably high core losses
for AC flux applications.

Early
Research

« Hard Magnetic Materials + Low power density
Low remanence magnetization, Printed NdFeB show similar performance
low maximum energy product to sintered ferrite magnets.

* 3D magnetization pattern
Imparting complex patterns on PMs is
still in early stage research.

I Maturity level | Material Main Challenges |

Figure 2.6. Maturity of AM materials for prototyping electrical machine components. [7]
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With suitable printing systems and optimized methods, intrinsic material properties
comparable to conventional materials for both magnetically and electrically conductive
materials are achievable. In parallel, lowering eddy current losses in printed materials is
a significant challenge. The integration of air-gaps into the material has been moderately
successful. In order to obtain superior properties to conventional materials, multi-material
printing methods are required. For AM hard magnetic materials, breakthroughs in the
printing methods are necessary, as the achievable power densities are relatively low, and
only simplistic patterns can be imprinted on the parts. For printed PMs to be truly
innovative and superior to commercial materials, in situ magnetization of the material
needs to be developed.

Considerable progress has been made over the past few years in metal additive
manufacturing. Printing systems are developing rapidly, becoming more available
economically, and facilitating the preparation of ever-improving material/part quality.
In parallel, the methodological prowess of the research community is steadily increasing.
Currently, PBF printing systems are best suited for rapid prototyping and small-volume
production of electromagnetic materials and components. The systems enable high
spatial accuracy of the printed parts, with near 100% density and high chemical purity.
This enables the prototyping of novel electromagnetic components, with the focus likely
on optimized electrical machine windings, heat exchangers, and synchronous rotors.
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3 Additive Manufacturing of Electrical Steel

3D printing of high-performance soft magnetic materials is of critical importance in
developing AM shape optimized electrical machines. In order to produce the material
with useful magnetic properties, specific processing methods are required. This chapter
describes the factors linked to desirable characteristics of crystalline silicon steel, its
preparation process optimization, and material properties determination. Properties
library for the printed 3.7% silicon content steel for future machine design optimization
efforts is created, denoting the electrical and thermal conductivity, stress-strain
characteristics, and magnetic behavior of the material. The chapter follows closely the
results presented in published work II: “Laser Additively Manufactured Magnetic Core
Design and Process for Electrical Machine Applications.”

3.1 Soft Magnetic Materials

In electrical motors, soft magnetic materials are used to improve their power density:
these materials typically exhibit permeabilities 10® x higher than vacuum, so large
electromagnetic forces and motor torque can be obtained. Additionally, soft magnetic
materials are characterized by their low coercive field, which means minimal energy is
absorbed in the cyclic material re-magnetization during machine operation. A wide
variety of soft magnetic materials is available, with varying saturation and loss behavior
at varying price points. For electrical machine purposes, the industrial standard is 3%
silicon content steel, which offers the best balance for low-frequency applications where
high power densities are not critical.
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Figure 3.1. Common soft magnetic materials compared in terms of cost (a) and magnetic saturation
(b) (adopted from [123]). [7]
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Producing high-performance silicon steels is a technically challenging task with both
conventional and additive methods. This is due to the high melting point and hardness
of the iron-based alloys, complicating their casting/machining/printing. Secondly, their
properties heavily depend on crystallographic texture. Based on previous studies, the
five most impactful material characteristics determining the properties of electrical steel
alloys are well known, including impurity content, granular size, internal residual stress,
alloying silicon content, and lamination sheet thickness. The influence of these
characteristics on crystalline steel properties is summarized in Figure 3.2.
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Maximum magnetic saturation (at |, = 1) is independent of grain size and proportional
to the density of soft magnetic phase in material [124]. With lower sheet thickness and
higher silicon content more nonmagnetic material is introduced to the core (varnish and
silicon).

Imperfections within the crystallographic structure (including lattice dislocations, grain
deformation (internal stress), foreign substituting and interstitial atoms, grain
boundaries, pores, cracks) act as pinning sites for the magnetic domains [125-126] —
requiring more energy for orientation. Thinner lamination layers generally result in
higher hysteresis losses due to restricted grain size [127].

High silicon steel content (optimal 6.5%) reduces material magnetostriction (increased
permeability) [128], requiring less energy for domain orientation within a magnetic field

Chemical impurities and macroscopic material defects (cracks, pores, delaminations)
reduce the overall electron mobility in the metals — reducing both the thermal and
electrical conductivity, and by association Joule heating losses [129].

Internal electrical resistance of electrical steel components is best increased through
laminated structure — effectively suppressing induced eddy current losses [127].

Anomalous losses account for the microscopic eddy currents arising from the domain wall
motion — with smaller grains; reduced microscopic eddy currents are generated [130].

With silicon content near 6.5 %, the brittleness of steels is increased substantially [131].
Ultimate yield strength of steel has been shown to be relatively insensitive to significant
porosity content [132], but highly sensitive to any cracking/delamination [133].

Material yield strength has been shown to be inversely proportional to the square root
of its grain diameter [134]. The residual stresses from production processes or cold
working (plastic deformation) increase a materials mechanical strength through
dislocation accumulation [135].

Figure 3.2. Effect of physical characteristics on soft magnetic material properties. [136]
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The analyzed properties include magnetic, thermal, and electric properties. Iron losses
are divided into separate loss categories of hysteresis losses Pnyst, classical eddy current
losses Pce and excess eddy current losses Pan, based on the involved physical phenomena.
Additionally, Msdenotes the saturation polarization, Hc — coercivity, o, — ultimate tensile
strength, o — material electrical conductivity, and A - thermal conductivity.

It is well known that impurities (both crystallographic defects and chemical
contaminants) are related to reduced magnetic properties. Both can be reduced during
high-temperature annealing process. It promotes both metal grain structure recovery
(internal stress relaxation) and their recrystallization (reduction of crystalline impurities).
Additionally, in industrial annealing furnaces, steel sheets are decarburized (reduced
contaminating elements) in specific process environments. While annealing can be used
to a great effect to improve the material texture and intrinsic properties, it is largely
ineffective or even detrimental from the perspective of AC losses. Excessive grain size is
related to elevated anomalous iron losses, which can balance out any gains in hysteresis
loss reduction of the annealed material. Classical eddy current losses can be reduced
most effectively by increasing the internal resistance of the material. This can be done
by increasing the resistivity of the magnetic material or by modifying the structure of the
material to include insulating layers.

The emergence of additive manufacturing methods has considerably diversified the
challenges encountered by the material and prototyping-focused research groups. This
is because now the full production cycle of an electrical motor component can be
completed in-house. Previously, commercial material was purchased, cut into the
stampings of the desired geometry, and assembled into full electric motors. Based on
our experience with L-PBF printing, the most impactful processing steps for producing
high-performance soft magnetic materials are outlined in Figure 3.3.
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Figure 3.3. Main considerations for improving L-PBF printed Fe-Si characteristics. [136]

The considerations are divided according to their timing: whether they are applicable
as part of the printing process, before or after it. A five-step workflow was developed to
improve the process of preparing soft magnetic materials, with a focus on obtaining
useful magnetic properties. The workflow is described in Figure 3.4.
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Figure 3.4. Five step flowchart for L-PBF preparation of Fe-Si magnetic core with useful magnetic
properties. [136]

First, the quality of the raw powder is checked: that it has high chemical purity and
recommended size and morphology for L-PBF processes. Secondly, the printing process
parameters are optimized to achieve at least 99.5% relative density of the prepared
samples with minimal surface roughness. Thirdly, the determined processing parameters
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are applied for the fusion of magnetic measurement samples. These samples are heat-
treated at different temperatures to determine the best annealing temperature, offering
the highest soft magnetic material properties. The goal of the third step is to obtain
quasi-static magnetic properties equivalent to conventional mid-range laminations.
The fourth step in the workflow is obtaining eddy current loss reduction in printed cores.
The objective is to achieve total core losses equivalent to or lower than SMCs by
introducing air gaps within the printed core to act as insulation layers. In the fifth step of
the process, secondary non-magnetic properties of the printed materials are mapped.
These include electrical resistivity, thermal conductivity, and mechanical yield strength.
The methods and facilities involved in material preparation and characterization are
dissected in the next chapter.

3.2 Sample Preparation and Characterization Methods

The various material tests require the preparation of samples of varying sizes and shapes.
Six types of samples were prepared for printing optimization and material properties
measurements, as outlined in Figure 3.5. For the first process optimization step, no
samples were printed; it included raw powder characterization. The raw powder was
chosen with low silicon content (~¥3%) because it was commercially available, and its laser
fusion was deemed less challenging than high silicon content steel in relation to its higher
ductility. For the second step, 36 pcs 5 x 5 x 5 mm cubical samples were printed with
varying printing parameters. The parametric sweep was performed for both laser power
(250-400 W) and scanning velocity (0.25-2 m/s), with constant hatch distance (120 um)
and layer thickness (50 um). These cubic samples were used to determine the optimal
printing parameters yielding the best combination of relative density (at least above
99.5%) and surface roughness.
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Figure 3.5. 3D printed samples characterized as part of the study.
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Samples for the third step were five 5 x 5 x 60 mm bulk toroidal samples. The toroids
were annealed in the temperature range 1200-1350 °C (50 °C increment) post-printing.
The thermal treatment range was selected as the lower temperatures (up to 1200 °C)
have already been relatively thoroughly investigated in the literature [57]. The most
effective thermal treatment was chosen based on sample DC magnetic properties:
obtaining the lowest hysteresis losses and highest maximum permeability. For dynamic
magnetic loss reduction in step 4, the next set of toroids was prepared with integrated
air-gaps. These included three samples with the same outer dimensions as the solid
toroidal cores but with horizontal, vertical, and combined air-gaps printed in the core.
In the process optimization final step, the non-magnetic properties of the printed
material were mapped. For that, 6 pcs round tensile coupons for measuring the
stress-strain characteristics, 6 pcs thin rods for measuring the electrical resistivity, and
two thick rods for measuring the thermal conductivity of the material before and after
annealing were printed.

Preparation of the samples was conducted on the SLM-280 L-PBF systems (SLM
Solutions). The system is ideally sized for rapid prototyping and small-scale production.
The build envelope of the printer is 280 x 280 x 350, and it exhibits a single 400W 1070 nm
infrared yttrium scanning laser. As the powder swapping between projects is a large
undertaking on the full-sized platform, a custom recoating system was added to the
printer. It includes both a small circular reduced platform with a 100 mm diameter and a
reworked feeding system. The add-ons and the printing system are shown in Figure 3.6.

custom feeder

. powder

reservoir

.
"~ custom recoater
~feeder tube

—]
re-coater rubber

(a) (b) ()

Figure 3.6. (a) SLM Solutions SLM 280 printing system in Taltech, (b) Printer build chamber with custom
re-coater, powder reservoir, and reduced platform, (c) cross-section of the custom re-coater system.
[136]

The thermal treatments after printing were applied in a small-scale D100 x 60
commercial vacuum furnace Webb-107 with a graphite-lined chamber. The annealing
system is shown in Figure 3.7. For all treatments, the heating rate was 300 °C/h, and the
chamber pressure was at ~0.1 mBar. After reaching the target temperature, the samples
were slowly cooled inside the furnace until at room temperature.
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Figure 3.7. (a) Printed soft magnetic core in the annealing furnace, (b) full annealing setup with
Webb-107 vacuum furnace. [136]

The applied characterization methods, chosen by availability and relevancy of yielded
information, are outlined in Figure 3.8. The facilities include both in-house setups for
resistivity, heat flow, and magnetic properties measurements, alongside commercial
facilities for more standardized tests. They are divided based on application into three
larger arms: powder, printed structure, and material properties characterization.
Detailed descriptions for the in-house setups can be found: magnetic measurements in
[136], thermal conductivity in [137], and electrical resistivity in [55].
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Figure 3.8. Facilities and methods for material characterization.
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3.3 Printed Material Process Optimization and Properties Results

3.3.1 Powder Characterization

The characterization results of the commercial raw iron-silicon powder showed an
accurate correlation with the manufacturer's declaration, with its chemical composition
summarized in Table 3.1. The powder consists of nearly spherical particles ranging in size
between 29-58 um, with a median of 38 um (d50), as shown in Fig 3.9 (a-b). The powder
particle shape was not perfectly spherical; instead, a large particle fraction exhibited
elongated shapes or minute satellites attached to them. The flow rate of the powder was
measured as 19.7 £0.24 s/50g in the Hall funnel.

Table 3.1 Summary of powder chemical composition.

Elements Fe Si Mn Cr Ni C
Wt % Balance 3.7 0.2 0.16 0.020 0.01

Particle Distribution (%)
Under size (%)

[ 10 20 30 40 50 60 70 80

Particle size (pun)

(b)

Figure 3.9. (a) SEM micrograph of the raw powder, (b) powder particle size analysis. [136]

3.3.2 Density Optimization

The summary of laser energy input’s effect on the relative density and surface roughness
of the printed cubic samples is outlined in Figure 3.10 (a-b). The window to produce parts
with the desired properties was relatively narrow: it was evaluated to be in the range of
66—130J/mm?3. Below it, between 20-50 J/mm?3, the energy input was insufficient to fully
consolidate the powder into dense parts. At 166—233 J/mm?3, the parts exhibited signs of
over-melting, resulting in a deformed shape and reducing relative density.
At 20.8 J/mm3, the highest defect content as part of the study was measured: the parts
were only 47.91% dense. The highest density was measured at 100 J/mm3, reaching
99.87% relative density — considerably higher than the initially proposed value of 99.5%.
At this setting and above, however, the surface roughness of the parts started slowly to
increase. It was determined that the optimal scanning parameters of the study were
350 W laser power and 0.75 m/s laser scanning velocity, which resulted in the energy
input density of 77 J/mm3. With these settings, an excellent relative density of 99.86%
was obtained alongside low surface roughness (Ra = 8 um, R; = 41 um).
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Figure 3.10. Printing process optimization: (a) relative density of the samples at different laser
settings, (b) Correlation between the laser energy input, sample density and surface roughness,
(c) sample fused with 300 W, 1.5 m/s, (d) sample fused with 22-300 W, 1 m/s, (e) sample fused
with 20-300 W, 0.5 m/s, (f) deformed samples fused at 250-400 W, 0.25 m/s. [136]
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The values for surface roughness ranged from 6.8-18.2 um for Ra and 36.1-85.2 um
for R.. Above 88 J/mm?3 laser input power, the surface roughness of the samples
increased, reaching the maximum roughness at 133 J/mm3. The four of the most
illustrative samples of the effect of laser parameters on the surface roughness of printed
parts are presented in Figure 3.1. The summary of the fixed printing parameters and the
optimal laser scanning parameters is outlined in Table 3.2.

Table 3.2 Most effective processing parameters identified within the study dataset, fusing 99.86%
dense samples with mean surface roughness Ra of 8 um.

Optimized Parameter Unit Value
Laser power W 350
Scanning velocity mm/s 750
Volumetric energy density J/mm3 77
Fixed Parameter Unit Value
Layer thickness pm 50
Hatch distance pm 120
Laser spot size pum ~120
Scan strategy - Stripes
Print environment - Nitrogen
Preheating - No
Remelting - No
Print chamber oxygen content % ~0.1

lowest energy input: 20 J/mm?

highest energy input: 267 J/mm?3

optimal energy input: 77 J/mm?

maximum roughness: 133 J/mm?

Figure 3.11. Effect of laser energy input on the printed part surface roughness: (a) highest energy
input (Rz=62 um, Ra =12 um), (b) maximum surface roughness (Rz=85 um, Ra = 18 um), (c) optimal
energy density (Rz =41 um, Ra = 8 um), (d) lowest energy input (Rz =37 um, Ra = 7 um). [136]
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3.3.3 DC Magnetic Properties

Quasi-static (DC) measurements, with an almost static applied magnetic field (25 mHz),
indicated useful soft magnetic properties for the printed material. The properties were
further enhanced after heat treatment. The printed cores: unannealed and annealed at
1200°, 1250°, 1300°, and 1350 °C, were subjected to rigorous testing with the ring
measurement method. The effect of annealing on the magnetization curve and
hysteresis losses of the material are detailed in Figure 3.12. The summary of the most
effective identified heat-treatment parameters is presented in Table 3.3.

(a) ——1200C 1250C 1300 -—-1350 As Built

Magnetization J (T)
=

10 100 1000 10000
Field strength H (A/m)

(b) ——1200C 1250C 1300C 1350C As Built

Hysteresis loss W (J/kg)

0.05 ’_//_/
-—

0 0.5 1 1.5 2
Bmax (T}

Figure 3.12. DC magnetic properties with different heat-treatments: (a) magnetization curves,
(b) hysteresis losses. [136]

Post-heat-treatment, the magnetization of 1.5 T was achieved at approximately
1500 A/m on average. As-built sample reached the same level of magnetization at
4000 A/m. The coercivity of the samples varied from 52 A/m (1200 °C) up to 203 A/m
(as-built). Hysteresis curves of the material annealed beyond 1200 °C showed a slight
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deterioration of magnetic properties. This is apparent from the decreasing slope
magnetization curves: annealing the samples over 1200 °C resulted in reduced
permeability. Measurement noise of the method did not allow for the characterization
of the annealed samples below ~0.5 T. Calculated maximum permeabilities decreased
from 8846 (1200 °C) to 3700 (1350 °C) and reached as low as 1400 for the as-built sample.

The DC (hysteresis) losses of the samples were calculated from the areas of the
measured quasi-static hysteresis loops. The results are detailed in Figure 3.12 (b). Due to
the high grain boundary content (small grain size), the highest losses were identified for
the as-build sample, which had not undergone any thermal treatment. The hysteresis
loops of the annealed samples exhibited considerably higher inclines and narrower
widths, translating to higher permeability and lower hysteresis loss. Amongst the
annealed samples, 1200 °C exhibited the best soft magnetic properties, exhibiting losses
as low as 0.043 J/kg at 1.5 T. At grid frequency (50 Hz), this corresponds to the hysteresis
loss component of 0.8 W/kg at 1 Tand 2.15 W/kg at 1.5 T.

Table 3.3 Most effective annealing parameters identified within the study dataset, applicable for
8846 maximum relative permeability and 0.8 W/kg hysteresis loss (W1 50).

Optimized Parameter Unit Value

Annealing temperature °C 1200

Fixed Parameter Unit Value
Annealing hold time min 60
Annealing heating rate °C/min 5

Quasi-static magnetic properties of the printed core samples were considered
acceptable for AM electrical machine purposes. Printed core magnetization and its
relative permeability were near equivalent to typical mid-range electrical steel
laminations and superior to SMCs. A comparison of these properties for the in-house
prepared material and typical commercial materials is presented in Figure 3.13.
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Figure 3.13. Comparison of commercial M-43 lamination material (equivalent to M400-50A [138],
Somaloy soft magnetic composite [139], and the printed material annealed at 1200 °C. [136]
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3.3.4 AC Magnetic Properties

At higher excitation frequencies (1 and 50 Hz), the iron losses increased substantially.
The curve shearing and the thickening of the hysteresis curves with an increase in
excitation frequency are illustrated in Figure 3.14. Indeed, eddy current losses are
dominant (both classical and excess) in the fully-dense non-laminated 5 x 5 mm cores:
constituting 95% of the losses at 1.5 T, 50 Hz. At lower, 1 Hz frequency, these additional
losses comprise 66% of the total losses. Iron losses in all of the four annealed samples

are similar: approximately 2 W/kg at 0.5 T, 11 W/kg at 1 T, 45 W/kg at 1.5 T, and
170 W/kgat 1.9T.
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Figure 3.14. Eddy current loss-related curve shearing: measured loops at 1.5 T magnetization
(~1500 A/m field strength), at 0.025, 1, and 50 Hz excitation. [136]

With graded core cross-sections, these iron losses were reduced substantially.
The structure of the finalized prototype cores is presented in Figure 3.15, illustrating both
the voids within the core and the supporting scaffolds.

horizontal voids support structure vertical voids

porosity

horizontal voids vertical voids

Figure 3.15. Topology of the segregated 3D printed magnetic cores: (a) horizontally graded,
(b) vertically graded, (c) horizontally and vertically graded (hybrid). [136]
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It is important to note that printed cores require some supporting structure between
segregated topologies to ensure part integrity during printing and subsequent operation.
Metal tomography results revealed the sample fill factors: 94.05% for the sample with
horizontal air-gaps, 78.07% for the sample with vertical air-gaps, and 72.98% for the
hybrid core with bi-directional air-gaps. The fill factor signifies the soft magnetic material
content within the air-gapped cores. It was also included in the losses calculation in order
to accurately calculate the iron losses within the cores per weight of the sample (specific
loss). Slight dimensional deviations from the initial models were identified: the actual
printed cores exhibited 0.32 mm vertical air-gaps separating 0.75 mm magnetic guides
(instead of 0.19 mm gap, 0.85 mm core). The 0.32 mm vertical air gaps were sufficiently
wide enough to eliminate any unintended short-circuiting over the gaps and to remove
all of the un-melted power from within the core. The horizontal air-gaps were printed
with less success: the printed air-gap was narrow and uneven, resulting in significant
electrical conductivity within the core. The effect of the air-gaps on the total core losses
of the samples is presented in Figure 3.16.
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Figure 3.16. Total core loss reduction with segregated core topology: (a) core losses with different
core topologies over the magnetization range of 0.5-1.9 T, (b) comparison of the hysteresis loops
of the solid and “hybrid” topology results at 1 and 1.5 T magnetization. [136]
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Compared to the non-segregated fully dense material, a significant reduction in losses
was observed. Total iron losses decreased from 42 W/kg (solid) to 35 W/kg (horizontal
gaps), 15.5 W/kg (vertical gaps), to as low as 11.7 W/kg (bi-directional gaps) at 1.5 T,
50 Hz. At lower 1 T flux density, adoption of the segregated topology resulted in an 81%
reduction of the total core losses: from 9.6 W/kg for the solid sample to 1.8 W/kg for the
bi-directionally segregated sample. At these conditions, the previously determined
hysteresis losses of 0.8 W/kg constitute 44% of the 1.8 W/kg iron losses — a significant
increase from the 17% of the fully dense sample. The comparison of the losses in printed
cores with conventional materials is presented in Table 3.3. The comparative data is
obtained from EN 10106: 2015 standard [140], which defines the specific total core losses
requirements in the range of 0.9-5.8 W/kg (W1o,50) and 2.1 to 13 W/kg (W1s,50) for different
grade steels.

Table 3.3 Specific core loss (W/kg) in printed cores and EN standard steels [140].

AM Steel Specific loss at 1 T, 50 Hz  Specific loss at 1.5 T, 50 Hz
Bulk, unannealed 23 50
Bulk, 1200 °C 9.6 42
Graded “hybrid” gaps, 1200 °C 1.8 11.7
EN Standard Steel Grade Specific loss at 1 T, 50 Hz  Specific loss at 1.5 T, 50 Hz
M210-35A 0.9 2.10
M300-35A 1.2 3.00
M400-50A 1.7 4.00
M700-50A 3.0 7.00
M1000-65A 4.4 10.00
M1300-100A 5.8 13.00

With the bi-directional air-gaps integrated into the core, the iron losses were reduced
at low magnetization (1 T) to values similar to mid-grade laminations. At higher field
strengths, the losses climbed rapidly from 1.8 (W1o,50) to 11.7 W/kg (W1s,50). This can be
related to the suboptimal grain size of the prepared material for high field strength
applications. The grains prepared as part of this study have ranged approximately
between 500 um [54] and 2500 um [136]. Larger grain size has been shown to be more
advantageous at low, but disadvantageous at higher field strengths. Shiozaki et al.
demonstrated that in laminations under weak magnetic fields of Wia4,50 or less, large grain
diameter (220 to 230 um) was optimal, offering minimum core loss and maximum
permeability, whereas, in strong magnetic fields of Wisso or higher, better results were
obtained with smaller grain diameters (190 to 110 um) [141]. The prepared material is
well suited for applications involving 1 T magnetic fields. For higher efficiency with
stronger magnetic fields, further material microstructure optimization is required.

3.3.5 Material Properties Library, Results Summary

The summary of the material properties obtained through the process optimization
workflow is presented in Figure 3.17 and Table 3.4. In parallel, the corresponding
values for typical electrical steel are outlined in the table for comparison. The printed
material data was drawn from the following publications: magnetic and mechanical
properties from [136], thermal properties from [137], and electrical properties from
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[142]. Both the obtained magnetic and non-magnetic properties are relatively close to
typical medium-grade electrical steels, such as M400-50A (M-43).

Table 3.1. Material properties library for multi-physical modelling. Properties references: (136,137,
138,140,142,143].

Property Unit 3D printed 3.7% FeSi Typical Value

Relative permeability at 1 T - 8846 6100

Relative permeabilityat 1.5T - 1056 1535
Hysteresis lossat 1.0 T,50 Hz ~ W/kg 0.8 NA*
Hysteresis loss at 1.5 T, 50 Hz W/kg 2.15 NA*
Total core lossat 1.0 T,50 Hz ~ W/kg 1.8 1.7
Total corelossat1.5T,50 Hz  W/kg 11.7 4.0
Electrical resistivity pQ-cm 56.9 45
Thermal conductivity W/m-K 24.8 28
Yield strength MPa 420 350

* hysteresis losses are typically not disclosed for commercial materials
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Figure 3.17. Printed material magnetization curve for multi-physical modeling: (a) normal
magnetization curve and the corresponding relative permeabilities, (b) data for drawing the curves
(initial values extrapolated).

High mechanical yield strength of the material gives reassurance that the printed
components can handle the operation stresses in AM electrical motors. Excellent
mechanical properties are critical for topology-optimized components as the refined
geometries, and air-gapped structures would surely be subjected to higher stress
concentrations than their conventional, more robust counterparts. On average,
the printed material exhibited yield strength of 580 MPa before annealing and 420 MPa
after it. As a comparison, in [144], the yield strength of Fe-Si laminations was shown to
be highly silicon content-dependent: 365 MPa for 3% Si to Fe, 413 MPa for 3.7% Si to Fe,
and 90 MPa for 6.5 % Si to Fe. Electron mobility within the printed samples was confirmed
to be relatively unaffected by the additive production process. The obtained values were
slightly lower than common values from the literature on low-silicon steels, likely due to
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the slightly higher silicon content. Compared to the corresponding values provided for
typical electrical steel laminations, the obtained thermal conductivity was 11%
(24.8 W/m-K) lower and electrical resistivity 26 % higher (56.9 uQ-cm). The expected values
for electrical resistivity for 3% and 6% silicon steels are 47 [123] and 82 [145] uQ-cm,
respectively, showing a nearly linear relationship between resistivity and silicon content
over the range of 3-8 wt% [112]. This relationship corresponds to 54 pQ-cm for 3.7%
silicon content steel.

Regarding the magnetic properties of the cores, it can be summarized that L-PBF
systems can be used to fabricate magnetic cores with useful properties. Magnetization
of 1.5 T was roughly at 1500 A/m. Maximum relative permeability of 8846 was obtained
at 90 A/m. In comparison, EU standards [140] require M400-50A electrical steel to reach
1.53 T at the maximum field strength of 2500 A/m. For higher grade steels, such as
M210-35A, slightly lower saturation of 1.49 T is reached at the same field strength.
Maximum relative permeabilities are not required to reach specific values by the
standard but are typically slightly lower than the values obtained for the studied printed
steel: somewhere between 5000—-8000 [138]. As demonstrated in Table 3.3, the specific
core losses of the printed steel are situated below the top- and high-grade silicon steels,
in the range of medium-grade steels, such as M400-50A. Importantly, this comparison
stands for the material losses at 1 T magnetization; at 1.5 T, the losses have climbed
rapidly and are in the range of M1000-65A / M1300-100A laminations. For higher
efficiency with stronger magnetic fields, further material microstructure optimization is
required: the current granular structure seems to be best suited for low (1 T) field strength
applications.
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4 Prototyping of AM Electrical Machines

L-PBF systems can be used to prepare high-performance soft magnetic materials. This
can be achieved through optimized printing, annealing, and topology of the printed
cores. The challenges in prototyping full AM electrical machine cores are somewhat
different from the printing of small-scale samples for material characterization.
In particular, the printing of functional components typically involves more complex and
larger topologies, which require additional process optimization. This chapter describes
the manufacturing process flow and performance of functional EM magnetic cores. Two
unique prototypes are printed and assembled as part of the work: the first transformer
and induction motor in the scientific literature, which exhibit fully 3D printed magnetic
parts and which are characterized in terms of performance. With this work, we aspire to
demonstrate the current state of the art of AM magnetic cores for AC applications and
map the main challenges involved. The chapter is based on the work presented in
publications Il and IV: “Design and Performance of Laser Additively Manufactured Core
Induction Motor” [146] and “Additive Manufacturing and Performance of E-Type
Transformer Core.” [147]

4.1 Transformer Prototyping

Prototypes of functional soft magnetic cores for time-varying magnetic fields are almost
non-existent in the literature. This is likely due to two reasons. First, there are significant
challenges involved in setting up an in-house production chain covering all the necessary
steps from component design to its printing, post-processing, quality control,
assembling, and component electrical performance measurements. Secondly, the
achievable efficiencies for these printed cores would be lower than the conventional
cores due to the difficulties in effectively suppressing eddy current losses within them.
This makes the prototyping of AC cores somewhat unattractive compared to novel
synchronous rotors, windings, or heat exchangers — prototypes that can demonstrate the
advantages of the use of AM in electrical machine construction more clearly. A brief
summary of the work in transformer core prototyping is presented in Figure 4.1.

Canventional
Transformer Core

3D Printed
Transformer Core

i & Efficiency Power Density

SLM Processed
3.7% Silicon Steel Components

=
(=
[

ooy I =] 0
< [=] =] <

Efficiency (%}
Power Density {VA/kg)

L7 ]

Figure 4.1. Summary of the prototyping study of 3D printing transformer cores. [147]
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We selected a prototype E-type transformer as the next step in evaluating AM
magnetic material capacity and performance for electrical machine applications. Its
relatively simplistic design, involving no moving parts, makes it an ideal preliminary step
before prototyping full electric motors. The full E-type transformer core was printed,
characterized, and compared in terms of performance with a conventional Goss textured
core. The 3D printed core was assembled from four novel interlocking components,
which structurally imitated common E-type core laminations and facilitated the
integration of a modular encased winding from the commercial counterpart. It was a
small benchtop transformer with the overall core measurements of 58.5 x 49.5 x 26 mm.
Similar to the samples investigated in the previous chapter, the prototype core was
printed from 3.7% silicon steel with the SLM 280 L-PBF printer.

Lower power density of the printed core was confirmed after standard transformer
no-load and full-load testing. This was related to grain-oriented structure of the Goss
textured silicon steel M165-35S used within the conventional transformer core.
The printed core exhibited non-oriented steel, perfect for electrical motors with a
rotating magnetic field but less effective for electrical power transformers where the flux
is unidirectional. The working point of the finished AM core was identified at 34% lower
power density. This was at the same magnetizing current drawn from the supply —
40 mA, which could energize the conventional transformer core up to 230V, and printed
core up to 160 V. Energizing the printed core beyond this value resulted in a significant
drop in its efficiency: due to ineffective usage of the core iron. The efficiency of the
transformers was calculated from the load test measurements at both the ambient core
temperature and the steady-state temperature at full load conditions. At full load,
the measured efficiency of the transformers ranged from 83.8% (21 °C) to 80.4% (71 °C)
for the conventional transformer and 74.7% (21 °C) to 70.1% (75 °C) for the prototype.
The transformer efficiency-load characteristic is outlined in Figure 4.2. Highest efficiencies
in the study were identified at ~40% load at 21 °C: for the conventional core 88.7% and
for the prototype 80.5%. A difference of roughly 10 % in efficiency was identified for the
cores over the full measurement range.
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Figure 4.2. Efficiency-load characteristics of the conventional and prototype transformers. [147]
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Results of performance characterization of both the printed and conventional
transformer cores are summarized in Table 4.1. Both transformers show typical
performance values for small single-phase 20-30 VA power rating devices. The typical
efficiencies for 30 VA power transformers are in the range of 83% [148] — 81% [149],
which decreases to 77% [148] at 22 VA and down to 65% [148] at 4.5 VA rated power.
In parallel, the power densities are more dependent on the individual core designs,
as some cores are with additional features or fully encased. From manufacturer
datasheets, it can be found that for similar transformers as investigated as part of the
study, the power densities are in the range of 56 [149] — 39 VA/kg [148].

Table 4.1. Comparison of the transformer cores performance. [147]

Parameter (full load, 21° C) 3D printed Core Conventional Core
Nominal Voltage 160V 230V
Nominal Current 0.17 A 0.17 A
Power Factor 0.97 0.97
Input Power 27.2 VA 39.1 VA
Output power 19.8 VA 31.8 VA
Efficiency (ambient temperature) 74.7 % 83.8%
Efficiency (operating temperature) 70.1% 80.5%
Power Density (Core) 47 VA/kg 72 VA/kg
Power Density (Full Transformer) 39 VA/kg 59 VA/kg

Several challenges were encountered when printing full-sized components. First,
the initial tests of the transformer core printing resulted in failure: the topology of the
core promoted uneven powder deposition on the substrate, resulting in a balling-related
failure at some stage of the build job. The issue was solved by changing the orientation
of the printed part to a 45-degree angle in relation to the re-coater. This resulted in a
more even powder deposition on the substrate. Secondly, the transformer cores
deformed significantly after removal from the base plate, due to the considerable
internal stresses applied to them during the printing process and its thin-walled
construction. This was resolved through cold working and bending of the part but could
have been avoided entirely by low-temperature annealing (part normalization) before
support removal. Thirdly, the power density of the transformer core was 1/3 less than
the conventional counterpart. To increase the power density in AM power transformers,
larger control should be obtained over the crystallographic texture of the cores.
Grain-oriented steels reach significantly higher magnetization values than non-oriented
steels under the same conditions but are only suitable for application with uni-directional
magnetizing. Fourthly, utilizing a printed core in the transformer assembly resulting in a
10% efficiency drop. This can most prominently be attributed to the eddy currents
generated in the 170% thicker laminations of the printed design.

The results are promising, AM full cores of electrical power devices show functional
performance. Further prototyping efforts of AM transformer cores require the
development of grain-oriented texture within the printed parts to match the power
densities of conventional materials. In parallel, the non-oriented structure of the printed
material is well suited for prototyping electric motors.
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4.2 Induction Motor Prototyping

The printing of magnetic cores for electric motors is considerably more complicated than
printing transformer components. This is mainly because of spatial accuracy
requirements: the machines involve moving parts, and the thinner the gap between
moving components, the higher the power density. In this work, an electrical motor with
fully additively manufactured cores was produced and evaluated in terms of performance.
The prototype incorporated a novel core internal structure in an attempt to limit eddy
current losses. The main goal of this work was to establish a baseline for future design
optimization purposes and to map the prototyping process for future reference.

The prototype was constrained by our production facilities and printed material
properties, limiting the maximum diameter of the prototype to 90 mm and its nominal
efficiency to a lower value than commercial motors of the same type and size. The type
of motor was chosen as a squirrel-cage induction motor (IM) — as it is simple to operate
from the grid. The initial design of the prototype was calculated through a procedure
described by J. Pyrhonen et. al. in a design handbook titled: “Design of Rotating Electrical
Machines” [150]. Two key challenges were identified for the prototype. First, minimizing
eddy current losses within the printed cores and preparing them with sufficient accuracy
to obtain a uniform air-gap. To reduce the losses, crack-like air-gaps were integrated
into the core, running perpendicular to both the core axis and the printing direction.
The chosen core segregation strategy is described in Figure 4.3.

2mm laminations Air-Gaps within the core

Thick lattice border elements

uneven ~0.2 mm air gaps within the core

(d) (e)

(c)

Figure 4.3. Eddy current loss strategy: (a) rotor core design, (b) stator core design, (c) insulating
non-homogeneous layers, (d)-(e) Resultant printed motor core internal structure.

In the final design, 2 mm layers of magnetic material were separated with thin 0.2 mm
air-gaps. To facilitate the printing, these gaps were filled with thin lattice-like structures.
For obtaining a uniform motor air-gap, the parts were printed slightly larger than their
final dimensions, and then machined to net shape after printing. The workflow for the
prototype production is detailed in Figure 4.4, with illustrative images of the production
in Figure 4.5.
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. Assembling all the components together,
( Final Assembly ) tightened with rods.

Figure 4.4. Workflow for producing the AM core prototype motor. [146]

After initial print testing, laser re-melting and “stripe” scan pattern settings were
deemed unsuitable for the printing of larger parts (from material characterization
samples), resulting in balling-related print failure. The survivability of the print job was
increased substantially by adopting from double scan “stripe” to a single scan
“chessboard” pattern. The printing duration of the cores was approximately 30 h. After
printing and prior to cutting the cores off their build plates, the cores were normalized
over a low-temperature annealing process. This managed to relax the internal stresses
in the material, making it more malleable and less prone to deformations during the
upcoming cold-working. After turning machining, a uniform air-gap of 0.35 mm was
achieved for the prototype. With the necessary fitting and assembly preparations
completed, the cores were subjected to high-temperature annealing, to promote grain
growth of the material and remove any stresses introduced to the material with
cold-working [155]. Next, the cores were wound: the stator with a distributed
three-phase winding and the rotor with a squirrel cage. The prototype used commercial
ball bearings on the shaft.
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(g (h) (i)

Figure 4.5. Production of the AM core motor: (a) L-PBF printing process of the stator core,
(b) finished printed stator core supported on the build plate, (c) turning machining of the motor
stator, (d) machine rotor in the annealing furnace, (e) stator winding process, (f) milling of the rotor
end-rings, (g) assembled rotor with inserted cage, shaft, bearing and cooling fans, (h) motor stator,
rotor core and endcaps, (i) fully assembled AM prototype. [146]

In order to evaluate the performance of the prototype, three standard tests were
performed: the no-load, blocked rotor, and load test. For load testing, a benchmarking
machine of the same type and similar size was obtained. Both the prototyping and
the benchmarking machines were operated through the grid and controlled by
autotransformers. The load test results of the benchmarking machine correlated well
with its datasheet [151]. The nominal working point of the prototype was determined
through an optimal balance (Figure 4.6) between its output power and efficiency, which
was determined to be at 68 W, 34% efficiency. The results of the performance
measurements are detailed in Table 4.3.
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Figure 4.6. Determination of the prototype motor nominal parameters based on the full load test
measurement results: (a) efficiency map, (b) speed-torque contour plot of terminal voltage,
(c) speed-torque contour plot of winding current density. [146]
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Table 4.3. Comparison of the commercial benchmarking machine and the designed / empirical values
for the AM core prototype. [146]

Rated Values Design Experimental Commercial
Power 80W 68 W 60 W
Frequency 50 Hz 50 Hz 50 Hz
Rated Voltage 20V 17V 230V
Rated Current 5.1A 5.1A 0.3A
Rated Torque 0.55 Nm 0.5Nm 0.4 Nm
Speed 1400 rpm 1315 rpm 1395 rpm
Efficiency 40 % 34% 52%
Power Factor 0.65 0.82 0.55

The efficiency of the commercial benchmarking motor was 52%, which was 3/2 of the
efficiency of the prototype. For small-scale IMs, the efficiency in the range of 50% is typical
[152]. There are no similar AM porotypes from the literature for comparison with current
work. Some authors from both academic and non-academic sources have produced
polymer core machines with neodymium permanent magnet arrays to compensate for the
low magnetization of polymer cores [10], [153]. Perhaps the best comparative data can be
obtained from [154], where a rotor of a commercial switched reluctance motor was
substituted with a printed Fe-Si analog. The new assembly suffered from reduced efficiency
—decreasing from 83% to 65% at 1500 rpm, ~1kw output power.

Laser additive manufacturing was used to successfully prepare both the rotor and stator
of a prototype induction motor. The main challenges were related to core spatial accuracy
and eddy current losses. Printing of the parts with the current setup resulted in slightly
elliptical cores: approximately 0.2 mm, translating to a 0.1 mm distortion on the airgap.
This is significant as air-gaps in an EM of this size are usually within the same range. After
machining, the ellipticity was removed, and a uniform air-gap of 0.35 mm was obtained.
The employed method for eddy current loss reduction was moderately successful.
Approximately 29.5 W/kg of specific iron losses within the 2.4 kg motor cores at 50 Hz,
1.1 T magnetization (W11,50) were identified. At the same conditions, the solid 5 x 5 mm
cross-section core exhibited iron losses of 12.9 W/kg (Figure 3.16). The individual areas of
the motor core were approximately 3 x 2 mm in the stator teeth and 7 x 2 mm in the stator
yoke. This indicates that a significant electrical short circuit was present over the cracks
printed into the material. The full core was massive in comparison with the sample toroid:
56 mm in height, 89 mm in outer diameter, and ~58 mm in inner diameter. The intra-core
electrical conductivity could have also been enhanced by the sintering of the unmelted
powder captured within the core during the annealing process. Nevertheless, despite these
initial problems, 2/3 of the efficiency of the conventional benchmarking machine was
obtained at similar power density. Output power of the machines was similar (60 W for
commercial, 68 W for prototype) as well as their weight: 2.9 kg for full weight of the
conventional motor, and 2.4 kg for the core weight of the prototype.
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5 Conclusions and Future Work

3D printing of the prototype components indicated great potential for AM electrical
motors. The obtained performance parameters were somewhat lower than their
commercial counterparts, which is understandable, as these were the first generation of
AM electric machine prototypes. Future designs can benefit from further optimized
machine and magnetic core designs.

The core intrinsic material properties (Table 3.3) were similar to typical mid-range
lamination sheets. Eddy current loss reduction still requires further work: it is possible to
reduce them to an acceptable level, but currently only through air-gapped internal
structure. This, however, lowers the fill factor of the cores, requiring a larger magnetic core
volume (albeit at similar weight) to output the same power. In parallel, the core would
likely suffer from reduced mechanical durability but would likely allow for greater
possibilities in heat extraction. In the prototype induction motor, perpendicular air-gaps to
the printing direction were integrated, with mixed success. The short circuit between the
segregated areas of the core was still significant. Investigation of the magnetic cores
showed higher efficiency of air-gaps (Figure 3.16) formed in parallel to the print direction
to the perpendicular gaps. This orientation allowed to form wide uniform air-gaps, with
minimalistic thin bridges connecting the individual laminations, both limiting
inter-lamination electrical connection and enabling the removal of all the un-melted
powder from within the core. This enabled to achieve iron losses as low as 1.8 W/kg
(W1o50), but at higher flux densities (>W1350), the losses increased substantially (Figure
3.16). This was determined to be related to excessive grain size, which has been shown to
be beneficial at lower core flux densities and to be detrimental at higher flux densities.
Further crystallographic texture optimization research is required. The nominal working
points of the prototypes were also determined at moderate flux density values, for the
E-type transformer: 1.16 T, exhibiting 3.05 W/kg losses, and for the induction motor 1.1 T,
exhibiting 29.5 W/kg losses. The core design (interlocking cores) of the transformer proved
considerably more effective in suppressing eddy currents than the prototype motor design,
but would be considerably more difficult to implement in motors due to the rotating
magnetic field, and possible assembling/machining challenges introduced to the process.

The main objectives of the work were achieved. By implementing methodological
enhancements, useful material properties for the printed cores and functional
performance full-sized prototype EMs were obtained. This provides a firm foundation the
future work on additive manufacturing of topology-optimized electrical machines, and
their components can be built upon. The main results for each thesis objective are the
following:

e Literature survey on the current state-of-the-art, perspectives and challenges
of additively manufactured EM active part materials was conducted.

o  The maturity of the AM prototyping and small volume production of
electrical machines is currently highest with PBF printing systems,
where high spatial accuracy, high purity, and near fully dense parts
can be prepared.

o Current PBF printing systems show great promise for small volume
production or prototyping of unconventional topology optimized
electrical machine windings, heat exchangers, and synchronous
rotors.
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Fine-tuning of the printing setup was achieved, soft magnetic material parts
from silicon steel powder with high relative density (above 99.5%) were
prepared.

o

The optimal printing parameters for printing 3.7% silicon steel cores
were: layer thickness 50 um, hatch distance 120 um, laser power
350 W, and scanning velocity 750 mm/s (laser energy density of
77 J/mm3).

These parameters were applied to print 99.86% dense test samples
with 8 um average surface roughness Ra.

Full process workflow was developed and implemented to produce printed
silicon steel soft magnetic cores with useful magnetic properties.

o

Annealing was determined as a critical additional step in preparing
L-PBF fused soft magnetic cores.

The most useful magnetic properties were obtained with the
annealing temperature 1200 °C, hold time 60 min, and heating rate
5 °C/min.

For higher field strength applications (~1.5 T), further process
optimization is required to obtain the optimal crystallographic
structure.

The magnetic cores processed through the developed workflow
exhibited quasi-static hysteresis loss of 0.8 W/kg (W1ios0) and
maximum relative permeability of 8800.

With integrated air-gaps, total iron losses in printed cores were
shown to decrease 81%: from 9.6 to 1.8 W/kg (W1o0,50). In parallel,
the air-gaps resulted in material fill factor reduction to 73%.

The obtained losses are equivalent to mid-grade (M400-50A / M-43)
soft magnetic laminations, which are required to exhibit iron losses
no larger than 1.7 W/kg (W1o,50).

Non-magnetic properties of the printed silicon steel were characterized for
future topology optimization purposes.

o

The printed material exhibited yield strength of 420 MPa, thermal
conductivity of 24.8 W/m-K and electrical resistivity of 56.9 pQ-cm.
For a typical commercial lamination, the disclosed values in a
datasheet are: yield strength of 350 MPa, thermal conductivity of
28 W/m-K and electrical resistivity of 45 pQ-cm.

Practical capacity of L-PBF printing systems was demonstrated for printing
functional electromagnetic devices.

o

Magnetic cores for both an induction motor and a power transformer
were printed successfully.

These first cores showed promising, though slightly lower
performance than their commercial counterparts.

At nominal output, energy efficiency of 34% was obtained for the
prototype induction motor and 70% for the prototype power
transformer at nominal operating point. These are 2/3 and 7/8
respectively of equivalent commercial counterpart efficiencies.
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A firm foundation for future work on additive manufacturing of topology-optimized
electrical machines and their components has been established. Printed and annealed
soft magnetic 3.7% silicon steel showed useful material properties and applicability
for rapid prototyping of EMs. Future progress in the project will require efforts in both
material science and topology optimization. The mapped magnetic, thermal, electrical,
and mechanical properties will be used for the multi-physical modeling and
three-dimensional shape optimization of novel electrical machines. To enable the
printing of more complex designs, the printing of additional materials, both magnetic
and non-magnetic, will be investigated. This will include materials for thermal and
electrical conduction and more exotic soft magnetic materials, such as high-silicon steel
and amorphous alloys, to achieve higher core efficiency. Undoubtedly, multi-material
metal printing would radically change the perspective of AM electrical machines. It would
enable both unparalleled control over part internal structure and the 3D printing of full
electrical machines as a single process. These methods are likely to emerge soon and
become available for research work.
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Abstract
Production and Properties of Additively Manufactured
Electrical Machine Cores

This work is focused on the methodological development of laser additive manufacturing
of soft magnetic cores. The project was started at 2018, with little prior knowledge of the
peculiarities of the L-PBF fusion mechanisms and metallurgical processes. The field itself
was in its infancy at that time, with a few sparse initial attempts in fusing soft magnetic
cores or electrical motor components. Thus, the main goal of this work was to provide a
firm foundation of methodological understanding and printing expertise that the future
work on additive manufacturing of topology-optimized electrical machines and their
components can be built upon. This is the main future goal, to produce superior EMs to
conventional machines in the future through the introduction of highly refined and
intricate topologies. The thesis is supported by three major pillars of study. First,
a literature survey was conducted to map the current material quality level for the 3D
printed material involved in the active parts in electrical motors: the soft magnetic, hard
magnetic, and electrically conductive. It was determined that the maturity level of AM
electrical conductors is ready for commercial applications, albeit for niche applications
at the moment, due to the difficulties in forming insulation layers during a print job.
The same issue plagues printed soft magnetic cores, which significantly lose in their
energy efficiency due to some siphoned into the eddy current generation. Secondly,
a thorough analysis was conducted on the L-PBF printing process when fusing 3.7%
silicon content steel. This work included the literature survey on the causalities behind
poor material magnetic properties, based on which a workflow was proposed to address
these concerns. The material preparation process was successful; properties not far from
standard materials for magnetic flux guides were achieved. The last part of the thesis
was to take the printing process to a larger level: to print full core components for actual
electromagnetic devices. This was both to gather knowledge on what additional
considerations should be taken into account when advancing from printing small
material characterization samples into printing full cores; and to establish the current
state of the art: what can we expect from functional printed EM cores performance-wise.
The printed cores exhibited somewhat lower characteristics than their commercial
counterparts, but that was unsurprising, as the built prototypes were the first of their
kind. The future work on this project is the application of the acquired expertise and
material mapping data to design novel machines with novel shaping of magnetic flux,
thermal flux, or electric current conductors. Likely, AM electrical machines will remain a
niche product until multi-material metal printing systems establish themselves on a
larger scale. Considering the rate of the development of additive manufacturing systems,
it is feasible that AM motors can reach mainstream in the next 50 years.

66



Lihikokkuvote
Kihtlisandus meetodil valmistatud elektrimasinate
magnetsiidamikud ja nende omadused

Kdesolev t66 keskendub pehmete magnetiliste siidamike laser kihtlisandustootmise
(AM) metoodilisele arendamisele. Projekti alustati 2018. aastal, mil oli vahe eelteadmisi
L-PBF-sulatusmehhanismide ja metallurgiliste protsesside eriparadest. Valdkond oli sel
ajal lapsekingades, oli moni Uksik katsetus magnetsiidamike voi elektrimootorite
komponentide sulatamisel. Seega oli selle t66 peamine eesmark luua kindel alus
metoodilisele arusaamisele ja printimise alastele teadmistele, millele saab tulevikus
rajada topoloogiliselt optimeeritud elektrimasinate ja nende komponentide
kihtkisandustootmise alase t60. See on projekti peamine tulevikueesmark, et tulevikus
toota tavaparastest masinatest paremaid elektrimasinaid labi keeruliste vormide ehk
topoloogiate kasutuselevGtu. Doktorit6d toetub kolmele peamisele uurimissambale.
Esiteks viidi 1abi kirjandusuuring, et kaardistada elektrimootorite aktiivsetes osades
kasutatavate prinditud materjalide praegune kvaliteeditase: nendeks materjalideks olid
pehme magnetiline, kdva magnetiline ja elektrijuht materjalid. Tehti kindlaks, et
AM-elektrijuhtide klipsusaste on valmis kaubanduslikuks kasutamiseks, kuigi praegu vaid
niSirakenduste jaoks, kuna isolatsioonikihtide moodustamine printimise kdigus on
keeruline. Sama probleem vaevab prinditud pehmeid magnetilisi sidamikke, mis
kaotavad oluliselt oma energiatéhususes poorisvoolude tottu. Teiseks analliisiti
pohjalikult L-PBF printimise protsessi 3,7% ranisisaldusega terase sulatamisel. See t66
hélmas kirjandusuuringut materjali kehvade magnetiliste omaduste taga olevate
pdhjuste kohta, mille pdhjal pakuti valja todprotsess nende probleemide lahendamiseks.
Materjali ettevalmistusprotsess oli edukas, saavutati omadused, mis ei ole kaugel
standardsetest magnetsiidamike materjalidest. LOputdd viimane osa oli viia
printimisprotsess suuremale tasandile: valmistada funktsionaalsed elektronmagnetilised
seadmed taielikult prinditud magnetsiidamikega. Sellega sooviti koguda teadmisi
lisakaalutluste mida arvesse votta, kui liigutakse vaikeste materjali iseloomustavate
naidiste printimisest edasi taielike magnetsiidamikeni; ning parallelselt kindlaks teha ka
tehnoloogia hetkeseis: mida vdime oodata prinditud siidamikega funktsionaalsete
seadmete jOudlusest. MO&ddeti mdnevdrra madalamaid nditajaid kui nende
kaubanduslikel analoogidel, kuid see ei olnud Ullatav, sest t60s valmisid esimesed
omalaadsed prototiibid. Selle projekti edasine t66 on omandatud teadmiste ja
kaardistatud materjalide andmete rakendamine edasisteks arvutusteks mootorite
magnetvoo, soojusvoo voi elektrivoolu juhtide kuju optimeerimiseks. TGendoliselt jdavad
3D prinditud elektrimasinad esialgu nisSitooteks, kuni mitme materjali parallelne
kvaliteetne printimine saab kiireks ja kattesaadavaks. Vottes arvesse kihtlisandus-
tehnoloogial pdhinevate tootmissiisteemide arengukiirust, on vdimalik, et AM-mootorid
jouavad peavoolu jargmise 50 aasta jooksul

67






Appendix

Publication |

H. Tiismus, A. Kallaste, T. Vaimann, and A. Rassélkin, “State of the Art of Additively
Manufactured Electromagnetic Materials for Topology Optimized Electrical Machines,”
Addit. Manuf., vol. 55, no. July 2022, doi: 10.1016/j.addma.2022.102778.

69






Additive Manufacturing 55 (2022) 102778

Contents lists available at ScienceDirect ) it
Additive
MANUFACTURING
Additive Manufacturing —

s

ELSEVIER

journal homepage: www.elsevier.com/locate/addma

Review ;.)
Check for
updates

State of the art of additively manufactured electromagnetic materials for
topology optimized electrical machines

Hans Tiismus , Ants Kallaste, Toomas Vaimann, Anton Rassolkin

Tallinn University of Technology, Ehitajate tee 5, Tallinn 19086, Estonia

ARTICLE INFO ABSTRACT

Keywords:

Additive manufacturing

Electrical machines

Soft magnetic materials

Hard magnetic materials
Conductors

Metal additive manufacturing (AM) technology is maturing. Although currently slower and less reliable than
traditional production methods, AM systems shine when producing parts with unconventional topologies or in
small quantities. Like countless other research communities, the electrical machine (EM) research community
has shifted considerable efforts towards integrating AM systems into the EM production cycle to implement more
powerful and efficient topology optimized (TO) next-generation EMs. In this paper, the state-of-the-art printing
of soft magnetic, hard magnetic, and electrically conductive materials was investigated to evaluate the maturity
of each material type for integration into EM construction. The highest maturity was identified for AM pure
copper, showing characteristics equivalent to commercial high purity copper. In contrast, AM permanent mag-
nets were the least mature: suffering from low power density and limited magnetization capacities. Printed soft
magnetic steels were characterized as halfway in-between: on one side showing equivalent DC magnetic prop-
erties to conventional non-oriented steels, but on the other — suffering from high eddy current losses in AC
applications. Based on the study’s findings, it would appear that the emergence of additively manufactured EMs
is only a matter of time. We predict a dramatic increase in the printing of prototype TO components within the

next few years, focusing most likely on TO machine windings, heat exchangers, and synchronous rotors.

1. Introduction
1.1. Electrical machines

Electrical machines are the workhorses of modern society. They are
built in virtually all scales: ranging from small (mW or W scale) or me-
dium domestic machines (kW scale) we use daily, up to large machines
(MW scale) for more specialized industrial, propulsion, or electrical
power generation purposes. EMs, through electro-mechanical conver-
sion, produce virtually all the electric power on Earth. In EU 2019, solar
energy constituted only 4.4% of total electricity produced, with all the
other sources involving electro-mechanical conversion (nuclear, wind,
hydro, geothermal, and thermal powerplants) [1]. Electric motors for
industrial applications use more than 40% of the total energy produced
worldwide: a rough estimate of half a billion industrial electric motors
are installed, and the amount is increasing by 15% annually [2]. As the
EMs are so heavily utilized, the sizeable electrical machine research
community is continuously developing the EM designs further: driven by
specific application requirements, technological advancements, or

* Corresponding author.
E-mail address: hans.tiismus@taltech.ee (H. Tiismus).

https://doi.org/10.1016/j.addma.2022.102778

political directives. Presently signed EU directives obligate the effi-
ciency class IE3 or better for all electric motors with nominal power of
0.75 up to 1000 kW starting from July 2021. These requirements are
further raised to IE4 or better for motors between 75 and 200 kW after
two years (April 2020 amendment to the EnEV). Constructing EMs
satisfying these new standards is a challenging task, as only 2% addi-
tional gain in machine efficiency, from 92% to 94%, would mean a 25%
further reduction in machine energy losses [3].

Arguably, the development of new materials and their industrial
integration through next-generation production methods has had the
most significant impact on electrical machine performance overall.
Materials define the practical limits of the machines, whereas other
research fields (control, design, optimization) — allow for the fine-tuning
of the machine performance and their implementation for a specific
application. Increasingly reliable insulation materials, more effective
electrical and magnetic conductors, new permanent magnet alloys, and
cost-effective manufacturing and processing methods allow realizing
more powerful and complex machine designs available to the end con-
sumer. Unfortunately, significant breakthroughs in EM materials have
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Fig. 1.1. 3D printed electrical drive housing by Porsche [4].

not been made in the recent past. The materials exhibit finite electro-
magnetic properties: both the magnetic material saturation flux density
and the winding materials’ electrical conductivity have remained un-
changed for the past century and are likely to remain so. A possible
solution to this stagnation in EM development has been proposed in
novel additive manufacturing methods. AM enables approaching the EM
design from a new angle, as previously unfeasible part topologies are
finally obtainable.

RAW MATERIAL EFFICIENCY

MAJOR DECREASE IN MATERIAL WASTE
SIMPLIFIED RAW MATERIAL PREPARATION

AS-BUILT COOLING CHANNELS
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1.2. Additive manufacturing of electrical machines

Metal additive manufacturing of structural components has matured
and found widescale utilization for producing high-performance
metallic parts. Currently, the cost per part of AM is still relatively
high: it has been most applicable in high-tech industries to produce
specialized TO parts. For example, Porsche [4] unveiled its first com-
plete electrical drive housing, shown in Fig. 1.1. The new design boasts
double the mechanical strength in heavily stressed areas with only 60%
of the traditionally produced housing weight. The AM housing benefits
also from a simplified production cycle - requiring less specialized ma-
chinery, production steps, and even reduced assembly time of the
finished product. Similar successes for metal AM systems have also been
reported for astronautic [5] and aerospace [6] sectors — applications
where the reduction of every gram is relevant. Consequently, the sales of
additive manufacturing systems are expected to triple within the next
few years [7].

The unprecedented production freedom of AM systems can poten-
tially also enable the further development of electrical machine designs.
Finally, the EM research community has the opportunity to approach the
machine design out-of-the-box and introduce previously unfeasible to-
pologies. Conventionally, EMs are constructed from stacked thin layers
of laminations: which, while providing effective means for eddy current
loss reduction, limit practical machine topologies to relatively simplistic
axially symmetric designs. This is primarily due to practical consider-
ations in achieving cost-effective machine core assembly and mechani-
cal integrity of the final stacking. AM would introduce completely new

SIMPLIFIED PRODUCTION

UNPRECEDENTED PRODUCTION FLEXIBILITY
LARGE MACHINE PARK NOT NEEDED

SOLID STRUCTURE

ADAPTABLE MATERIAL ANISOTROPY
NONHOMOGENIOUS VOLUMES ON DEMAND

MESH STRUCTURES

WEIGHT REDUCTION
TOPOLOGY OPTIMIZATION

COMPLEX THREE-DIMENSIONAL SHAPES

IMPROVED THERMAL CAPACITY

COMPLETELY NEW MACHINE TYPES
OPTIMIZED FLUX PATHS

Fig. 1. Summary of AM Possibilities in part design and production (production artwork courtesy Additive Manufacturing Global [27]).
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6% EBM

47% SLM

10% DED

12% BJ

Fig. 1.3. Summary of the AM methods utilized in the reviewed articles
describing the preparation and characterization of electromagnetic mate-
rial properties.

design rules to the machine design, as it operates through a funda-
mentally different relation in cost, batch size, and product complexity
[8]. Some of the well-known advantages of utilizing AM production
facilities are illustrated in Fig. 1. While AM has been linked to more
flexible and resource-effective small production business models [8], for
EMs, the main advantage of AM would arise from its freeform fabrica-
tion capacity. Utilizing AM, complex three-dimensional shapes (which
can include nonhomogeneous volumes) can be manufactured without
significant extra costs involved over printing simple shapes. This means
more opportunities for electromagnetic and thermal optimization of the
machines: as flux paths and conductors can be shaped
three-dimensionally according to the design requirements and more
effective passive or active thermal exchangers integrated into the design.

The emerging field of additive manufacturing of electrical machines
has its roots in 2013-2015 with the first experimentations and discus-
sions in 3D printing of electro-mechanical systems [9], [10]. The first
metal additively manufactured motor components (synchronous rotors)
were presented in 2016 [11], [12]. Overviews on the feasibility of AM
electrical machines started appearing a few years later (2018-2019)
[13], [14], [15]. Up to date, the additive manufacturing of complete
electrical machines is yet to be accomplished. Considerable progress,
however, has been made in material sciences and individual machine
component prototyping. By now, several reviews have been published
on the topic. Some of the reviews focus more on novel motor design
options: [16], [17], [18], [19]; some on AM magnetic materials: [20],
[21], [22], [23]; and some on AM copper: [24], [25], [26].

The main challenges in 3D printing electrical machines can be
related to both the printing systems’ current limitations and the tech-
nically demanding nature of producing EMs in general. Tight tolerances
must be met for moving machine parts while printing at least three
dissimilar materials in parallel with high quality. Materials involved in
EMs are an electrically conductive diamagnetic material for the wind-
ings, a soft ferromagnetic material with high electrical resistivity for the
core, and a diamagnetic dielectric material for core/coil insulation
layers. Although some success in the parallel printing of these materials
has been met with extrusion-based methods [28], the extruded elec-
tromagnetic material characteristics are well below what can be ex-
pected of high-grade commercial materials. At the same time,
considerably higher material characteristics are obtainable with dedi-
cated metal printing systems, albeit without the multi-material option. A
potential solution to this conundrum lies in the natural evolution of
printing technology: dual-metal powder-bed printing systems with se-
lective powder deposition capabilities are now becoming available [29].
The state-of-the-art research of AM electrical machines and electro-
magnetic materials involves process optimization to obtain the neces-
sary methodical expertise to prepare high-performance AM materials
and prototype parts. The optimization of AM processes is a lengthy and
complicated procedure due to the inherent capriciousness of AM: they
require finely tuned processing parameters to prepare a part with both
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the desired dimensions and material characteristics. Excessive energy
input, for example, can commonly be linked to part deformation during
printing (warpage, uneven growth due to balling, delaminations, ther-
mal cracking). In contrast, insufficient energy input has been linked to
poor fusion between printed layers/tracks and subsequent undesirable
porosity. A similar balance must be determined between a myriad of
other printing parameters, including raw material shape/composition,
raw material supply rate, printing layer thickness, pre-heating temper-
ature, printing patterns, support patterns, etc. Furthermore, in addition
to optimizing printing parameters, the determination of optimal
post-printing operations can be critical for the usefulness of the printing
parts. These operations can range from thermal, chemical, or mechani-
cal treatments encompassing the whole part or a specific part surface.
Despite the highly complicated nature of the optimization of AM pro-
cesses, considerable progress has been made over the last decade.

1.3. Review scope and overview

This paper presents a literature survey of material properties of
additively manufactured electromagnetic materials. These materials,
including soft magnetic materials (magnetic flux conduction), hard
magnetic materials (magnetic flux enhancement), and electrically
conductive materials (generation of magnetic flux), are related to the
magnetic circuit of the machine. For AM materials to reach mainstream
for EM construction, the printed materials must exhibit at least equiv-
alent or superior properties compared to their commercial counterparts.
In the study, the main criteria for evaluation of each material type are
material-specific:

o Soft magnetic - core losses (W/kg) and polarization (T) at specific
field strength.

e Hard magnetic -
magnetization.

e Electrically conductive - relative electrical conductivity (% IACS).

coercivity (kA/m) and remanence (T)

A total of 62 academic research articles were identified from the
literature, which included all the relevant data necessary for compiling a
comparative analysis. Some research was excluded — research with
either incomplete data for the survey or with more exotic alloys or a few
research items that were overlooked by accident.

The most widely encountered AM method in this study by far (47%)
was laser powder bed fusion (L-PBF). This is unsurprising due to its
commercial maturity and capacity for fusing high-density, low porosity
parts. Excessive porosities in electromagnetic materials have been linked
to magnetic domain restriction (especially intragranular porosities [30])
and reduced electron mobility [24]. Nevertheless, a full 25% of the
studies included different extrusion-based methods, which are
well-known for challenges related to low printed part density. Extrusion
methods were utilized most extensively for printing hard magnetic
materials. That is, for materials that benefit from nonhomogeneous
material structure (increasing material coercivity by the introduction of
abundant domain restraining defects). Other common metal printing
methods were less represented in the study: with electron beam melting
(EBM) constituting for 6% of the total literature analyzed, directed en-
ergy deposition (DED) for 10%, and binder jetting (BJ) for 12%. The
common AM methods encountered in this study are summarized in
Fig. 1.3.

Each of the three investigated material types exhibited one specific
alloy, which has received significantly more scientific interest. For soft
magnetic materials, this alloy was silicon steel, with 58% of all relevant
literature focused on its optimization (with either ~3% or ~ 6.5% sili-
con content). In fact, when conducting the survey, we could not find a
single article describing AC core losses reduction in non — silicon steel
samples, such as Fe-Co, Fe-Ni, or amorphous materials. This is likely due
to the recognition of Fe-Si as the material of choice for electrical power
devices (almost 80% of the market is occupied by Fe-Si [31]). For Fe-Co
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Fig. 1.4. Reference source analysis based on the studied alloy type and publication date.

— the costs involved are significantly higher; for Fe-Ni and amorphous
materials — the magnetic saturation is too low, and loss reduction is not
relevant at low frequency.

For AM conductive materials, the preferred studied material was
high purity copper, with roughly 50% of all literature describing its AM
process optimization. This is hardly surprising as copper conductors are
the gold standard we can encounter in virtually every industry. Addi-
tionally, some instances of aluminum (mainly AlSi10Mg) and copper
alloys (CuCrZr, CuNiSi, Cul0Zn, CuCr, CuSn0.3) have been investigated,
which generally exhibited improved printability/machinability or me-
chanical strength at the cost of somewhat lower electrical conductivity.

Lastly, neodymium-based alloys were the most investigated printed
hard magnetic materials, constituting 72% of all of the relevant litera-
ture reviewed. NdFeB-based permanent magnet alloys (PMs) are in the
spotlight, likely due to their high magneto-crystalline anisotropy and the
exceptionally high magnetic moments of lanthanide element atoms (e.
g., Sm, Nd). This means higher power densities are achievable, even
with relatively low fill factors of hard magnetic phase within the mag-
net. Extruded permanent magnets can be loaded up to ~40-60% of
nonmagnetic binding material [23]. Other common hard magnetic
materials were also encountered within the literature, with some in-
stances of printed ferrite, AINiCo, and SmCo studies.

The distributions of both the publication date and studied alloy
within the reviewed articles are summarized in Fig. 1.4. Unique com-
pounds with only a single reference are compacted to larger nominators,
such as polymer-bound, amorphous, or Cu alloys. The publication time
is divided into three larger periods: 2021-2020, 2019-2019 and older
articles. Research into AM electromagnetic material properties is a novel
topic, as 75% of the articles reviewed have been published within the
last four years (2018-2021). The oldest article of the survey was pub-
lished eight years ago in 2014. Based on the survey, it would appear that
the research interest in hard magnetic materials has lowered steadily
over the recent years, whereas the interest in electrically conductive and
soft magnetic materials has increased substantially.

1.4. Review goals
This review has three major objectives:
e Conduct a comparative analysis of printed electromagnetic material

properties: to illustrate the gap, if any remaining, between the con-
ventional and printed materials. Based on the results, the maturity of

each material type for integration in electrical machine construction
is evaluated.

Present the electromagnetic material characteristics available in the
academic literature within the same framework - due to the lack of
standardization in the field.

Provide information on the trends and recent advances in the pro-
totyping of additively manufactured components for EMs.

2. Metal additive manufacturing

The idea of incrementally adding material during the manufacturing
process to create functional tools and components is perhaps as old as
civilization itself: as exemplified by traditional crafting techniques.
Additive manufacturing differentiates from these time-worn techniques
mainly by the increment scale and spatial accuracy of the added mate-
rial, which for modern systems are usually in the range of 25-500 pm.
Repeatable accuracy on this scale cannot be achieved without fully
digitalized production systems, which is why the history of additive
manufacturing is relatively short. The earliest description of a modern
metal printing system was described in a 1972 patent by A. Ciraud,
introducing the concept of metal layer fabrication by selectively melting
powders using electron, laser, or plasma beams [32]. In 1979, a powder
laser sintering process was presented by Housholder in a patent [33]:
discussing sequentially depositing planar layers and solidifying a
portion of each layer selectively. Back then, the technology was still not
mature enough to complete printing system prototyping. The ground-
work for the inception of AM systems was lain through massive leaps in
digital computing and robotics in the 1980 s and 90 s. In 1998, Optomec
commercialized the very first metal additive manufacturing system — a
DED-based printer, followed by a year later with an L-PBF based printing
system by SLM Solutions [34]. The following time period saw rapid
advances in both the availability and versatility of metal 3D printing
systems. In roughly the mid-2010 s, metal additive manufacturing sys-
tems were finally starting to reach the mainstream. Previously, they
were simply too unreliable and unaffordable for niche commercial ap-
plications or scientific work. Consequently, in 2010-2020, the AM in-
dustry recorded a remarkable annual growth of 27%, as reported by
Wohlers Associates in their annual report on AM trends, outlook, and
forecasts [35].

For the AM of electromagnetic materials, four types of printing sys-
tems have been utilized the most heavily, as presented in Fig. 1.3. These
include powder bed fusion systems (both with electron beam — EB-PBF



H. Tiismus et al.

MIRROR

LASER SOURCE SCANNER

VAN

RE-COATER/
ROLLER

POWDER BED

SUPPORT
STRUCTURE

1 ¥

POWDER POWDER
SUPPLY OVERFLOW
(a)
V4 FEED
LASER SOURCE SYSTEM

2N

FIBER OPTIC
CABLE

COUPLING
OPTICS

SUPPORT
STRUCTURE

(c)

NO SUPPORT
STRUCTURE

Additive Manufacturing 55 (2022) 102778

BINDER SUPPLY

]

INKJET PRINT HEAD
POWDER BED

[
RE-COATER/
ROLLER

¥

POWDER
OVERFLOW

?

POWDER
SUPPLY

(b)

METAL + BINDER
SPOOL

~_HEATER ELEMENT

0
\o‘
lin.® ®

ﬂmm\\mm

"
SUPPORT HHW
STRUCTURE |

(d)

Fig. 2.1. Common metal AM methods: (a) laser powder bed fusion (L - PBF), (b) binder jetting (BJ), (c) directed energy deposition (DED), (d) fuse deposition

modelling (FDM).

and laser — L-PBF fusion), binder jetting (BJ), directed energy deposition
(DED), and various similar extrusion-based methods (most commonly
known as fuse deposition modeling — FDM). The working principles of
the methods are described in Fig. 2.1. Both BJ and L/EB-PBF are powder
bed-based technologies — where the printed parts are submerged into the
powder bed during the printing process one layer at a time. In L/EB-PBF,
the raw powder is fused together with an energy beam, in BJ — with a
binding agent. In both DED and extrusion-based methods, the printed
part can remain fully stationary, while the print head is in three-
dimensional motion. In these methods, the raw material is supplied
directly by the print head itself: for DED via a pressurized powder / inert
gas mixture or a wire feeder, for FDM via a filament of mixed metal
particles within a thermoplastic binder agent. Importantly, methods
involving binding agents for raw material fusion, like FDM and BJ,
require additional post-printing processes. These include debinding and
furnace sintering of the green part to remove the binding agents from
within the part and to promote metallic phase densification. For a more
in-depth comparison, a summary of the advantages and disadvantages of
each method is presented in Table 2.1.

3. Additive manufacturing of soft magnetic materials

Soft magnetic materials are used in EM construction for magnetic
field conduction. The materials exhibit both high permeability (> 10%
x higher than vacuum) and a narrow hysteresis loop (low coercive field):
involving minimal energy for the cyclic magnetization of the material.

For electrical power devices, the three most important characteristics for
these materials are low power loss (high efficiency) and high saturation
polarization (high power density) at a low material price point. The
family of soft magnetic materials is extensive, with a large variation in
both cost and performance, as shown in Fig. 3.1. For low switching
frequency applications (50-60 Hz), the best balance between these
characteristics can be found in crystalline silicon steel alloys. At higher
(kHz/MHz) operation frequencies, amorphous and nanocrystalline ma-
terials are far superior in terms of losses, justifying their higher cost.
Where higher power densities are critical (i.e., aerospace), cobalt-based
alloys are often used.

Whether produced through subtractive or additive means, the real-
ization of high-performance soft magnetic materials for EM applications
is technically challenging. First, the alloys are primarily composed of
ferromagnetic transitional metals (Fe, Co, and Ni) exhibiting high
melting points and hardness, which complicates their casting,
machining, or printing. Secondly, their magnetic characteristics heavily
depend on the material structure: e.g., crystallographic structure,
elemental composition, and any residual stresses or impurities present
within the materials. The comparison of the soft magnetic material
properties obtained by the various research groups is also complicated
due to significant variations in the test sample design and measurement
methods. The authors have organized the material comparison onto two
figures: Fig. 3.2 and Fig. 3.3, summarizing the two material character-
istics we consider the most significant: core losses and polarization at
specific field strength. Both data sets are compared to the typical values
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Table 2.1
Comparison of common metal printing methods.
AM Advantages Disadvantages
Method
L-PBF © High printed material density — o Low build rate: L-PBF processes
typically >99% for iron alloys are well known for their low build
[36] rate. The reported rates are
o High spatial accuracy — printing ~ anywhere between 5 (single laser
resolution up to 15 pm 200 W) [38] to ~90 cm®/h
(dependent on the powder and (manufacturer declaration — dual
laser spot size) [37]. 1 kW lasers [39]). Most of the
o Promising future multi-material ~ reported rates in the literature fall
printing possibilities [29]. somewhere in between.
 Printing systems are typically
more expensive.
© Requires extensive supporting
during printing; support removal
can be time-consuming and
complicated.
DED e Excellent for repair or feature o Low accuracy and surface finish
addition — can print directly on — limited complexity of printed
parts. [40] parts. [40]
e Fast build rate: depending onthe e Very limited maximum overhang
feed mechanism: 70 (powder) — angle. [42]
700 (wire) em®/h [32]. o Increased waste material — parts
e High printed material density — are typically printed larger and
typically >99% for iron alloys. machined to net-shape.
[41]
o Simple integration with
subtractive manufacturing
BJ o No printing supports — less post- e Shrinkage — typically 15 — 20%
processing, more design options [44], [45] depending on the
[43] density of the green part, alloy
e Fast build rate — some authors type, and sintering temperature.
claim practical speeds up to 200 Unpredictable shrinkage can
cm®/min [44] are achievable. result in non-desired part
e Best for indirect production — dimensions.
preparation of sand-casting cores o Low density — obtaining 50 - 90%
and molds. relative density is common for BJ
sintered iron alloy samples [45],
[46] in the literature; some studies
describe obtaining densities above
99% [47] — but with unspecified
ratio of metallic to binder phase
FDM o Most simplistic and least o Shrinkage — similar to BJ

expensive approach to metal 3D
printing [40].

o Largest extrusion-based printers
(BAAM) are well known for their
impressive size (in multiple
meters) and build rate (50 kg/h)
[48].

o Currently the most capable
multi-metal printing options [49].
e Machinery can be considered the
easiest and safest to operate [50].

process, FDM metal parts undergo
debinding and sintering post-
printing. FDM parts have shown
similar shrinkage: in the range of
15 -20% [51], [52], [53]. e Low
relative density — results range
from 93 - 95% dense steel samples
[54], [55] to insignificant metallic
phase content samples [56], [57].

of commercial top-grade soft magnetic materials to investigate the gap
yet to be filled between the additive and traditional materials. Fig. 3.2
illustrates the magnetic polarization achieved for printed materials,
segregated in terms of alloy and printing method based on the data
available in [58]-[76]. The typical working points and saturation limit
for commercial non-oriented (NO) and grain-oriented (GO) electrical
steels are included for comparison.

[79,59,60,61,64,63,62,80]

The figure shows two distinct groups of measurements: magnetic
measurements at low (103-10* A/m) and high field strengths (~10° A/
m). The magnetic polarization obtained at low field strength signifies
the material magnetization we can expect for practical applications:
such as printed electrical power devices. High field strength measure-
ments reveal the theoretical maximum magnetization of the material
(material polarization at g, = 1). For commercial EM materials, mag-
netic polarization is typically specified at 800 or 2500 A/m on material
datasheets.
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For the compilation of the comparative figure, two considerations
were made:

e Both Bpay (at low field strength) and Jnax (at high field strength) are
considered equivalent for comparison purposes. This presentation is
accurate since at low field strengths u,H is orders of magnitude
smaller than J and can be disregarded. The flux density and polari-
zation are described by Eq. (1) [77]:

N
B=J+yuH, p,=4r10 77 el (@)

Magnetic polarization and field strength were converted from
Gaussian units into SI where needed: through (2) and (3) [77], where
p is the approximate absolute density in g/cm3 of the material in
question.

10° A
L od=1 - = [ﬂ (2
emu| . p
! [?] =l g M @

L-PBF processed silicon steels showed similar magnetic polarization
compared to commercial NO ~6.5% and ~3% silicon steel sheets [75].
Presently, the performance equivalent to GO steels has been out of
reach, as strong preferred granular orientation in AM processed soft
steels has not been achieved. The utilization of other printing methods
and alloys has been less common in the literature: including some
studies of DED, FDM, BJ methods and FeCo, amorphous and magnetic
polymer composite materials. The lowest total saturation polarizations
were exhibited for bonded FDM printed samples (polymer binder) and
the highest — printed FeCo (Both SLM and DED). All printed crystalline
samples were annealed at high temperatures (1100-1200 °C) for grain
growth and stress relief.

The comparison of obtained total core losses of the printed samples
and commercial materials is presented in Fig. 3.3. The figure presents
the most extensive dataset that could be compiled from the literature:
core losses measured at 50-60 Hz, at magnetic polarization of 1 T. For
commercial non-oriented 3% silicon steels, the losses are typically pre-
sented at Wys 50 (this is 15 kGauss or 1.5 T polarization, at 50 Hz exci-
tation switching). The lower 1 T common characterization point for the
printed materials is likely due to the lower overall polarization obtain-
able from the printed samples due to high silicon content in some
samples or suboptimal processing parameters in others. For each data-
set, the physical dimensions of the samples are included - as the total
core losses are geometry dependent (i.e., include classical eddy current
loss). Most measurements have been conducted on ring samples, with
the outer dimension ranging from 28 to 60 mm. For solid printed sam-
ples, core losses are significant, up to approximately 10 W/kg (W1q,50).
Significantly lower losses were obtained with refined sample topologies:
with the results ranging between 1.2 and 1.7 W/kg (depending on the
individual sample topology and its chemical composition). All of the
refinements to the studied printed cores were realized through air-
gapped designs (both parallel and perpendicular to the build direc-
tion). In comparison, for typical commercial materials, the total core
losses are significantly lower. For NO JNEX super core laminations
0.5 W/kg, for NO 3% Fe-Si Laminations 0.8 W/kg, and for SMC ~5 W/
kg [75].

Comparison of the total core losses would indicate the apparent su-
periority of 3D printed soft magnetic cores to SMC cores and approxi-
mately double the losses compared to commercial stampings. However,
if the losses were investigated per volume of the sample, this conclusion
would not stand. This is because the air gaps introduced into the printed
parts for eddy current suppression also significantly reduce the fill factor
of the magnetic material: requiring larger material volume for
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Fig. 3.2. Material polarization comparison of printed soft magnets at varying field strengths with common commercial electrical steels. [65,66,68-74].

conducting the same total magnetic flux. The fill factor for laminations is
typically near 96% [31] compared to the fill of approximately 60% [62],
[59], [64] for state-of-the-art air-gapped printed cores. To the authors’
knowledge, the highest fill factor for a 3D printed soft magnetic core
exhibiting segregated topology is 89% for an SLM additively manufac-
tured E-type transformer core [81]. Different strategies for eddy current
suppression from the literature are presented in Fig. 3.4.

In addition to the classical eddy current losses induced in the

magnetic material with time-variant magnetic flux, total core losses also
consist of additional hysteresis and excess loss components [82]. The
study of the segregated hysteresis component (also DC or quasi-static
core loss) has been far less common in the literature than total losses.
Based on some results obtained from the literature, the hysteresis losses
of the printed heat-treated materials are close to or equivalent to the
commercial materials: reaching 0.61-0.7 [59], [60] (W1g,50), and 1.7
[59] W/kg (Wis50). As a comparison, NO 6.5% silicon steel sheets
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Fig. 3.4. Strategies for eddy current loss reduction in AM soft magnetic materials: (a) Intra-part air-gaps perpendicular to print direction [85], (b) Finite air-gaps
parallel to build direction + intermetallic layers [60], (c-e) Broad air-gaps parallel to build direction [59,64,80].
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Table 4.1
Common permanent magnet materials for electrical machine applications [86].
Material (BH)max B, (T) H. (kAm~ Commentary
(kJm®) D
NdFeB 220-500 0.97-1.45  740-1000 Developed in 1980 s
Highest (BH)max
Low corrosion resistance
Low temperature
resistance
SmCo 120-240 0.85-1.1 620-840 Developed in 1960 s
Expensive
High temperature
resistance
Highly oxidation resistant
Ferrite 7-42 0.2-0.48 120-360 Developed in 1930 s
Inexpensive
Low (BH)max
AlNiCo 10-35 0.6-1.16 40-120 Developed in 1930 s

Easily demagnetized —
low H,
Low (BH)max

typically exhibit hysteresis losses between 0.5 and 0.7 W/kg (W1¢,50)
[83]. As a rule of thumb, for commercial materials, the hysteresis loss
component is not typically specified. As of now, excess core loss
magnitude and behavior in 3D printed soft magnetic materials have not
been thoroughly investigated.

Mechanical properties of printed steels have been shown to be well
above the required/minimum yield strength of 400 MPa of conventional
lamination steels with 3.5% silicon content [84], [67]. Of course, this
applies only to printed near fully dense material — for air-gapped or
otherwise refined/manipulated topologies, considerably lower me-
chanical properties can be expected.

SLM-prepared silicon steels were by far the most thoroughly inves-
tigated AM soft magnetic steels in the literature. Suitable material
characteristics for electrical machine construction were obtained when
prepared through an optimized process: i.e., from near fully dense
samples prepared from high purity powder, which were annealed at
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high temperature. The utilization of the AM soft magnetic steels in EM
constructions is further expanded in the paper’s discussion section.

4. Additive manufacturing of hard magnetic materials

In electrical machines, hard magnetic materials (permanent mag-
nets) are used for flux generation without the application of an electrical
current. As these materials are used for storing magnetic energy, a wide
hysteresis loop area is essential. The central figure of merit used to
characterize a particular grade of permanent magnet material is the
maximum energy product: larger (BH)pax translates to higher material
power density. Over the 20th century, the material limits for storing
magnetic energy have increased steadily: culminating with alloys of rare
earth elements with ferromagnetic cobalt (Co) or iron (Fe). Typical
properties of the common permanent materials (PM) used in electrical
machines are provided in Table 4.1, with NdFeB PMs providing the
highest power density.

It is challenging for traditional manufacturing methods (sintering
and bonding) to produce complex net-shaped permanent magnets.
Feasible magnet topologies are limited, as the techniques involve dies
and pressing tools, with the green-shaped parts also undergoing signif-
icant shrinkage upon sintering (up to 25% vol) [87]. Similar to soft
magnetic materials, additive means have been suggested for producing
topology-optimized permanent magnets. In the literature, the printing
systems used for the additive manufacturing of PMs are notably more
diverse when compared to soft magnetic materials: including signifi-
cantly more extrusion-based methods. This can be explained by the
inherently dissimilar nature and requirements for PM materials and, by
extension, for AM systems. In PMs, microstructure impurities are ad-
vantageous. With smaller grain size and other interdomain impurities,
more pinning sites can be obtained for the magnetic domains, and a
larger coercive field He is obtained [88]. The optimal size for the NdFeB
magnetic grains has been shown to be in the same range as the magnetic
domain sizes (in the range of 250 nm [89]). In comparison, the optimal
grain size in soft magnetic steel laminations is significantly higher -
approximately 150 um at W5 50 magnetization [89].
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Fig. 4.1. Comparison of printed hard magnetic materials with common commercial materials [107], [108], [86] from the literature in terms of material coercivity

and remanence.
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(b)
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Fig. 4.2. Additively manufactured hard magnetic materials: (a), (b) L-PBF printed near net shaped PM samples (no post-printing sintering required) [87], [111], (¢)
Big area additive manufacturing (BAAM) of Neodymium PM composite with an approximate scale bar, (d) FDM extruded PM with field shape optimization [96]. (e)
FDM extruded PM cylinder with a variable magnetic compound fraction distribution to generate a predefined stray field inside the cylinder [98].

Magnetic coercivity and remanence of AM permanent magnets are
compared with typical commercial materials in Fig. 4.1 based on the
data available in [86,87], [90-108]. Similar to the comparison of soft
magnetic materials in Fig. 3.2, conversions from Gaussian units into SI
were conducted through (2) and (3), where necessary. The most
extensively investigated additively manufactured PM materials have
been the NdFeB rare earth magnets, which have achieved roughly
equivalent magnetic properties to their commercial bonded counter-
parts. The maximum energy products of the printed PM-s are currently
under 58 kJm, slightly below 63 kJm™ — the typical value for com-
mercial isotropic neodymium bonded magnets [23]. In comparison,
standard commercial sintered neodymium magnets exhibit maximum
energy product up to 400 kJm™ (grade N52 with 52 MGOe maximum
energy product in Gaussian units). In the case of AM hard magnetic
materials, the main obstacle in storing more magnetic energy remains in
the relatively low hard magnetic phase density. The printed magnets
typically exhibit large porosity and/or binder content and consequently
low saturation magnetization (maximum energy density is proportional
to JSZ).

In parallel, additively manufactured PM samples exhibit relatively
high coercivities: reaching 700-800 kJm™® in the majority of the inves-
tigated literature. This can be attributed to AM materials’ inherently
finite granular structure and high structural impurities content. In
addition to NdFeB, 3D printing of other hard magnetic compounds has
been less common, including some instances of ALNiCo [91], SmCo
[90], and Ferrite magnets [92], [93]. Regarding other characteristics,
such as thermal resistance: Li et al. [100] obtained a maximum oper-
ating temperature of 110 °C for extruded PM samples (samples exhib-
iting less than 5% flux loss after aging at 110 °C for 1000 h). This is
similar to commercial M or H temperature class NdFeB counterparts, but
still relatively low for electrical machine applications, where the oper-
ating temperatures can climb substantially higher (even above 150 °C)

10

[109]. In the same work, the printed magnets were also tested in a
practical permanent magnet DC electrical machine setup. Roughly
equivalent machine performance with the substituted commercial sin-
tered ferrite PMs was obtained. Some instances of the printed hard
magnetic components are presented in Fig. 4.2, illustrating the limita-
tions and possibilities of current AM systems.

AM of hard magnetic materials have not evolved past early-stage
attempts in maturity and seems currently unsuitable for prototyping
topology optimized EMs. The limitations are predominantly due to the
low power density of the printed PMs and their relatively simplistic
topology — commercial PMs are currently simply superior in every way.

The simplistic shape of printed PMs can be attributed to major three
factors:

o The widely employed extrusion-based AM methods present less op-
portunity for implementing complex part geometries. This is due to
the significant shrinkage and mechanical instability involved in the
post-printing sintering process [87].

In parallel to the printing of complex-shaped PM magnet topologies,
a magnetization process must also be devised for imparting the
necessary three-dimensional magnetization pattern on the material.
Ideally, this process would take place in situ, during printing —
involving a myriad of technical challenges due to the strong mag-
netic fields involved [23]. Early-stage work describing a mathe-
matical framework applicable for predicting the degree of alignment
in in-situ aligned AM bonded magnets is presented in [110].

The prevalence of eddy current losses in permanent magnet mate-
rials is far less relevant than in soft magnetic cores, enabling the
effective use of printed bulk hard magnetic components.
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material density through HIP -treatment [118], (c) Density optimization of SEBM printed pure copper through increased energy input [124].
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Table 6.1
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Comparison of material properties: state of the art AM electromagnetic and common high-grade commercial materials.

AM Material Properties

Commercial Material Properties

Soft Magnetic e Polarization e By1* - 1.5 T (NO 3% Fe-Si). [62]

® Bys - 1.56 T (NO 3% Fe-Si). [75]

® Bys - 1.45 T (NO 6.5% Fe-Si). [75]

© Wig/50 — 0.5 W/kg (NO 6.5% Fe-Si, 0.1 mm). [75] **

© Wig/50 — 0.7 W/kg (NO 3% Fe-Si, 0.35 mm). [75] **

** Fill/stacking of commercial laminations is typically 90-96%,
depending on the stamping thickness and quality.

o (BH)max ~400 kJm™ (typical N52 sintered anisotropic NdFeB
magnet)

e B, - 1.33 T (anisotropic sintered 0.99 fill NdFeB) [102]

o H,; — 1480 kA/m (anisotropic sintered 0.99 fill NdFeB) [102]
© % IACS conductivity — 102% (Cu-OFE) [113]

Steel e Core Loss e Bys - 1.43 T (NO 6.5% Fe-Si). [60]
Comments © Wig/50 — 1.2 W/kg (NO 3.7% Fe-Si, segregated with 59% fill).
[59]
© Wig/60% — 1.34 W/kg (NO 3% Fe-Si, segregated with 56.5% fill).
[62]
* Similar, not identical comparison conditions with commercial
data are available due to non-standardized field.
Permanent e Maximum Energy o (BH)jmax — 58 kJm™® (isotropic 0.7 fill NdFeB magnet) [100].
Magnet Product e B, - 0.65 T (isotropic 0.91 fill NdFeB) [102]
o Remanence e H.; - 603 kA/m (isotropic 0.91 fill NdFeB) [102]
elntrinsic Coercivity
Electrical o Electrical © % IACS conductivity - 102% (SEBM melted pure copper) [114]
Conductor Conductivity © % IACS conductivity — 98.6% (green laser SLM melted pure

copper) [135]

5. Additive manufacturing of electrically conductive materials

In electrical machines, electrically conductive materials are used for
the sustentation of electrical currents within the machine with minimal
Joule heating. These losses occur predominantly within the stator
windings for the cyclic energization of the machine electromagnets. The
primary intrinsic material property related to Joule losses is the elec-
trical conductivity or its inverse — the material resistivity. The interest in
AM methods for EM conductor fabrication is twofold: first, AM facili-
tates the cost-effective fabrication of novel high-performance winding
profiles [112], and secondly, it enables the integration of
electro-mechanical components into multi-material printed assemblies
[14].

As the most commonly used electrical conductor material is copper,
the conductivity of other materials is often quantified as relative to the
conductivity of annealed copper. That is the international annealed
copper standard (IACS) created at 1913, defining the 100% IACS as the
conductivity of pure copper: 5.8 x 107 S/m at 20 °C. The relative con-
ductivity of other common pure conductive metals constitutes to 106%
for silver, 72% for gold, and 62% IACS for aluminum. It is also note-
worthy that modern alloys can achieve slightly higher conductivities
from the IACS standard due to advances in manufacturing methods: such
as the oxygen-free high conductivity copper alloy reaching 102% rela-
tive conductivity [113].

Unlike magnetic materials, standard L-PBF printing systems are not
best suited for the AM forming of highly conductive materials. This is
due to the high reflectance of both copper and aluminum at the typical L-
PBF laser infrared wavelengths (1000-1100 nm), resulting in low en-
ergy absorption (under 2% of energy absorption for Cu) and ineffective
melting of powders [114]. More effective melting for PBF processes can
be achieved with electron beam melting (80% energy absorption for Cu)
or green laser melting (40% energy absorption for Cu [115], [116]).
Furthermore, excellent electrical conductors are typically also excellent
thermal conductors, causing additional printing challenges. In PBF
processes, this results in the rapid conduction of the thermal energy out
of the melt pool, resulting in high local thermal gradients, potentially
causing delamination, deformations, and part failure [26]. Despite the
numerous challenges, additively manufactured copper has reached near
equivalency in electrical conductivity with IACS copper, with Selective
Electron Beam Melting - SEBM (102% IACS [114]), L-PBF (98.31% IACS
[117]), and BJ (93.6% IACS [118]).

3D printing of electrical conductors with non-dedicated metal
printing systems has been investigated in less detail. Some authors have
shown relative electrical conductivity of FDM fused samples (unsin-
tered) in the range of 0.1% IACS [119], [120] - insufficient for electrical
machine purposes. The only reference in the literature investigating the
conductivity of sintered extruded copper samples was identified in [49],
reaching 87% relative density at 71% IACS conductivity.
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The current level of AM conductive materials is illustrated in Fig. 5.1.
The figure is focused on comparing printed material electrical conduc-
tivities with the IACS standard based on the data available in [49], [114,
115],[117,118], [121-136]. By far, the most studied printed electrically
conductive material in the scientific literature was high purity copper,
with some instances of copper and aluminum alloys. No references were
found for the printing of pure aluminum. Where applicable, multiple
data points were included from the studies to better illustrate the rela-
tion between printed sample density and conductivity. A roughly linear
relationship between the relative density and conductivity was observed
- ranging from ~50-60% IACS at ~85% relative density, up to
~96-102% IACS at near full density. The highest conductivities were
determined for the highly-dense pure Cu samples printed with SEBM
(102% IACS [114]) and green laser L-PBF (98.6% IACS [135]) methods.
Alloyed Cu-Cr (98% IACS [117]) samples printed with a high-power
2000 W (1070 nm laser) L-PBF printing system also exhibited near
equivalent 98% IACS conductivity [136].

As discussed previously, most of the available L-PBF systems in the
market (typically 400 W and below) struggle with the fusing of pure
copper. For low-power L-PBF printing, the best results have been ob-
tained with coated particles — for improved optical absorption. In [129]
and [137], near fully dense copper alloys samples (approximately
99.5%) were prepared with low-power SLM (350-400 W). These
CuCrlZr samples were shown to reach up to 85% IACS conductivity
after post-processing [129]. In [133], CuSn0.3 samples were prepared
with a 500 W laser, reaching 99.6% relative density and 80% electrical
conductivity.

Heat treatment processes were identified as critical for achieving the
full conductivity of Cu and Al alloys. For high purity material, the pro-
cess was largely omitted, with the exception of hot isostatic pressing
(HIP) treatments. In [117], printed Cu alloy conductivity was shown to
increase 160% post-heat-treatment at 480 °C (4 h), as the supersatu-
rated Cu-Cr alloy decomposed and the Cr particles were precipitated
from the Cu matrix. A similar effect was identified in [136] and [127] in
Al alloys. In [118], HIP treatment was used to enhance printed
low-density parts, achieving 97.3% final relative density with 93.6%
IACS relative conductivity. In [115], the conductivity of low-density
pure Cu samples was increased (up to 50.3% IACS) through furnace
annealing. This was obtained through the sintering of unmelted copper
powder particles encased within the printed samples. Significant pro-
cesses for obtaining desirable AM-formed conductive material proper-
ties are illustrated in Fig. 5.2.

Additively manufactured high purity copper shows properties suit-
able for commercial applications. Based on the literature, the most
effective additive methods for processing the material are beam powder
bed-based methods: EBM and green laser PBF. The utilization of AM
copper in EM constructions is further expanded in the paper’s discussion
section.
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Pre-printing processes

+Powder verification
Chemical composition
Particle shape
Power Flowability

+-Powder drying
Reduction of gas porosities

Post-printing processes

Quality control
Printed material quality/micro-structure evaluation

+Thermal treatments
Improved soft magnetic characteristics
Stress relief, Recrystallization

Mechanical post-processing
Support removal — manual removal after printing
Machining — improved surface finish and net-shape accuracy

-Chemical / Corrosive treatment
Formation of insulation layers on individual conductors

+Magnetization
Storing magnetic energy in permanent magnets

Fig. 6.1. Pre- and post-printing processes for L-PBF electromagnetic components.

6. Discussion

With optimized processing of both the magnetically and electrically
conductive materials, quasi-static (DC) properties on par with conven-
tional materials have been achieved. Significant drawbacks were
confirmed for printed soft magnetic flux guides for alternating field
applications related to unsuppressed induced eddy currents. Further
process optimization is still required for printing hard magnetic mate-
rials, as the current power densities of the highest performing PMs are
relatively low. The summary of the state-of-the-art AM electromagnetic
material properties is outlined in Table 6.1. The summary includes the
most significant results from the literature and typical values for high-
grade commercial materials. It is important to note that for the com-
parison of printed and commercial soft magnetic materials, similar but
not identical comparison conditions are used — this is due to the non-
standardized characterization of magnetic materials (tests are often
application/electric grid specific).

Clearly, additively prepared magnetically and electrically conduc-
tive materials show great promise performance-wise. Mapping the ma-
terial characteristics allows for the first steps in topology optimization
calculation protocols, as the rough outlines of what to expect from
printed materials have been determined. However, obtaining useful
intrinsic material properties is just one part of the overall process opti-
mization in the development of 3D printed electrical machines. For the
determination of the maturity of 3D printed materials to be utilized in
commercial electrical machines, the features of AM systems involved
must also be considered.

For the AM electromagnetic materials investigated in this study,
powder bed fusion type printers were by far the most widely used and
mostly rendered the best results. This is unsurprising as these printing
systems have been commercially available for nearly 20 years and have
evolved into high maturity. PBF systems are well known for their ca-
pacity for manufacturing high-purity, near-fully dense parts of almost
any metallic material with high spatial accuracy (resolution up to
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15 um). This is perfect for preparing soft magnetic steel or copper for EM
applications — where both high material purity and spatial resolution are
critical. In parallel, however, the printing process has several draw-
backs, which drastically limit the emergence of additively manufactured
electrical machines readily available to the end consumer. To evaluate
the maturity or the readiness of PBF systems for electrical machine
production — we must consider the application or the scale of production
in question. For commercial electrical machines? — clearly an impossi-
bility with the build rates of current PBF systems. For particular topol-
ogy optimized high-performance components? — Yes, AM can surpass
conventional manufacturing methods for specific applications in terms
of both design complexity and performance. For rapid prototyping? —
Undoubtedly. With AM, the academic community’s prototyping and
verification of topology optimized components are streamlined signifi-
cantly. Based on the literature reviewed, the overall perspective of the
EM research community on integrating AM methods in the EM pro-
duction cycle is twofold. First, to currently work on prototyping novel
components and developing new optimization methods. And secondly,
with future breakthroughs in AM fabrication speed and multi-material
capacity, build upon the previous work to establish AM electrical ma-
chines on a larger scale. That being said, setting up even a small-scale in-
house production for prototyping electromagnetic components is a
challenging endeavor for individual research groups. It requires expert
printing knowledge, a PBF printer purchase, and several supporting fa-
cilities for pre-and post-printing processing steps. These steps range
from thermal, mechanical, or chemical treatments of the printed parts to
in-house process quality control facilities. Based on our experience and
relevant literature, the most critical of these additional processes for L-
PBF printing electromagnetic components are outlined in Fig. 6.1.

The printed prototype EM components described in the scientific
literature can mainly be divided into three larger directions or group-
ings: topology optimized windings, synchronous rotors, and heat ex-
changers. In all cases, the main advantages of the prototypes were
related to more complex part topologies, resulting in reduced part
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PRINTED HAIRPIN WINDINGS [145]
(COST EFFECTIVE IN SMALL VOLUMES,
REDUCED END-WINDING LENGTH)

0k ADVANCED WINDINGS
e -

INTEGRATED COOLING CHANNELS [115]
(MORE COMPACT MACHINES)

SHAPED WINDINGS [141]
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SHAPé OPTIMIZATION [146] BIO-INSPIRED DESIGNS [143]
(REDUCED WEIGHT, INCREASED POWER DENSITY) (EFFECTIVE MATERIAL USAGE, ENHANCED HEAT EXANGE)

HOLLOW ROTOR WITH CONTINUOUS SKEW [139]
(EFFECTIVE MATERIAL USAGE, FASTER DYNAMIC
BEHAVIOUR, REDUCED TORQUE RIPPLE)

COST EFFECTIVE COOLING JACKETS [144]
(MORE COMPACT MACHINES)

Fig. 6.2. Main directions of prototyping electromagnetic components for EM purposes. [143-146].
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Commercial
Maturity

Immature

* High Conductivity Copper

100% IACS electrical conductivity
achieved for AM copper
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* Winding Inter-turn Insulation

Air-gap insulation can be unreliable.
Dielectric varnish applied after printing
limits possible conductor geometries.

* Soft Magnetic Steels for
quasi-static field applications

Analogous DC magnetic properties
achieved to NO commercial silicon

 Insulation layers

Shape optimized synchronous rotors have
shown great promise, but still require
further optimization for eddy current loss

steel.

reduction (small eddy currents due to
flux harmonics and dynamic rotor
behaviour).

for AC flux applications.

Early

* Soft Magnetic Steels for time
varying field applications

Unacceptably high core losses

« Insulation layers

Compared to commercial laminations
double the losses with ~50% less fill
factor have been achieved with air-
gapped cores. More effective eddy
current suppression must be developed.

Research

Maturity level Material

* Hard Magnetic Materials

Low remanence magnetization,
low maximum energy product

* Low power density

Printed NdFeB show similar performance
to sintered ferrite magnets.

« 3D magnetization pattern

Imparting complex patterns on PMs is
still in early stage research.

Main Challenges

Fig. 6.3. Maturity of AM materials for prototyping electrical machine components.

weight, increased efficiency, or increased power density. The main di-
rections of the prototyped components are presented in Fig. 6.2. For 3D
printed permanent magnet prototypes, the only mention for practical
use was mentioned in [100], where a printed NdFeB PM was used to
substitute a ferrite PM in a DC electrical machine — achieving roughly
equivalent performance.

Prototypes of soft magnetic cores for time-varying magnetic fields
are almost nonexistent in the literature. No doubt due to difficulties in
suppressing Foucault’s currents in the printed single-material con-
structions. In [81], a prototype transformer core was printed, assembled,
and compared in terms of performance with a commercial unit: showing
functional though notably reduced performance. This was due to the
superior magnetic properties and more segregated topology of the Goss
sheet commercial transformer core. The study identified 10% reduced
efficiency (from 80.5% to 70.1%) and 34% lower power density (from
59 VA/kg to 39 VA/kg) of the printed transformer. For printed soft
magnetic synchronous rotors, obtaining useful prototype performance is
considerably less complicated. In ideal conditions, synchronous rotors
would conduct a quasi-static magnetic field — suffering no energy lost
from the remagnetization. In reality, some eddy current losses are al-
ways induced in synchronous rotors due to harmonics of the
non-sinusoidal flux distribution over the machine air-gap and dynamic
behavior of the machine. These parasitic spatial and temporal harmonics
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are responsible for undesirable vibration, noise, extra losses, and control
accuracy (lower machine speed and position accuracy [138]). AM
methods are ideal for the reduction of these harmonics through more
complex core topologies, enabling a smoother spatial transition between
the flux switching elements in the machines. The idea is illustrated in
[139], where a continuous rotor skewing is introduced to the machine
rotor with a significant reduction in cogging torque: achieving approx-
imately 90% reduction of both first and second torque harmonic. The
continuous rotor skewing option is a unique advantage for AM-produced
PM synchronous rotors. Conventionally, they are introduced stepwise
[140], as regulated by the assembly costs involving overabundant
stamping geometries. Another unique attribute of the characterized
printed rotor was the conical transition region introduced between the
machine rotor’s active part and its bearings. The optimized transition
allowed for the more effective absorption of bending and torsional loads,
translating to reduced shaft weight. 52.7% weight reduction was ach-
ieved, which resulted in a 9.4% faster acceleration from standstill to
1000 m-1 revolution and reduced material utilization.

The maturity of 3D printed copper components is high, even suitable
for commercial applications. Most notably, AM production freedom and
consequent simplified assembly would translate to cost-effective fabri-
cation of nonconventional windings — especially when dealing with
small production volumes. This is due to the high complexity and
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production costs involved in the individual conductors’ insertion,
bending, and welding when assembling nonconventional winding types,
such as the hairpin winding configuration. There are still, however,
some challenges remaining. Like AM core constructions, the develop-
ment of multi-material metal printers is a prerequisite for unlocking the
full potential of printed EM windings. With multi-material AM, higher
winding reliability and power density could be achieved by realizing the
inter-turn insulation layers as part of the printing process. Even so, for
low-voltage applications, including electrical machines, beneficial en-
hancements have already been shown for single-material copper pro-
totype coils, where the inter-turn insulation is solved via air-gaps. In
[141] and [142], monolithic coils were printed with individual
conductor profiles, shaped according to their magnetic environment:
thus avoiding the high leakage flux areas within the slot and suffering
lower AC losses. Another potential innovation from AM windings comes
from the Roebel principle [112] — by introducing braided conductor
elements within the machine stator, the currents can be distributed more
evenly within the conductor groove: i.e., displacement currents sup-
pressed more effectively. This winding type is typically reserved for MW
scale machines due to the significant costs involved in the bending and
welding of the individual conductors [112]. As with AM, this complex
design can be produced without significant extra effort or cost involved
over the printing of solid homogenous conductor bars; these coil designs
might be integrable to smaller printed machine designs as well.

Lastly, the authors recognize significant advantages for AM copper
parts for producing more effective EM winding heat exchangers:
including both active and passive methods. This would translate to
increased machine power density, as excessive thermal energy can more
effectively be removed from the system: through integrated cooling
pipes, cooling jackets, or just topology optimized passive heat ex-
changers. The maturity evaluation of the AM electromagnetic materials
for prototyping EM components is summarized in Fig. 6.3.

7. Conclusions

A review on additive manufacturing of electromagnetic materials for
the adoption in electrical machine construction has been conducted. The
key findings of this study are:

e When processed through optimized methods, printed electrically and
magnetically conductive materials show equivalent DC material
properties to high-grade commercial materials.

For electrically conductive materials, equivalent properties to com-
mercial high-conductivity copper have been obtained for high purity
copper powders processed with SEBM and green laser L-PBF
methods.

Best results for low-power infrared L-PBF printers can be obtained
with coated powder particles (e.g., CuCrlZr or CuSn0.3) for
enhanced optical absorption, reaching roughly 80% IACS
conductivity.

For additively processed silicon steel, infrared L-PBF processing
method was the most widely utilized in the literature, with the
printed samples showing similar DC magnetic properties compared
to commercial non-oriented silicon steel sheets.

Both printed electrically, and magnetically conductive components
suffer from limited multi-material printing capacity. Most promi-
nently, this results in increased eddy current losses in printed soft
magnetic flux guides and challenges in forming reliable winding
inter-turn insulations.

Printed hard magnetic materials are still at early-stage research.
Further process optimization is still required, as the highest quality
printed PM is roughly equivalent to bonded NdFeB magnets — with
the printed PM energy product not exceeding ~60 kJm™. Further-
more, an effective in situ magnetization process is yet to be devel-
oped to impart a complex three-dimensional magnetization pattern
on a printed PM.
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e The maturity of the prototyping or small volume production of
electromagnetic components is currently highest with PBF printing
systems, where high spatial accuracy, high purity, near fully dense
parts can be prepared.

e Current PBF printing systems show great promise for small volume
production or prototyping of optimized electrical machine windings,
heat exchangers, and synchronous rotors.
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Abstract: Additive manufacturing (AM) is considered the enabling technology for topology opti-
mized components, with its unparalleled, almost free-form design freedom. Over the past decade,
AM of electromagnetic materials has evolved into a promising new area of research. Considerable
efforts have also been invested by the electrical machine (EM) research community to develop and
integrate novel additive components. Several challenges remain, however, in printing soft magnetic
flux guides—most prominently, reducing the induced eddy currents to achieve competitive AM
core efficiency. This paper demonstrates the workflow of laser additive manufacturing magnetic
cores with superior magnetic properties to soft magnetic composites (at 50 Hz excitation): describing
the workflow, parameter tuning for both printing and annealing, and shape optimization. Process
optimization yielded the optimal energy density of 77 J/mm? and annealing temperature of 1200 °C,
applied to prepare the samples with the highest relative density (99.86%), lowest surface roughness
R, (0.041 mm), minimal hysteresis losses (0.8 W/kg at 1.0 T, 50 Hz), and ultimate yield strength of
420 MPa. For Eddy current suppression, the sample (5 x 5 x 60 mm toroid) with bi-directional grad-
ing reached specific core losses as low as 1.8 W/kg (W1 50). Based on the findings, the advantages
and disadvantages of AM graded cores are discussed in detail.

Keywords: additive manufacturing; electrical machines; soft magnetic materials; hysteresis loss;
eddy current loss; annealing; selective laser melting

1. Introduction
1.1. Additive Manufacturing of Electrical Machines

Metal additive manufacturing (AM) of electromagnetic materials is a developing
research field. AM of electrical machines (EMs) has its roots in the beginning of the
last decade, in 2013-2015, with the first experimentations and discussions in AM electro-
mechanical systems [1,2]. A few years later, in 2018-2019, the first overviews on the
feasibility of additively manufactured electrical machines started appearing [3-5]. The
reviews proposed two main advantages of 3D-printed EMs. Firstly, it was suggested that
the three-dimensional fabrication freedom of AM coupled with the topological optimization
capacity of digital systems would open a new epoch in the design of electrical machines. The
relatively inert EM industry could benefit from fully three-dimensional complex machine
shapes, facilitated by the AMs near free-form production capacity. Some novel EM design
features, such as optimized magnetic circuits, weight reduction, coil shaping, or enhanced
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heat extraction, have been outlined in [6-9]. Secondly, AM is considered an integral part
of the next industrial revolution. Undoubtedly, for printed end-use use products to be
profoundly meaningful, additional features to just complex structural shaping parts, such
as embedded electric, magnetic, or electro-mechanical components are vital. This would
translate to streamlined printing of mass-customized goods with integrated moving parts
(motors, gearboxes, and actuators) and electrical circuits in industry 4.0 smart factories,
without extensive manual post-processing and assembling.

In the current state-of-the-art, additive manufacturing of a complete electrical ma-
chine has not yet been completed. Three-dimensional printing of an EM is a technically
demanding procedure due to the tight tolerances involved in its moving parts (the smaller
the air gap, the larger the power density) and their construction from several vastly differ-
ent materials. In electrical motors, electrically insulated conductors of magnetic flux and
electric current are used. The materials involved, however, exhibit incompatible thermal,
chemical, and optical (absorptivity) behaviors, and require the development of advanced
hybrid multi-material printing methods for parallel printing. Because of this, prototyping
of AM electrical machines has focused on printing individual optimized single-material
parts (e.g., copper coils, soft-magnetic rotors, alumina heat-guides etc.) and investigating
their impact if inserted within a motorette assembly or a conventional electrical machine.

From the perspective of AM soft magnetic iron cores, considerable steps have been
accomplished [10-12]. High core saturation magnetization and permeability values have
been achieved. Nevertheless, the process of obtaining structurally optimal AM cores
with the lowest core losses is largely uncharted. This paper aims to provide the reader
with the optimal process flow (before, after, and during printing) for preparing high-
performance soft magnetic cores with laser additive manufacturing. Optimal energy
density and parameters are determined for preparing the samples with maximum relative
density and minimal surface roughness. Annealing parameters are investigated to obtain
the highest sample permeability and lowest quasi-static (also DC or hysteresis) losses.
Topological refinement effects (introduction of insulating voids or air gaps) are investigated
for eddy current loss purposes. Finally, the obtained material properties are compared with
conventional soft magnetic materials in terms of magnetic polarization and total core losses
to evaluate the maturity of soft magnetic materials for commercial applications.

1.2. Soft Magnetic Material Properties

AM components can achieve superior characteristics over their commercial coun-
terparts through optimized topologies. If the AM material properties are subpar to con-
ventional materials, however, there is little room to optimize. Therefore, to justify the
commercial adaptation of AM components, the intrinsic material properties involved
must exhibit at least roughly equivalent characteristics to their commercial counterparts.
The industrial standard for electrical motor core construction material is crystalline sili-
con steel. It offers both low energy losses from cyclic material magnetization (high effi-
ciency) and high flux densities within the core (high power density) at a competitive price
point. Whether produced through subtractive or additive means, the realization of high-
performance silicon steels is technically challenging. This is because they are iron-based
metallic alloys—complicating their casting/machining/printing due to their high melting
point and hardness. Secondly, their properties heavily depend on crystallographic texture.
Drawing on previous work, it is well established that the five most impactful material
characteristics determining the properties of electrical steel alloys are impurity content,
granular size, internal residual stress, alloying silicon content, and lamination sheet thick-
ness. The effect of these characteristics on the properties of crystalline steels is summarized
in Figure 1. Within, the figure, core losses P, are further subdivided into hysteresis losses
Physt, classical eddy current losses P, and anomalous eddy current losses P,;, with regards
to the different physical phenomena involved. Additionally, Ms denotes the maximum
magnetic saturation (material polarization at yi, = 1), H.—coercivity, o,—ultimate tensile
strength, c—material electrical conductivity, and A—thermal conductivity. The table is
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color-coded to correlate better the most impactful physical phenomena associated with
each material property. As a rule of thumb, eliminating impurities and internal stresses in
crystalline [13-24] soft magnetic materials leads to more useful magnetic properties. This is
why annealing is critical in the magnetic steel preparation process, enabling decarburization
(in a specific process environment), stress relaxation/grain structure recovery (at low tem-
perature), and recrystallization/grain growth (at high temperature). While indispensable
in lowering the material’s hysteresis losses and increasing its magnetic responsiveness,
annealing is ineffective in decreasing Joule heating losses—the classical and excess eddy
current losses. These losses can most effectively be suppressed through silicon additives,
optimized material grain size, and segregated /laminated internal structure to limit the flow
of electrical charge through the magnetically exciting material. Before the emergence of
AM, EM material-focused research groups were focused mainly on investigating the post-
processing effects of commercially available mass-produced lamination sheets produced
through thoroughly optimized methods. For example, this included the investigation of
cutting [25] or coating [26] effects on the individual stampings to optimize the process
even further. With the advent of additive manufacturing of electromagnetic materials and
components, significantly more diverse challenges are encountered, as with AM: the full
production cycle of an electromagnetic component is completable in-house. Based on the
academic literature and our experience with laser AM, we outlined the most impactful
steps in Figure 2 for obtaining desirable soft magnetic material physical characteristics with
laser powder bed fusion (L-PBF). The considerations are subdivided based on their timing
window: i.e., considerations or actions that are applicable before, during, or after printing.

Physical

Characteristics
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Figure 1. Effect of physical characteristics on soft magnetic material properties: (a) Maximum
magnetic saturation (at y, = 1) is independent of grain size and proportional to the density of
soft magnetic phase in material [13]. With lower sheet thickness and higher silicon content more
nonmagnetic material is introduced to the core (varnish and silicon). (b) Imperfections within
the crystallographic structure (including lattice dislocations, grain deformation (internal stress),
foreign substituting and interstitial atoms, grain boundaries, pores, cracks) act as pinning sites for
the magnetic domains [14,15]—requiring more energy for orientation. Thinner lamination layers
generally result in higher hysteresis losses due to restricted grain size [16]. (c) High silicon steel
content (optimal 6.5%) reduces material magnetostriction (increased permeability) [17], requireing
less energy for domain orientation within a magnetic field. (d) Chemical impurities and macroscopic
material defects (cracks, pores, delaminations) reduce the overall electron mobility in the metals—
reducing both the thermal and electrical conductivity, and by association Joule heating losses [18].
(e) Internal electrical resistance of electrical steel components is best increased through laminated
structure—effectively suppressing induced eddy current losses [16]. (f) Anomalous losses account for
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the microscopic eddy currents arising from the domain wall motion—with smaller grains; reduced
microscopic eddy currents are generated [19]. (g) With silicon content above 3%, the brittleness of
steels is increased substantially [20]. Ultimate yield strength of steel has been shown to be relatively
insensitive to significant porosity content [21], but highly sensitive to any cracking/delamination [22].
(h) Material yield strength has been shown to be inversely proportional to the square root of its grain
diameter [23]. The residual stresses from production processes or cold working (plastic deformation)
increase a materials mechanical strength through dislocation accumulation [24].

Sheet Structural Silicon Chemical Internal Grain
Thickness Impurities Content Impurities Stress Size
Internal Powder Powder Powder Annealing - Annealing-
Air-Gaps Morphology | Composition Purity Normalizing | Recrystallization
Printing Printer
Process Purity
Powder Annealing
Humidity Purity
- 7/
Vv & =
v
Printing L.
Post-Printing
(- 7
hd

Pre-Printing

Figure 2. Main considerations before, during, and after printing for improving L-PBF Fe-Si
core characteristics.

We propose a five-step workflow for optimizing and mapping AM-prepared soft
magnetic materials, as outlined in Figure 3. The utilization of the workflow is demonstrated
in the experimental section of the paper. Starting with the pre-printing process, the most
critical pre-L-PBF printing step is undoubtedly raw powder preparation. First, only high
purity powders should be used, as compositional enhancements of complex parts are most
likely unattainable post-printing. Based on our experience, it is imperative to verify the
properties of the supplied powder in-house before printing, as it can deviate significantly
from the manufacturer’s declaration. Secondly, it is recommended to dry the raw pow-
der before the process [27], as humid powders have been linked to both lower powder
flowability and increased hydrogen porosity formation. Thirdly, PBF processes require
specific particle shape and size distribution to ensure as uniform and dense powder bed
packing as possible [28,29] in order to fuse homogeneous layers. In L-PBF, these powder
layers are fused with a laser source in a fashion similar to micro-welding, with a risk of
cracking or voids remaining within the substrate. Excessive laser energy input during
this process is related to deformed printed parts (warpage, uneven growth due to balling,
delaminations, and thermal cracking), whereas too low energy input—with insufficient
inter-layers/track fusion and subsequent high porosity content. With the powder and
printing process optimized to the degree to prepare near fully dense parts, the next critical
step is the annealing of the material. Annealing is indispensable in preparing L-PBF soft
magnetic components, as rapid cooling rates associated with the micro-welding process
result in the formation of a refined granular structure (printed grains are typically in the
range of 1 um or less), well known for its suboptimal soft magnetic characteristics.
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Figure 3. Five step flowchart for L-PBF Fe-Si magnetic core properties optimization process.

The focus of this paper is on obtaining magnetic cores that exhibit useful DC and AC
magnetic properties. With the exception of ultimate tensile strength, non-magnetic material
properties are not investigated in this paper; they are planned for future work. With
the confirmation of desirable powder composition, morphology, and size distribution, the
process can advance towards the optimization of printing melting parameters. In this paper,
this process aims to obtain a near-fully dense material structure that is above 99.5% relative
density. In parallel, the surface roughness of the printed samples is evaluated, as fully
dense parts can also be achieved with excessive energy input, which can result in reduced
spatial accuracy of the printed parts. This is due to the more intense spattering of droplets
at higher input, which can be embedded into the part surface and deteriorate its surface
finish [30]. The goals for the magnetic characterization steps are to obtain comparable
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results to commercial materials. For the DC study—similar magnetization behavior to
crystalline silicon steel; for the AC study—superior core losses to soft magnetic composite
(SMC) cores. Obtaining equivalent AC losses to high-grade silicon steel laminations is
considered unfeasible due to challenges in segregating the core topology in L-PBF systems
(forming laminations). Total core losses at 50 Hz comparable to SMC magnetic cores should
be within reach with printed air gaps into the material.

2. Experimental Methods
2.1. Printing Materials and Equipment

The material used in this investigation was commercially available Fe-Si pre-alloyed
powder provided by Sandvik Osprey LTD. The powders were manufactured via the gas
(nitrogen) atomization process, with a target chemical composition of Bal Fe, 2.0-4.0% Si,
0.05% max C, 0.2% max Mn, 0.2% max Cr, and 0.2% max Ni. Spherical powder particle
morphology was targeted in 2% of the powder particles over 45 um and 5% of those below
10 pm in size. These powder characteristics were ascertained in-house prior to printing.

The chemical composition of powders was determined with two methods: AES
(atomic emissions spectrography) using Spectrolab M system and EDX (energy dispersive
X-ray analysis) using a HR-SEM (high resolution scanning electron microscope) with an
integrated Bruker Esprit 1.8 EDX detector. The SEM facility utilized for imaging was
HR-SEM ZEISS FEG-SEM ULTRA-55. For powder particle size analysis, Horiba LA-950V2
laser scattering analyzer was employed. The measurements were conducted in a water
dispersive environment. Flowability of the powder was determined with Hall Flowmeter
measurements according to the EVS-EN ISO 4490:2018 standard. It comprised flow time
measurements of 50 g of raw powder through a @2.5 mm hole in the Hall funnel. The pow-
der chemical composition was in a good agreement with the manufacturer’s declaration,
with the main constituting elements outlined in Table 1. The powder constituted of roughly
spherical particles with the size of 29-58 um, with a median diameter of 38 um (d50) as
shown in Figure 4a,b. The majority of the particles exhibited smaller attached satellites
alongside some elongated elliptical particles. Despite the powder artifacts, the flow rate of
the powder was acceptable; it was measured as 19.7 £ 0.24 s /50 g in the Hall funnel.

Table 1. Summary of powder chemical composition.

Elements Fe Si Mn Cr Ni C
Wt% Balance 3.7 0.2 0.16 0.020 0.01

~e—Particle Distribution

—a—Under size

Particle Distribution (%)
Under size (%)

o 10 0 30 40 50 60 170 80
Particle size (jum)

(b)

Figure 4. 3.7% silicon content steel powder morphology: (a) SEM micrograph of the powder shape;
(b) powder particle size analysis.
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All the samples were prepared with an SLM Solutions GmbH Realizer SLM-280 laser
powder bed fusion system. The system exhibited a 280 x 280 x 350 maximum build
envelope and a single scanning 1070 nm yttrium scanning laser (1 x 400 W). To streamline
research projects, a custom smaller build platform (D100 mm), re-coater, and feeder system
were added to the printer. These additions reduced both the overall powder quantity
required for printing (the full-sized platform requires 220 kg of 316 L powder to fill the
full build envelope) and faster powder swapping between different research projects.
The powder reservoir was 3D printed with the same printer on the full-size platform
from stainless steel 316 L (wall thickness 1 mm). Initial testing of the re-coater prototype
suggested the need to separate the powder reservoir from the substrate through a feeder
tube, as the weight of the powder column above the substrate affected powder flowability
and its deposition quality. Without the feeder tube, uneven accumulation of powder was
observed on printed parts, which quickly evolved into balling-related print failure. The
printing system and its custom addons are shown in Figure 5.

N
\
" custom feeder
"
. powder
reservoir

" custom recoater

™ feeder tube

~0.3mm

re-coater rubber

(a) (b) (c)

Figure 5. (a) SLM Solutions SLM 280 printing system in Taltech, (b) printer build chamber with
custom re-coater, powder reservoir and reduced platform, and (c) cross-section of the custom
re-coater system.

2.2. Thermal Treatments

Post-printing thermal treatment processes were performed in a graphite chamber
Webb-107 vacuum furnace, which enabled the annealing of parts with dimensions not
exceeding D100 x 60 mm. The annealing setup is shown in Figure 6. The investigated
temperature range for printed solid toroids was 1200-1350 °C, with a 50° incremental
increase. The samples were heated in a ~0.1 mBar vacuum environment, with a heating
rate of 300° /h up to the target temperature, held for one hour, followed by slow furnace
cooling. The duration of each annealing process was roughly 24 h. The optimal annealing
temperature in the investigated range was determined from the DC magnetic measurements
and was used for the treatment of three segregated cores in the next study step.

Figure 6. (a) Printed soft magnetic core in the annealing furnace; (b) full annealing setup of Webb-107
vacuum furnace.
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2.3. Density and Surface Roughness Optimization Study

A study of the printing parameters was conducted to determine the optimal parame-
ters for preparing samples with the highest relative density and lowest surface roughness.
A total of 36 pcs 5 x 5 x 5 mm cubical samples were printed, each with a different set of
parameters. The finished printed cubes on the substrate and their respective melting pa-
rameters are outlined in Figure 7. The initial values for the parametric sweep were adopted
from the manufacturer’s recommendation for 316 L stainless steel for SLM 280 L-PBF sys-
tem. The sweep was performed for both laser power (250-400 W) and scanning velocity
(0.25-2 m/s), with a constant hatch distance (120 um) and layer thickness (50 pm). The
volumetric energy input of each layer was calculated using Equation (1), where E denotes
the energy density (J/mm?), i—the hatch spacing (mm), t—layer thickness, and v—scan
speed (mm/s).

E_

P
T v ht @

Increased input energy

Figure 7. Printed sample cubes on the substrate and the parametric plan of the individual cubes for
density optimization.

The printing was performed in a nitrogen environment, with oxygen purged from
the chamber below 0.1% content. A stripe scan pattern with 15° rotation between the
layers was used for core hatching. The borders of each cube were printed with identical
parameters: contour scanning with 100 W laser power at 0.5 m/s. Two-way recoating was
considered unsuitable due to the construction of the custom re-coater; the rubber wiper
blades could not be aligned perfectly to ensure even layer thickness on both recoating
ways. This is why the hatch melting of the cubes was conducted every two layers (every
50 um) with only the re-coater moving from front to back, whereas the border melting was
conducted every layer (every 25 pm) with both recoating directions.

The sample density analysis was conducted on a YXLON FE35 CT computed metal
tomography system with a 195 kV transmission tube (Y.FXT 225.48) configuration using
a continuous cone beam scan method. The analysis was performed on VGSTUDIO MAX
3.2.2.152742 commercial software using the VGEasyPore algorithm with a low cutoff filter
limit of 8 voxels for porosity size. This translated to an axial resolution of approximately
12 pm—with the scan detecting internal defects as small as 1.75 x 10~% mm 3 in volume.
This resolution was deemed appropriate as the irregular lack-of-fusion pores are typically
above 100 um in diameter [31]. Each cube was scanned thrice: once from each of the or-
thogonal directions for the construction of the CT image. The defect content was calculated
from the cube internal core volume; skin volumes 0.5 mm around the lateral faces and 1



Energies 2022, 15, 3665

9 of 26

mm from the cube base were excluded. This volume was chosen to minimize the effect
of any core-skin fusion defects on the core density parameter optimization results. The
measurement and assessment of average defect shape, density, and total volume within the
cube tomography results enabled the identification of the defect formation phenomena and
average relative density.

A Mahr Perthometer Concept Stylus Profilometer was used for surface roughness
measurements. The samples were evaluated across all three non-numbered side faces.
On each face, both diagonals were measured using a profilometer over a distance of
4 mm and cut-off values of 0.8 mm. The values for arithmetical mean roughness (R,, tm)
and mean roughness depth (R, um) of the profile were calculated as a mean of the three
sides of the cubes. The results are presented in the form of R, to better evaluate surface
roughness-related potential for short circuits within air-gap segregated cores. In contrast,
arithmetical mean roughness R; characterizes the mean value of the whole profile and is
less informative regarding the individual peaks or valleys within the profile. Evaluated
areas for both porosity and surface roughness of the sample cubes are outlined in Figure 8.

(b)

Figure 8. Cubic characterization: (a) volume of each sample accounted for in metal tomography;
(b) sample diagonals accounted for surface roughness evaluation.

2.4. Magnetic Properties Study

Ring method measurements were used for the mapping of AM material magnetic
properties. Two types of samples were prepared: fully dense toroids and toroids with
graded (air-gapped) cross-sections. In both cases, the overall shape and outer dimensions
of the samples were identical—with a 60 mm outer diameter (OD), a 50 mm inner diameter
(ID), and a rectangular 5 x 5 mm cross-section. With an outer to inner diameter ratio of
1 to 2, the samples exhibit mostly homogeneous flux distribution [32]. In graded sample
designs, horizontal, vertical, and combined air-gaps were printed into the material for
eddy current suppression. A detailed description of the aimed core cross-section designs is
outlined in Figure 9.

085 5

0.8
0.19 0.19
] LU §
1 JorL )
' e
[ L !

\ - \,
50 \ 50
support structure thin bridges hridgesi-support\\
(a) (b) (c) (d)

Figure 9. Investigated core topologies: (a) solid, (b) horizontal air gaps, (c) vertical air gaps,
and (d) both horizontal and vertical air gaps introduced into the material.
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Horizontally air-gapped cores required dense support structures to prevent part
deformation during printing. These support structures consisted of thick border elements
to prevent part warpage and delamination and thin lattice structures supporting the inner
part to promote powder fusion between the layers. In the vertically air-gapped design,
scattered bridge-like structures were used between the laminations to consolidate the
printed laminations into a single part. The connecting bridges were displaced over the
sample volume in an attempt to increase core inter-lamination resistance. The bridges were
printed every 18 degrees, with the cycle of two alternating bridge designs repeating every
36 degrees. The discussed design enhancements are outlined in Figure 10a,b.

Bridges A !_aitioe structure

\
\

o - .
Igs \ ‘\k\
\){\%\“
WY

\\\\\\\}\

Thick borders

(a) (b)

Figure 10. Segregated core design: (a) joining of printed vertical laminations with thin bridges;
(b) support structures including border and lattice structures for printed horizontal laminations.

The magnetic properties of the printed cores were measured on an in-house ring
measurement setup in accordance with the European standards EN 60404-6 [32] and
EN 60404-4 [33]. The measurements were conducted at a near quasi-static frequency of
25 mHz and at 1 and 50 Hz for the investigation of the AC loss component. The magnetic
measurements setup schematic is shown in Figure 11a, alongside a wound sample under
investigation in Figure 11b. The core excitation was performed by supplying a sinusoidal
signal from a waveform generator through a signal amplifier to the primary winding.
For that purpose, a Rigol DG1022Z arbitrary function generator and an Omicron CMS
356 voltage and current amplifier were used. Up to 20 A RMS current was applied on
the windings. Additionally, the amplification system ensured the uniform sinusoidal
waveform shape of the excitation current throughout the experiments. Once exiting the
core, a Dewetron DEWE2-M data acquisition system with equipped TRION-2402-HV
and TRION-2402-d ACC measurement modules was employed for recording the toroidal
transformer input and output. These included the current in the primary coil (measured
through a voltage drop over a 15 A/75 mv high precision shunt resistor) and the induced
flux linked voltage on the secondary coil. The sampling frequency of the acquisitioned
data was 10 kHz, with the maximum accuracy of £0.02% and range 4200 uV. The recorded
empirical data was further processed in a Matlab environment, where the magnetic field
strength H on the core was calculated by (2) and the obtained average flux density B within
the core by (3):

N

H= I @

1

where N is the number of turns of the primary winding, No—the number of turns of
the secondary winding, i—the instantaneous current on the primary winding, e—the
instantaneous induced emf on the secondary winding, [;—the mean magnetic path length,
S—-core cross-section area, and F its fill factor. The fill factor of the cores was included
to provide an accurate comparison per weight of the samples. If the full cross-sections
were used for material characterization, the flux densities of the material would be lower
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by a margin of non-magnetic volumes introduced to it. Prior to calculations, the physical
toroid measurements were taken with a digital scale and a caliper. Density of the samples
was calculated from the weight and volume of the investigated toroids. The constructed
hysteresis loops were divided into two datasets, each corresponding to the magnetizing
direction. Both of the loop halves were then fitted with cubic splines, which enabled them
to reduce noise and data points to simplify the numerical integration of the curves. By
subtracting the calculated areas below both curves, the loss density of the investigated
material was obtained in J/mm?>. The specific core losses (Ps) were then calculated by
taking into account the average density of the material (p) and time period (T) of each
hysteresis cycle, as expressed in (4).

A e il
. o = (PC) j

(_dma acquisition }

dj@,/‘\\J

(a) (b)

Figure 11. Setup of the magnetic measurements: (a) schematic; (b) wound toroidal core.

Material permeability was evaluated from the magnetization curves constructed from
the measured hysteresis curves at increasing excitation levels. The process is illustrated
in Figure 12. Permeability of each loop is calculated through its definition: by dividing
the corresponding peak Bmax with the Hmax of each loop and . At low magnetic field
strength values, the corresponding permeabilities are low; the field is insufficient to induce
significant magnetic domain alignment within the material.

P, ! THdB THdB 4
S_Tip(/o 1 1*/0 2 2) ()

v

Initial permeability

is loops with varying material

Figure 12. Normal magnetization curve constructed from the individual hysteresis curves measured
at different field strengths and the corresponding relative permeability.
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2.5. XRD Microstructural Analysis

X-ray diffraction patterns were recorded with a Rigaku Ultima IV diffractometer. A
silicon strip detector D/teX Ultra with CuK« radiation (A = 1.5406 A, 40 kV at 40 mA)
was used. XRD reference files from the International Centre for Diffraction Data (ICDD,
Delaware County, PA, USA) for crystalline phase identification.

2.6. Mechanical Properties

The tensile strength of the materials was measured on an Instron 8516 servo-hydraulic
controlled fatigue system with a 100 kN load cell and a 25 mm extensometer, according to
the EVS-EN ISO 6892-1 standard. Six test samples were printed with their design based
on the E8/E8M—16a ASTM standard [34]: small size specimens proportional to standard
(specimen 4). The type-I (conventional round) specimens exhibited a gauge length of
20 mm, a diameter of 4 mm, a radius of fillet of 4 mm, and a length of the reduced parallel
section of 24 mm.

3. Results
3.1. Density and Surface Roughness

The summary of the investigated effect of laser energy input on the relative density
and surface roughness of the printed 35 samples is outlined in Figure 13a,b. One sample
(nr. 26, 275 W, 0.5 m/s) was excluded from the results due to internal delamination
caused by unknown, possibly re-coating-related reasons. Three clear areas of interest
can be identified from the figure. First, in the range of 20-50 J/ mm?, energy input was
insufficient for homogeneous melting of the powder—as irregular lack-of-fusion porosities
are abundant in the material. The lowest relative density identified in this study was only
47.91% dense, printed at the lowest settings of this study—20.8 J/mm? (250 W, 2 m/s).

Secondly, in the region with a volumetric energy density of 66-130 ] /mm?, the optimal
melting region was identified, with near fully dense net-shaped parts fused, peaking at
100 J/mm? with a 99.87% dense sample (300 W, 0.5 m/s). Thirdly, with higher input energy,
at 166-233 ] /mm?, over-melting of the samples was observed, resulting in the monotonous
decrease of sample density.

Fully dense parts could be prepared over the entire investigated laser power range
(250-400 W), but only within the scanning velocity rate of 0.5-1 m/s. The optimal laser
power setting in this study is considered 350 W, 0.75 m/s (77 J/mm?). It offers the highest
likelihood of obtaining near fully-dense parts, evaluated through the setting robustness;
small deviations in both power and velocity would still result in over 99.5% relative density.
The setting also correlated to near-lowest sample surface roughness—a critical requirement
for obtaining useful printed structurally graded (air-gapped) magnetic cores. The values
for surface roughness ranged from 6.8-18.2 um for R, and 36.1-85.2 um for R,. The average
surface roughness of the printed parts did not increase monotonously with an increase
in input energy density. Below 88 J/mm? input power, all of the characterized sides of
the samples were alike. Above it, the three different sides started exhibiting different
melting patterns, resulting in an increased measurement dispersion. The samples melted
at the highest power settings showed smoother surfaces overall than those melted at
91-133 J/mm?. The four most distinctive samples for illustrating the effect of melting
parameters on printed part quality are presented in Figure 14.
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Figure 13. Parameter optimization results: (a) relationship between scanning parameters and relative
density of the L-PBF specimens, (b) sample relative density and surface roughness as function of laser
input energy density, (c) sample nr 23-300 W, 1.5 m/s, (d) sample nr 22-300 W, 1 m/s, (e) sample nr
20-300 W, 0.5 m/s, and (f) samples deformed from excessive laser input at 250-400 W, 0.25 m/s.
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Figure 14. Distinctive surface roughness samples: (a) highest energy input (R, = 62 um, R, = 12 um),
(b) maximum surface roughness (R, = 85 um, R, = 18 um), (c) optimal energy density (R, =41 pum,
Ra =8 um), and (d) lowest energy input (R, =37 um, R; =7 um).

3.2. DC Magnetic Properties

The obtained magnetization curves of the characterized toroids, printed with the
previously determined optimal parameters and subjected to varying heat treatments, are
presented in Figure 15a. Post heat treatment, the magnetization of 1.5 T was achieved
at approximately 1500 A/m on average. The as-built sample reached the same level of
magnetization at 4000 A/m. The coercivity of the samples varied from 52 A /m (1200 °C) up
to 203 A/m (as-built). Hysteresis curves of the material annealed beyond 1200 °C showed
a slight deterioration of magnetic properties. This is apparent from the decreasing slope
magnetization curves: annealing the samples over 1200 °C resulted in reduced permeability.
The measurement noise of the method did not allow for the characterization of the annealed
samples below ~0.5 T. Calculated maximum permeabilities decreased from 8900 (1200 °C)
to 3700 (1350 °C) and reached as low as 1400 for the as-built sample. Full hysteresis curves
for as-built and annealed material at 1200° and 1350 °C at 1.5 T magnetization are illustrated
in Figure 15b.

——1200C —=-1250C 1300C —=-1350 —=—AsBuilt —1200C —1350C ——AsBuilt

1.5

1

0.5

0
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-1

-1.5

-2

100 1000 10000 -4500  -3000 -1500 0 1500 3000 4500
Field strength H (A/m) Field strength H (A/m)
(a) (b)

Figure 15. DC (25 mHz) magnetic material properties of the printed cores with varying thermal
treatments: (a) magnetization curves; (b) hysteresis loops at 1.5 T.
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Hysteresis losses of the samples were obtained from the integrated areas of the quasi-
static hysteresis loops. The results are outlined in Figure 16. The non-annealed sample
exhibited the highest losses, reaching 0.075 J/kg and 0.14 J/kg at 1 T and 1.5 T, respectively.
The annealed samples again exhibited a slight deterioration in magnetic characteristics
with an increase in annealing temperature. The lowest hysteresis losses were measured for
the 1200 °C annealed sample, with losses as low as 0.016 J/kg (at 1 T) and 0.043 J/kg (at
1.5T). At a 50 Hz excitation frequency, this translates to a 0.8 W/kg hysteresis lossat 1 T
and 2.15 W/kg loss at 1.5 T material magnetization. A slight increase in core losses was
observed for samples annealed at higher temperatures, increasing up to 30% at the highest
temperature. The comparison of the prepared material with typical commercial materials
is presented in Figure 17.
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Figure 16. Hysteresis losses (quasi-static) of the solid specimens with varying thermal treatments in
the magnetization range ~0.5-1.8 T.
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Figure 17. Comparison of the magnetization and permeability curves of commercial M-43 (equiv-
alent to M400-50A) non-oriented silicon steel [35], Somaloy soft magnetic composite [36], and the
characterized printed material annealed at 1200 °C.
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3.3. Eddy Current Losses

Next, the same toroidal samples were investigated at higher frequencies, increasing
from 0.025 Hz to 1 and 50 Hz. Considerably higher iron losses were observed as ex-
pected, as eddy current losses are known to be proportional to the square of field switching
frequency. This effect is illustrated in Figure 18, showing the widening of the hystere-
sis loops at elevated frequencies. The previously obtained hysteresis loss of 0.043 J/kg
(at1.5T) equates to a 2.15 W/kg loss at 50 Hz. This is only 5% of the total core loss measured
at 50 Hz, with 95% of the loss constituting classical and excess eddy current loss. At 1 Hz,
compared to the DC hysteresis loss, the loss increased threefold. When comparing the iron
losses over a wider range, ~0.5-1.9 T, as presented in Figure 19, two observations can be
made. First, a sharp increase in loss was observed when magnetizing the samples beyond
the knee. This increase was observed to be proportional to the maximum permeability of
the material, i.e., materials with “hard saturation” behavior exhibited a sharper increase in
core losses beyond the knee point than materials characterized by soft magnetic behavior.
Similar behavior was observed in [37]. Secondly, the distinction between unannealed and
annealed core loss was more prominent at 1 Hz. This is likely due to the low magnitude
of eddy currents at 1 Hz and the significant hysteresis loss of the untreated material: at
both 1.5 T and 1 T, 1 Hz, the hysteresis loss constituted 75% of the total measured core
loss. Nevertheless, similar to the behavior at 50 Hz, in deeper saturation, despite the
substantially lower DC losses, the losses of the annealed samples exceeded those of the
untreated sample. All four of the annealed samples exhibited similar loss behavior: roughly
170 W/kgat1.9T,45W/kgat1.5T,11 W/kgat1T,and 2 W/kg at 0.5 T.

—25mHz —1H:z 50 Hz

Hysteresis loss per cycle: 0.043 J/kg

1.5
Total core loss @ 1 Hz: 0.123 W/kg

1 Total core loss @ 50 Hz: 42 W/kg

Magnetization J (T)
o

-0.5
=1
-1.5 —
-2
-3000 -1500 0 1500 3000

Field strength H (A/m)

Figure 18. Eddy current loss-related curve shearing: measured loops at 1.5 T magnetization
(~1500 A/m field strength), at 0.025, 1, and 50 Hz excitation.

Three additional cores with graded cross-sections were prepared to investigate eddy
current suppression possibilities in printed cores. These samples were prepared with the
previously determined optimal parameters for printing (350 W, 0.75 m/s, and 77 ] /mm?3)
and thermal treatment (1200 °C 1 h). The initial design of the graded samples is described
in Figures 9 and 10. The structure of the finalized prototype cores is presented in Figure 20,
illustrating both the voids within the core (obtained through metal tomography) and the
joining support structure. The structural study verified the sample fill factors: for the
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horizontally graded sample—94.05%, for the vertically graded—78.07%, and for the hybrid
core—72.98%. Secondly, the structural study revealed slight dimensional deviations from
the initial models, exhibiting 0.32 mm vertical air gaps separating 0.75 mm thick magnetic
guides (instead of 0.19/0.85 mm). These gaps were sufficient for removing all the unmelted
powder from within the core. Realization of the horizontal air gaps was less successful,
however, with the resultant air gap relatively uneven.
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Figure 19. Total core losses of the printed solid toroidal specimens with varying thermal treatments
in magnetization range of ~0.5-1.9 T at 50 Hz (a) and 1 Hz (b).
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Figure 20. Topology of the segregated AM cores (metal tomography images + photographs):
(a) horizontally graded, (b) vertically graded, and (c) horizontally and vertically graded (hybrid).

For the construction of hysteresis curves, the core fill factor was included in the
calculations to provide an accurate comparison per weight of the samples (Equation (4)).
Without it, flux densities within the material would be lower by a margin of non-magnetic
air introduced to it. An amount of 1.5 T magnetization in the iron volume of the samples
would translate to 1.1 T in the total volume of the 72.98% dense samples, 1.17 T in the
78.07%, etc. This would, however, give a false perception of the core behavior due to its
nonlinearity, especially when considering losses per kilogram of the material (which, unlike
W/m3, is invariant of air content within the core).

Magnetic measurements confirmed the higher efficiency of vertical to horizontal air
gaps for eddy current suppression. Magnetic losses at 50 Hz, in the range of 0.5-1.8 T, are
outlined in Figure 21a. At 1.5 T magnetization, total iron losses decreased from 42 W/kg
(solid) to 35 W /kg with horizontal grading, 15.5 W/kg with vertical grading, to as low as
11.7 W/kg with hybrid grading. At 1T, the topological enhancements led to the decrease of
total core losses by 81%: from 9.6 W/kg (solid) to 1.8 W/kg (hybrid). The other two graded
samples exhibited losses in between: 2.1 W/kg (vertical) and 7.3 W/kg (horizontal). These
results are further expanded upon in the Section 4 of the paper.
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Figure 21. Total iron loss reduction with segregated printed core topology: (a) core losses with
solid and investigated topologies over the magnetization range of 0.5-1.9 T; (b) comparison of the
hysteresis loops of the solid and segregated topology results at 1 and 1.5 T magnetization.

3.4. XRD Microstructural Study Results

XRD measurements confirmed the formation of a single «-ferrite BCC (body-centered
cubic) phase within the samples. High silicon content (3.7%) suppressed the y-phase
formation [38] during solidification. Five peaks from the ferrite phase were obtained
between 44 and 116°, without any impurity-related peaks (nitrification, carburization,
and oxidation from printing annealing), as presented in Figure 22a for the normalized
diffraction patterns. Significant differences between the patterns of samples annealed at
different temperatures were not observed. Similar to the work in [39], no superstructural
lines were observed, which also suggested that coarse areas of ordered B2 and DO3 phases
were not present in the microstructure. Lattice parameters calculated from the d-spacing of
each peak increased slightly with elevated annealing temperatures: from 2.864 to 2.868 A,
but remained roughly within the range of typical data for the alloy [40]. In every sample,
the largest crystallite size corresponded to the o Fe-Si (1,1,0) peak: ranging between
236-361 nm, with the 1200 °C heat treatment sample exhibiting the largest values.
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Figure 22. XRD Analysis results of the printed, annealed material: (a) XRD spectra of the samples
annealed at 1200-1350 °C; (b) measured lattice parameters at the same temperatures.

3.5. Material Tensile Strength

The material’s tensile strength was verified with vertically printed round tension test
samples for both 1200 °C annealed and non-annealed (as-built) conditions. The measured
stress-strain curves of the six prepared samples (thee annealed + three untreated) are
outlined in Figure 23. A drop in material yield strength was observed post-annealing: from
~570 Mpa to ~420 Mpa. The elongations at break of the samples were similar for both the
untreated and treated material, reaching approximately 25% strain (elongation). These
results are further expanded upon in the Section 4 of the paper.

—Annealed 1200° C — Unannealed
800

Tensile stress (Mpa)

300
200

100

0 5 10 15 20 25 30
Strain (%)

Figure 23. Tensile test results of the as-built and heat-treated material.
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4. Discussion

Relatively large variations in the laser processing parameters of silicon steel are avail-
able in the literature. The energy density verified as optimal in this study—77 ] /mm? (laser
power: 350 W; scan speed: 750 mm/s; hatch spacing: 120 um; layer thickness: 50 pum)—is
somewhere between the maximum and minimum values applied in the literature. In [41],
59 J/mm?> (200 W; 680 mm/s; 100 um; 50 um) was used to fuse parts with unknown density
(the samples were hot isostatic pressed to remove residual porosity before measurements).
In [42], Stornelli et. al. determined the optimal energy density to be 138 J/mm? (250 W;
1000 mm/s; 60 pm; 30 pum) for 3% silicon steel samples, with likely overestimated values of
relative density. Garibaldi et. al. applied 93 J/ mm? (70 W; 500 mm/s; 60 pm; 25 um) to fuse
98.5% dense parts from 6.9% silicon steel. In [43], a considerably higher energy density of
225]/ mm? (90 W; 200 mm/s; 80 pum; 25 pm) was applied to fuse 6.5% silicon content parts
with above 98% relative density. Similarly, Goll et. al. obtained the lowest hysteresis losses
in near fully-dense samples when melting the powder with a 200 J/mm? energy density
(300 W; 500 mm/s; 60 pm; 50 um) [44].

Similarly, regarding the maximum relative permeabilities of the characterized AM sili-
con steel cores in the literature, large variations can be found. For high silicon steel, printed
and treated with similar parameters, they have been shown to range from
8000 [43]-31,000 [44]. In this paper, the maximum relative permeability of 8400 was
obtained, showing superior values to typical silicon steels (M-43 with 6500 [35]), but con-
siderably lower values when compared to high silicon steel due to larger magnetostriction.
These values are relatively low compared to grain-oriented silicon steels, which can reach
relative permeabilities of ~100,000, but are only suitable for applications with a unidirec-
tional magnetization (such as transformers) [45]. Even higher values could be obtained
with soft magnetic amorphous glasses, which can reach relative permeabilities in the range
of ~500,000 [46], but require additional research for implementation with additive tech-
nologies. In this study, the elevated annealing temperatures resulted in a slight reduction
of DC magnetic properties, decreasing both the relative permeability and increasing the
material hysteresis losses. As generally larger grain sizes have been linked to improved
magnetic properties, this phenomenon is challenging to explain. On one side, it is possible
that at elevated temperatures, the sample surface was contaminated more intensely in the
annealing furnace with evaporated carbon within the chamber. This might have resulted in
the whole carbonized surface of the sample pinning the large recrystallized grains. On the
other hand, the recrystallized grains annealed at 1350 °C are uncommonly large. Judging
by a fracture surface of a test sample (Figure 24), the macroscopic grains are as large as
~2500 um. Effects of this grain size on the magnetic properties are largely unexplored, with
the majority of the studies focusing more on the range 50-210 um [47]. In comparison, in
{Formatting Citation}, a coarse-grained microstructure with D5y = 720 um was obtained at
an 1150 °C annealing temperature.

- 8

Figure 24. Shattered sample annealed at 1350 °C, exhibiting a large—up to ~2500 um—grain structure

on the fracture surface: (a) photograph, (b) SEM image.
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The obtained total core losses were lower than initially supposed; the goal of obtain-
ing superior loss behavior to soft magnetic composites (SMCs) was fulfilled successfully.
At Wyg 50, total core losses for the segregated topology sample were 1.8 W/kg: this is
2-3 times lower than typical SMCs under the same conditions [36] (of course SMCs are
superior for high frequency applications). Moreover, the permeability of the printed ma-
terial is far superior, exhibiting maximum y, values in the range of 8000 in contrast to
500-600 [37] of SMCs. The low losses suggest the capacity of L-PBF to fabricate useful novel
electrical machine prototypes; as compared to SMCs, it can be used to fabricate cores with
superior energy efficiency and even wider design freedom. Undoubtedly, the comparison
only stands per mass of the sample; if compared per volume, similar core losses would
be obtained. This is because of the relatively wide voids introduced into the material,
reducing the effective cross-section and magnetic material content by 27% (with hybrid core
topology). Nevertheless, this means that AM core components would be at a disadvantage
only if the size of the component was a critical factor. For applications with weight as the
main criterion, AM cores can be used effectively, and perhaps even with improved machine
cooling capacity, with the insulating gaps doubling as cooling channels.

In comparison with the gold standard of electrical machine core materials, non-
oriented silicon steel laminations, three major conclusions can be drawn. First, the per-
meabilities and material magnetic polarization obtainable at low field strengths are near
equivalent (as presented in Figure 17). The printed material exhibited slightly higher
permeability (at low polarization) and lower overall saturation polarization than M-43
commercial steel [36], which can be explained through the likely higher silicon content
(exact silicon content in commercial laminations is not usually disclosed) alongside a larger
grain size (lamination grain size is typically in the range of 100-200 um [16]). It is important
to note that larger grain size has been shown to be more advantageous at low field strengths,
but disadvantageous at higher ones. Shiozaki et. al. showed that in laminations under weak
magnetic fields of Wy 50 or less, large grain diameter (220 to 230 um) was optimal, offering
minimum core loss and maximum permeability, whereas in strong magnetic fields of Wi5 50
or higher, better results were obtained with smaller grain diameters (190 to 110 um) [47]. A
parallel can be drawn between the observations in this paper: annealed samples exhibited
lower core losses below the magnetization knee-point and higher losses above it (Figure 19)
compared to the as-built sample. The effect seemed to be more profound with higher
sample permeability and is likely related to either classical or excess eddy current loss—as
it was not observed in DC hysteresis loss. Alternatively, Honma et al. [48] demonstrated the
effect of precipitates such as oxides and nitrides on the annealed steel surface layer, which
increased hysteresis loss at higher values of core magnetic induction because of difficulties
in domain wall motion. This suggests that excessively coarsened grain structure can be
suboptimal, due to the longer annealing times required and, consequently, the thicker oxide
layers formed on the core surface.

Secondly, the obtained iron loss of 1.8 W/kg at 1 T, 50 Hz of the hybrid AM core
are almost competitive with regular non-oriented low-silicon steels. M400-50A (M-43),
depending on the manufacturer, exhibits equivalent losses in the range of ~1.4-1.7 W /kg.
The EVS-EN 10106 international standard requires M400-50A laminations to exhibit the
maximum loss of 1.7 W/kg [49]. Low-grade steels, such as M600-50A or 1000-65A, exhibit
higher losses with 2.6 W/kg and 4.11 W /kg, respectively (data obtained from different
datasheets [50-52]). At higher flux densities, the same comparison does not stand, however.
The 11.7 W/kg loss measured for the hybrid sample exceeds the loss of low-grade 1000-65A
steel (8.90 W/kg) [51]. This can again be explained through the sub-optimal grain size
associated with high flux density magnetization (excessive grain size) [47].

Thirdly, the tensile strength of the material was well within the requirements for
electrical steels. On average, the yield strength of the material was 580 MPa before annealing
and 420 MPa after it. These values are in good agreement with the literature. In [53], the
typical yield strength of electrical steels was shown to range from 53,000 Psi (365 Mpa)
for 3% silicon steel, 60,000 Psi (413 Mpa) for 3.7% silicon content, and 13,000 Psi (90 Mpa)
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for 6.5% silicon steel. In a commercial catalogue [50], the yield strength of 350 MPa was
disclosed for Isovac 400-50A silicon steel sheets. Despite the relatively high yield strength
of the prepared material, the structural stability of the air-gapped core requires additional
optimization and testing due to the introduced air gaps. The determination of the optimal
size of the connecting bridges between the individual insulated magnetic guides, which
ensures mechanical integrity while not sacrificing excessively the core internal electrical
resistivity, is necessary.

In regards to the topologies of the investigated prototype cores, several aspects can be
improved. A comparison between the planned topology and the actual printed topology is
outlined in Figure 25. The integration of horizontal air gaps into the material was relatively
unsuccessful, as their efficiency in reducing core eddy currents was low. Undoubtedly,
the density of the connecting lattice structure was too high (Figure 20a,c). This resulted in
considerable electrical short-circuiting between the optimally fully insulated core volumes.
In parallel, the height of the horizontal insulation layers should be increased to enhance
both the insulation reliability and to improve powder removal from within the support
structure post-printing. With the prototype cores, the overly dense and thin lattice layers
prevented the removal of unmelted powder from the cores after printing. If this powder
was sintered during the annealing process, it could have also resulted in further increased
eddy current losses. In addition to the core printing parameters, the skin parameters also
require further optimization to enhance planar printing accuracy—as the width of the
printed laminations was lower than initially designed.

Planned ] . 0.85

——7

| _0.19

\

0.85
0.19

Horizontal gaps
largely unformed

Prototype

|
A

0.75
Figure 25. Comparison of the planned 3D model topology with the resultant printed prototype.

5. Conclusions
The paper describes the full optimization process for obtaining laser additively man-

ufactured soft magnetic cores with useful properties. The findings of the paper are

the following:

e  The optimal energy density for the melting process was 78 J/ mm? (in the investigated
range of 20-216 J/mm?), resulting in the fusion of samples with 99.86% relative density
and surface roughness values of 41 um (R;) and 8 um (R;). The individual main
scanning parameters employed were: laser power—350 W; scanning speed—0.75 m/s;
hatch spacing—120 um; layer thickness—50 pum; environment—nitrogen.

e  The optimal heat treatment temperature in the range of 1200-1350 °C was 1200°,
resulting in the highest relative permeability of the material and lowest quasi-static
hysteresis losses.
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e  DC measurements confirmed equivalent magnetic properties of the printed samples
to conventional steels: hysteresis losses of 0.8 W/kg (W1 50) and maximum relative
permeability of 8400. Magnetization of 1.5 T was reached at 1480 A/m, and 1 T was
reached at 90 A/m.

e  Shape enhanced printed cores were utilized successfully to limit the eddy current
losses within the core to an acceptable level. With a bi-directionally segregated struc-
ture (with a fill factor of 72.98%), total iron losses as low as 1.8 W/kg (W1 50) were
measured. These losses are vastly superior to SMC cores at 50 Hz (5-6 W/kg)—an
industrial standard for constructing magnetic cores with unconventional topologies.
At 1T, the obtained total losses of the optimized core are close to the values for typ-
ical electrical steel. For M400-50A steel grade, the losses are required not to exceed
1.7 W/kg in the same conditions.

The findings of this paper suggest the applicability of L-PBF fused magnetic cores for
the construction of electrical machines. In comparison with SMCs, AM cores are vastly
superior for low-frequency applications, as they show superior material properties and
a considerably larger geometrical freedom for core design. This would also suggest the
usefulness of L-PBF in the preparation of novel transversal flux, multi-axial, and spherical
or perhaps completely new machine designs—which can benefit from a wider range of
topologies and more refined structures than SMC or lamination-constructed machines.

6. Future Work

Further work on the project will focus first on the extensive AM material microstruc-
tural characterization: e.g., granular size, orientation, and effect on material permeability
and losses at high and low field strengths; and secondly, on further shape optimization of
the segregated cores for enhanced eddy current loss.
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ABSTRACT Over the past decade, additive manufacturing (AM) of functional electromagnetic components
has grown into a promising new area of research. Not only does AM allow for unparalleled in-house
prototyping speed and flexibility, but it also introduces a completely new set of design rules for obtaining
optimized component shapes. Up to date, relatively few functional electromagnetic components or devices
have actually been printed, and fewer still actually characterized or compared in terms of performance. This
work describes the completion process of a prototype induction motor with fully 3D printed electrical steel
cores, from design to printing, post-processing, assembling, and performance evaluation. This work aims
to establish a baseline for further optimization and to map the design and production process of a fully
functional electrical machine for future reference. The output of the finished motor was measured at 68 W
(0.5 Nm) at 34% energy efticiency. This is roughly 2/3 of the efficiency of conventional machines of the
same size and type. Further optimization steps for the 3D printed material and core design are proposed to

obtain higher motor performance.

INDEX TERMS Electric motor, selective laser melting, soft magnetic material, additive manufacturing.

I. INTRODUCTION

Metal additive manufacturing (AM) technologies have rede-
fined the practical limits of the production industry, enabling
a previously unfeasible level of part personalization and
topological complexity. With AM, highly intricate parts in
small volumes can be produced cost-effectively, as costs
involved are largely invariant of both shape complexity
(in contrast to subtractive technologies) and lot size (in con-
trast to mould-based technologies) [1]. This enables innova-
tive next-generation business models and products.

The unprecedented production freedom of AM enables the
further development of electrical machines (EMs). Finally,
the EM research community has the opportunity to approach
the machine design out-of-the-box and introduce previously
unfeasible topologies. This means more opportunities for
electromagnetic and thermal optimization. Machine flux
guides, conductors, and thermal exchangers can be shaped
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three-dimensionally according to specific design require-
ments, likely leading to novel, intricate machines designs.
These designs could be more refined versions of existing
designs, such as the claw-pole, transversal, or axial flux
machine designs, or perhaps more complex multi-axial or
spherical motors. The latter would be especially useful for
satellite, UAV, or robotics applications.

Discussion on the latest breakthroughs in AM motor design
and prototyping can be found in [2]-[6]. Some of the more
illustrating examples of the novel design features currently
implemented with AM prototypes are presented in Figure 1.
For electrical machines, AM has been used to the great-
est effect for the realization of single-material metal
components, most commonly from silicon steel, cobalt-iron,
copper, or aluminum alloys. Most prominently, these com-
ponents have been either rotors for synchronous machines,
enhanced windings, or cooling jackets/fins, taking advantage
of the spatial accuracy of 3D printing. These first proto-
types have achieved significant weight reduction (improved
rotor dynamics) [7], [8], reduced torque ripple [8], reduced
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AM PROTOTYPES

SYNCHRONOUS ROTORS

SHAPE OPTIMIZATION
(REDUCED WEIGHT, INCREASED POWER DENSITY)

HOLLOW ROTOR, CONTINUOUS SKEW
(EFFECTIVE MATERIAL USAGE, FASTER DYNAMIC
BEHAVIOUR, REDUCED TORQUE RIPPLE)

ADVANCED WINDINGS

INTEGRATED COOLING CHANNELS
(MORE COMPACT MACHINES)

SHAPED WINDINGS
(INCREASED EFFICIENCY)

N

HEAT EXHANGERS

Compressed

INTEGRATED HEAT EXCHANGERS
(ENHANCED HEAT EXTRACTION, INCREASED POWER DENSITY)

COST EFFECTIVE COOLING JACKETS
(MORE COMPACT MACHINES)

FIGURE 1. Current main directions in AM prototyping electrical machine components: synchronous rotors ([7], [8]), advanced

windings ([12], [9]), and heat exhangers ([10], [11]).

AC losses in windings [9], and enhanced machine cooling
through more effective cooling jackets [10], heat exchang-
ers [11] and integrated cooling channels within the wind-
ings [12]. Nevertheless, AM of full electrical machines is yet
to be completed, as the most significant challenge left in the
field: limited multi-material capacity of metal printing sys-
tems, has yet remained largely unsolved. The technology is
still in its infancy but has, alongside in-situ alloying, received
considerable research focus over the recent years [13]-[16]
in both the academic and industrial circles.

Both AM motor windings and soft cores have lim-
ited multi-material imposed drawbacks. Most significantly,
regarding the formation of insulation layers within the cores
for eddy current suppression and for inter-turn separation
of the windings. The current state-of-the-art informing insu-
lation layers within printed metal components has been by
integrating voids (air-gaps) between the printed solid vol-
umes. In magnetic cores, this approach has had mixed suc-
cess: in AM air-gapped soft magnetic Fe-Si cores, core
losses roughly equivalent to medium grade silicon steels [17]
have been obtained (~1.5 W/kg at Wyg 50), albeit at a
tradeoff in the material fill factor (air-gaps are wider than
varnish layers between laminations) [18]. It is also impor-
tant to note that AM segregated cores have been shown
to be superior to SMC cores [17] loss-wise at 50 Hz
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(5-6 W/kg at Wig,50 [19]) — SMCs are the current mate-
rials of choice for producing EMs with complex core
topologies.

Undoubtedly, with technological advances, AM soft mag-
netic cores have the potential to surpass conventional lami-
nations in performance. To achieve this, further development
of more advanced printing systems (higher accuracy, support-
less printing, multi-material options, faster build rate) and the
discovery of novel alloys and materials are a requisite. AM is
well known for its capacity to form parts from unconven-
tional and capricious materials. The conventionally difficult
material to process due to its brittleness: 6.5% silicon steel,
has been successfully fused with laser AM, achieving net-
shape, crack-free 6.5% samples with useful magnetic proper-
ties [20], [21]. Amorphous cores are especially exciting for
3D printed EM applications, as the alloys show exceptionally
high values of relative permeability (1 ~ 100 000 — 500 000),
electrical resistivity (p, = 100 — 130 €2 cm) [22] and losses
in the magnitude of 0.1 W/kg at Wyg s0. They are, however,
complex to manufacture, especially into complex shapes.
Laser AM has been shown to be suitable in forming bulk
cores with high glassy amorphous content [23] as related to
the process’s fast cooling rates. Perhaps with further research,
high-efficiency amorphous cores can be implemented into
electrical machine prototypes.
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Despite the first successes in AM prototyping and the
bright future prospects, presently, relatively few functional
electromagnetic components or devices have actually been
printed, and fewer still actually characterized in terms of per-
formance (e.g., [24], [25]). This is likely due to the difficulties
in setting up an in-house production chain covering all the
necessary steps from component design to its printing, post-
processing, assembling, and finally, performance measure-
ments. With this work, we hope to provide some insight into
the challenges arising in each of the production steps and how
to best tackle them.

This work focuses on the in-house design and production
process of an electrical motor. For the first time in literature,
an electrical machine with fully 3D printed soft magnetic
cores (rotor + stator) is produced and evaluated in terms of
performance. The design incorporates a novel segregation
method for limiting the eddy currents within the core. The
objective of this work is to establish a baseline for further
optimization and to map the design and production process
of an electrical machine for future reference. The contents of
the paper are divided into three larger sections. The second to
third chapters of the paper describes the prototype design, the
fourth its production methods and challenges, and the fifth its
performance evaluation.

Il. DESIGN PROCEDURE

The main design parameters of the prototype are determined
through an analytical procedure. The summary of the final-
ized parameters is outlined in Table 2, detailing the geom-
etry, and the rated input/output values of the machine. The
process in this work follows closely a procedure described
by J. Pyrhonen et al. in a design handbook titled: ““Design of
Rotating Electrical Machines” [26]. The main constraints on
the prototype design were defined by the dimensions of our
printing facilities and the properties of the printed material.
These two factors dictated that the diameter of the prototype
cannot exceed 90 mm and that the efficiency of the motor
shall be substantially lower than conventional motors of the
same size. Additionally, it was decided to design the machine
as a squirrel-cage induction motor (IM). It is relatively robust
construction-wise and simple to operate: development of
a separate inverter and a drive algorithm is not necessary
for verifying the prototype performance empirically. The
flowchart of the design process is outlined in Figure 3.

A. INITIAL VALUES

Machine design parameters are divided into fixed and inter-
dependent free variables. Fixed variables remain unchanged
as part of the iterative design process and represent either
constraints (e.g., frequency of the grid), best practices known
from empirical knowledge (e.g., four-pole design for small
IM machines), or specific design choices (e.g., single layer
non-skewed winding). The free variables are flexible: they
are re-evaluated over the iterative design process to find
the optimal final parameters satisfying the design criteria.
The values for both the fixed and initial free variables of
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the design are outlined in Table 1, chosen based on design
experience or well-established practices. The output power
of IMs of roughly the same size is 0.1 kW, with energy
efficiencies in the range of 50-60% [27]. For the prototype,
it was estimated that efficiencies 10-20% lower should be
achievable at similar core flux densities and output power.
This estimation was based on previous material characteri-
zation in [28], where equivalent DC properties to high-grade
silicon steels were obtained, but with 2-20x higher iron losses
depending on the individual part topology. The magnetization
curve of the previously characterized printed silicon steel for
the prototype preparation compared with typical commercial
materials [29], [19] is outlined in Figure 2. The initial

—Printed + Annealed 1200° C
2

——M-43 lamination

—Somaloy 700HR 5P

175

15

Magnetization J (T)
=

10 100 1000 10000
Field strength H (A/m)

FIGURE 2. Magnetization curve of the pre-characterized printed material,
compared to common EM materials.

TABLE 1. Initial design parameters.

Marker Design Parameter Value Unit
FIXED

n Efficiency 40 %

Js Stator current density 6.5 A/mm?

p No. of poles 4 No

f Frequency 50 Hz

m No. of phases 3 No

y Coil Pitch 6 No.

N Slot skewing 0 No.

a Parallel paths in winding 1 No
FREE

A Linear current density 15.95 kA/m

Bs Peak Air-gap flux density 0.60 T

Piiee Output power 100 w

cosf Power Factor 0.65 -

\% Terminal Voltage 24 \Y%

kw Winding Factor 0.95 -

En Induced emf 097:v V

A Linear Current Density 15 kA/m

0; Saturation factor 0.65 -
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and high field strength flux densities within the material
were extrapolated from the data. The target current densi-
ties within the stator were chosen as slightly higher than
in standard machines: 6.5 A/mm? to compensate for the
high active power drawn by the eddy current losses. This is
deemed acceptable, as effective removal of excessive heat
has been shown to be a strong advantage of AM electrical
machines [4].

Other parameters were chosen based on well-established
machine design guidelines. To streamline the prototype
assembly, single-layer winding with no rotor and stator slot
skewing was chosen. Saturation factor, winding factor and
induced EMF were chosen within typical values for IMs.
The selected values of terminal voltage, power factor and
linear current density are often encountered in small IMs
and can be considered a reasonable starting point for the
design.

B. MAIN DIMENSIONS

The first step in the design procedure is machine sizing: the
calculation of its length and stator inner diameter. First, the
machine sizing constant Cp,. is calculated with (1) from
the initial estimated values for terminal voltage V, induced
EMF of the stator phase winding E,,, efficiency 7, power
factor cos 6, fundamental component winding factor k1,
RMS value of the linear stator current density A and Bs — the
peak air-gap flux density.

Chiiee = n cos ankwlAl:?g (1)

Vv
V2E,

After calculating the optimal ratio of machine length to
diameter X from (2), where leq is the equivalent machine stack
length, D — stator inner diameter and p — the number of poles,

leg T
X=—"=—7 2
D 2p\/ﬁ @)
the investigated machine dimensions can be obtained
from (3), where ngyy is the motor synchronous speed, and
Prnec its output power. The term Dzleq is indicative of machine
rotor volume V, as illustrated by (4).

Piec = Cmechleqnsyn 3)
V, ~ 1/4Dl,, )

C. AIR-GAP
Air-gap width § can be obtained through (5), where P is
the mechanical output power of the machine.

0.4 - Ppec
8 =0.184+0.006 - ——— 5
+ 1000 )
In this work, if the resultant calculated air-gap is less
than 0.35 mm, it will be rounded up to it. This is the approx-

imate accuracy limit of our facilities.

D. WINDING
The winding design process begins by selecting a suitable
number of slots per-pole per-phase gy, which also correlates
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FIGURE 3. Flowchart of the prototype design procedure.

to an optimal number of slot pitch 7, The slot pitch 7,
and the total number of stator slots Qg are given by
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Equations (6) and (7):

Qs = 2pmg; (6)
nD

us = 7

T 0. (7

where m is the number of stator phases, ¢;— the total number
of stator slots, and p — the total number of poles. Based on
design guidelines, for the obtained 24 stator slots, the optimal
number of rotor slots Q, is 18.

The next step is calculating the fundamental compo-
nent winding factor k,, to determine the attenuation of the
fundamental components of the selected winding design.
ky comprises mainly of the skewing factor kg, pitch
factor k, and distribution factor kg, calculated as follows
through equation (8)—(11):

.o . T
ki = sin () [ gsin o) ®)
ky = sin (wy/2yp) ©)
. T Ssp T Ssp
ks = — — 10
sq = S (2 mqs>/(2mqs) (10)
ky = kdkpksq (11)

In equations (8)-(11), the kg, denotes the skewing factor,
ky — the pitch factor, kq — the distribution factor, and — k,, the
collective winding factor. The term y/yp gives the relative
shortening of the coil span, where yg is the full pole pitch
expressed in the number of slots and y is the actual pitch of
the coil (after short pitching) and sy, is the skewing of slots
in terms of the number of slot pitches.

The series winding turns per-phase Ny, and the number of
conductors in each slot zg are calculated as follows:

Ny = ﬁ Em/wkwleqrpaiéa (12)
20 = 2amN, [ Qs (13)

The obtained number of conductors in the slot zg is rounded
up to the nearest even integer, resulting in 24 conductors
per slot. Finally, with the winding design completed, the
new air-gap flux density is recalculated from (12), and the
design process is re-evaluated from step one (substituting
the initially proposed air-gap flux density value).

The conductor currents in both rotor and stator are obtained
with equations (14) and (15).

Iy = Pmec/mVncos 0 (14)
L=2% 00 (15)
a0

where Q; is the number of rotor slots / bars, and a is the
number of parallel paths in the winding.

E. STATOR AND ROTOR TOOTH

For obtaining the stator and rotor tooth designs, approxi-
mate flux densities (IABQiY and f?;r) must first be proposed
based on well-established magnetization values in IMs.
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The stator/rotor tooth width is calculated as follows from
equations (16) and (17):

LyTus B
bas = LT’“% (16)
kFe(l - nvbv) de
l B
by = —2 (17)

kpe(l — nyby) Fdr

where bgs and by, are the stator and rotor tooth widths. kg, is
the space factor for the respective core material. 7, and
are the stator and rotor slot pitches. n, and b, are the number
and width of ventilating ducts, if any, in the respective stator
or rotor body.

From the calculated values of z¢p and tooth-widths of sta-
tor/rotor, the slots are dimensioned according to respective
stator and rotor currents (/g and /), maximum current den-
sities (J; and J,), and the resulting values of required cross-
sectional areas (S and S, ):

I

Ses = — (18)
alg
I

Scr = - (19)
Jr

After selecting basic slot dimensions, i.e. slot opening,
required insulation thickness, slot type, and average slot
width, the slot height and widths at respective heights are cal-
culated according to the required area to house the conductors
(Scs and S¢p). The slot dimensions and total and wound area
are illustrated in Figure 4.

FIGURE 4. Main design dimensions for the rotor and stator slots.

F. SATURATION FACTOR

The initially proposed saturation factor «; is now calculated
from the obtained design for verification. In the four-step
process, the first is calculating the flux leakage related to field
weakening within core teeth. This corrected flux density By
(initially proposed flux density l};) is proportional to the ratio
of slot area without the iron portion (S,) to the iron portion
of the tooth area (Sq), as described by equation (20).

S .
Bq =B, — iﬂoHdl (20

In order to calculate the magnetic potential within the
rotor/stator teeth, the field strength A within the teeth is
determined. This can be found from (20) and the material
magnetization curve by solving either the equation system
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or finding the intersection point numerically. The process is
illustrated in Figure 5: where the H for the designed machine
stator tooth tip is determined. The corresponding intersection
points yield corrected flux density By and magnetic field Hy
strength values.

1.5 ©
e ! 1
m

0.5 plotted line of eq. 22 i

BH-curve of core-material
O intersection point
0 . N N T
0 1000 2000 3000 4000 5000

H (A/m)

FIGURE 5. Field strength estimation within the stator core tooth tip.

The magnetic potential of the machine air-gap and rotor/
stator teeth can now be calculated with the magnetic field
strength line integral within the respective geometries with
equation (21) The global magnetization within the machine
cores can be calculated with equation (22), where lA]mJg,
lA]m, » and lA]m,_Y are the respective magnetic potentials within
machine air-gap, rotor, and the stator core. Finally, the cal-
culated value of saturation factor (kgy) can be utilized to
determine the actual value of «; (with equation 23), which
was only assumed initially.

Up = /H~dl Q1)
U 0
gy = s T 22)
Um,é
1.24k, 1
o = s (23)

1.42kgqr + 1.57

G. STATOR AND ROTOR YOKE

Calculation of yoke heights for cores begins by first defining
the desired flux densities within them. Lower yoke height
translates to higher core losses and higher yoke height to
a larger machine diameter. In this design, both yoke flux
densities (Byy, Bys) were chosen as 1.3 T, 0.2 T lower from
tooth tip magnetization. The yoke heights (hys and hy,) are
determined from the estimated peak value of air-gap flux
from (24) — (25):

by = 2 24)
: 2kpelByg
?
hyr = 7}11 (25)
2kpol By,

The peak air-gap flux density is derived from (25):
B = aiBsTpleq (26)
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where @)m is the peak air-gap flux. Finally, the stator outer and
rotor inner diameters are calculated as follows:

Dse = Ds + 2(113 + hyx) (27)
Dri = Dr - 2(hr + hyr) (28)

where Dge, Dre, hg and h; are the stator outer-diameter, rotor
inner-diameter, stator and rotor slot heights (determined at
slot dimensioning step).

H. MAGNETIZING CURRENT/NO-LOAD CURRENT

Rated no-load current of the prototype is determined for
inputting to FEM analysis. The fundamental current linkage
and hence the magnetization in the machine is produced by
the magnetizing current (Is mag) of the rotating stator field and
is given by

. . mik,,Nyv/2
Um,rotal = 0 = %Is,mug (29)

Um,mtal = 0m,5 + 0m,s + ﬁm,r + Um,ys/z + Um,yr/z (30)

where f]m,mml is the magnetic voltage for half the magnetic
circuit of the machine. IAJm,ys and i]mAVyr are the magnetic
potentials of the stator and rotor yokes, respectively, and are
calculated with the same procedure described in section-F for
other machine parts. With the ﬁm,total determined, the no-load
magnetizing current of the machine is calculated from (29).

I. DESIGN SUMMARY

The summary of final design parameters is summarized in
Table 2. The motor rated speed (subsequently its rated torque)
is assumed based on speed values for equivalent machines.
These initial values are used as the basis to further develop
the machine design into 3D in the next chapter.

IIl. FINAL DESIGN

For verifying the data obtained from the analytical design,
a static finite element analysis was conducted. Modeling of
the prototype was completed in an open-source FEM pack-
age software: FEMM (Finite Element Method Magnetics).
Figure 6 presents the obtained flux distribution within the
core alongside its overall dimensions and slot shapes. Similar
peak material magnetization values to the analytical model
were confirmed: rotor tooth 1.4 T, stator tooth 1.5 T, stator
yoke 1.2 T, air-gap 0.7 T. Due to a material reduction intro-
duced after the analytical design within the rotor core around
its shaft, the flux densities within the rotor yoke peak at higher
value of 1.5 T. The material was reduced to demonstrate
the capabilities of additive manufacturing for design weight
reduction.

The key challenges in designing the AM machine were
obtaining a uniform, narrow 0.35 mm air-gap and minimizing
eddy current losses — especially within the stator core. For
eddy current loss reduction, a strategy inspired from com-
mon EM stampings was devised. It included the introduction
of crack-like air-gaps printed within the cores to increase
their internal resistance. These air-gaps were introduced in
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TABLE 2. Design p ters of the p ype motor.
Machine’s Design Parameter Value Unit
Machine rated power 80 w
Terminal Voltages (L-N) 20 \%
No. of phases 3 No.
No. of poles 4 No.
Frequency 50 Hz
Rated Rotational speed 1400 rpm
Rated torque output 0.55 Nm
Peak Air-gap flux density 0.60 T
Linear current density 15.95 kA/m
Stator outer-diameter 89.00 mm
Stator bore-diameter 57.50 mm
Rotor Diameter 56.80 mm
Machine stack-length 56.00 mm
Air-gap width 0.35 mm
No. of stator slots 24 No.
No. of winding layers 1 No.
No. of parallel paths 1 No.
Pole pitch 45.20 mm
Slot pitch 7.52 mm
Short pitching 0 No.
Stator conductor diameter 1 mm
Stator-slot opening 2.52 mm
Stator-tooth flux density 1.50 T
Stator-tooth width 3.20 mm
Stator-slot height 8.80 mm
Stator-yoke flux density 1.30 T
Stator-yoke height 7.10 mm
Rotor-slot opening 1.00 mm
Rotor-tooth flux density 1.50 T
Rotor-tooth width 3.90 mm
Rotor-bar diameter 5.00 mm
Rotor-yoke flux density 1.30 T
Rotor-yoke height 7.10 mm
No-load magnetizing current 3.65 A
89 mm
57.5 mm

 Air gap 0.35 mm

f == Flux density 0.7 T
Stack thickness 56 mm

‘Weight Reduction

FIGURE 6. Overall dimensions and flux distribution of the designed IM.

perpendicular to the core axes. The opted strategy for eddy
current loss reduction is outlined in Figure 7. The final design
exhibited 2 mm solid material laminations separated with
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FIGURE 7. Structure for eddy current loss reduction within the printed
soft magnetic cores: (a) rotor core, (b) stator core, (c) detailed view of the
insulation layers printed within the cores.

0.2 mm air-gaps. Lattice structures were added within the
air-gaps to consolidate the printed part into a single core.
These support structures consist of thick border elements
to prevent part warpage and delamination during printing;
and thin lattice structures supporting the part core to enable
powder fusion between the layers. To the best knowledge of
authors this type of printed core segregation has never been
attempted before in the literature. Compared to conventional
motor stampings, The opted design has undoubtedly draw-
backs in both lower electrical insulation and higher eddy
current losses within the 2 mm magnetically active layers.
The design will however certainly show superior character-
istics to printed solid (higher eddy current losses) or full
lattice cores (low fill factor, power density) and will provide
a valuable base point for further optimization of AM soft
magnetic cores.

The second key challenge was related to achieving a thin
and uniform machine air-gap between the printed rotor and
stator cores. Even though L-PBF systems are well known for
their high spatial accuracy (with resolutions up to 15 pum),
when printing larger parts, the volumes are often subjected
to some deformations [30]. Therefore, when designing the
machine assembly, the individual machine components were
designed slightly larger (on the average 0.5 mm on the assem-
bly contact surfaces): with machining allowances and with
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design rules of turning machining in mind. After printing, the
stator, rotor, and endcaps were all turning machined to ensure
part coaxiality and an even motor air-gap.

The exploded view of the full machine assembly is outlined
in Figure 8. The full machine assembly included several
additional AM and conventional components. These included
fully 3D printed machine endcaps from stainless steel 316L
(printed on the 280 x 280 mm full sized build plate) and
internal fan blades from AlSiMg aluminum alloy for cooling.
In addition to the printed components, both the rotor and
stator windings, the shaft, fixture rods and bearings were pro-
duced through conventional means. This was due to the insuf-
ficient accuracy of our current L-PBF system when producing
threaded features or bearings and the incapability of fusing
pure copper parts (due to low absorption of infrared laser).
For the prototype machine, cooling ribs were not included in
the design: its thermal optimization is planned as future work
with an optimized printed cooling jacket.

FIGURE 8. Full p ype machine bl t inf i

(a) stator core (prmted Fe-Si), (b) rotor core (prlnted Fe-Si), (c) stator
winding (distributed), (d) rotor cage (commercial copper), (e) threaded
rods (commercial), (f) cooling fans (printed AISiMg), (g) shaft (machmed
stainless steel), (h) endcaps (printed stainless steel), embedded b
(commercial).

IV. PRINTING PREPARATION

Pre-alloyed, gas-atomized commercially available Fe-Si
powder provided by Sandvik group was used to fabricate
the machine cores through L-PBF. Beforehand, the chem-
ical composition of the powder was verified through EDX
Energy-dispersive X-ray Spectroscopy and Atomic Emission
Spectroscopy by Spark AES measurements, with the results
summarized in Table 2. The powder constituted roughly
spherical particles in size range of 29-58 um, with a median
diameter of 38 um (d50) as shown in Figure 9 (a-b). The
powder size distribution was determined with laser scattering
particle size distribution analyzer in water dispersive environ-
ment. The shape of powder particles was confirmed through
scanning electron microscopy (SEM).

50144

TABLE 3. Powder chemical composition.

Fe Si Mn Cr Ni C

Wt % Balance 3.7 0.2 0.16 0.020 0.01

@

~e—Particle Distribution

—a—Under size

(b)

Particle Distribution (%)
&
Under size (%)

0 10 20 30 40 50 60 70 80
Particle size (um)

FIGURE 9. (a) SEM maghnification of the investigated powder, (b) Powder
particle size distribution and percentage of particles below specific
particle size.

The core components were prepared on the SLM Solutions
GmbH Realizer SLM-280 machine. The printer was equipped
with a single 400W 1070 nm infrared yttrium laser and a
100 mm diameter reduced platform. The build process of the
machine stator is illustrated in Figure 11(a). Previously deter-
mined printing parameters in [28] and [25], with two notable
alterations, were employed for part preparation. After initial
testing, it was observed that scan strategies ideal for printing
small samples were not applicable for printing larger solid
volumes: resulting in gradually deteriorating part density,
which culminated in billing-related print failure. A possible
explanation for this can be found in [31], describing powder
denudation during the melting process: fresh powder sur-
rounding the melt-pool is pulled towards the melting plasma
plume and ejected towards the fresh powder in the bed. This
extra powder and half-melted agglomerates deposited on the
fresh bed can then promote poorly wetted melt-pools on the
substrate, i.e., powder balling-related irregularities. Based on
our experience, this effect is dependent on the length and area
of the scan track: by adapting from “stripe”” scan pattern
to “chessboard” pattern, the survivability of the print job
was increased to part completion. These findings are also
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FIGURE 10. Workflow for producing AM core prototype.
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Assembling all the components together,
tightened with rods.

in line with those of other authors, who have also reported
chessboard strategies leading to parts with higher density,
promoting more homogeneous powder fusion [32], [33].
Secondly, re-melting scan strategy was abandoned, as from
the initial tests it appeared that the secondary scan sintered
the ejected spattered/entrained particles of the primary scan
onto the substrate. It seemed to increase the roughness of
the top surface, causing uneven powder deposition due to
reduced powder flowability [34], which again seemed to
promote powder balling related uneven part growth. The
main printing processing parameters used for fusing the
3.7% silicon steel power into electrical machine cores are
presented in Table 3.

V. PROTOTYPE PRODUCTION

The main steps in the workflow of the motor are out-
lined in Figure 10, outlining the necessary pre-printing and
post-processing steps taken for obtaining a fully functional
AM core electrical machine.

The production process is illustrated in detail in Figure 11.
The approximate total production time and cost of the proto-
type is outlined in Table 4.

The printing of the cores was completed without interrup-
tions, after some adjustments of the printing parameters as
described in chapter 2 A. The total build time of the cores
was approximately 30 h. The first step in the further pro-
cessing of the printed cores was post-printing normalization.
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TABLE 4. Summary of the printing parameters.

Parameter Value

Layer thickness 50 um
Hatch distance 120 pm
Laser Power 250 W
Scanning velocity 0.5 m/s
Volumetric energy density 83 J/mm’

Scan strategy Chessboard

Environment Nitrogen

Oxygen content ~0.1%

The process involved a low-temperature heat treatment for
post-printing grain structure recovery to lower the risk of
significant part warpage when separating it from the printed
support structure. Heating rate of 5° C per hour was used up
to the temperature of 600° C, where it was kept 2 h and then
slowly oven cooled. The extra allowances of printed cores
were then removed through turning machining. Ellipticity
of the printed parts was confirmed prior to machining —
approximately 0.2 mm, which was removed successfully.
The cores were then fitted with motor endcaps and shaft
while attempting to keep the motor eccentricity minimal.
The final machine air-gap was 0.35 mm, with an eccentricity
smaller than we could detect with our workshop facilities.
The duration of mechanical machining and assembly fitting
was approximately 10 h in total.

With all the necessary machining completed, the printed
cores were subjected to high-temperature annealing. The pro-
cess involved heating the parts near its melting temperature
to induce material recrystallization. The process is critical
for obtaining useful soft magnetic properties in crystalline
materials by lowering the defect content in the material crys-
tallographic structure. For best results, the annealing should
be conducted after all the necessary machining steps are
concluded. Post-annealing cold working will again introduce
lattice defects (increased magnetostriction) within worked
surfaces: similar to the effect of punching and cutting on com-
mercial EM laminations [35]. The final annealing process
involved slowly heating (5° C/min) the printed cores up to
1200° C, where they were maintained for 1 h, and then slowly
oven cooled. In both heat treatment steps, a low vacuum (0.1
mBar) furnace with a graphite lining was used. One annealing
cycle lasted roughly 24 hours.

After printing, machining, final fitting, and heat treat-
ments, the printed cores were finally prepared for the winding
process. The stator winding was designed as a distributed
24-slot single layer three-phase winding, with its schematic
outlined in Figure 12. The winding was completed to the
courtesy of Elektrimootorid LLC. Standard winding methods
were used: stator slots lined with aramid paper, windings
pre-wound (I mm diameter, 24 turns per slot, insulation
class F) and inserted by hand, and the finished stator
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FIGURE 11. Production of the AM core motor: (a) L-PBF process of the motor stator core, (b) finished printed stator core welded to the build

ding process <

of the machine stator core, (f) milling of the rotor end-rings, (g) assembled rotor with inserted cage, shaft, bearing and cooling fans, (h) motor stator
(finish windings), rotor core and endcaps, (i) finished and fully assembled AM core motor.

submerged within a varnish bath for fixing/protection. The
finished stator winding exhibited approximately 62% fill fac-
tor, with the end- winding height of 26 mm and the winding
resistance of 0.7 2.

The winding time was approximately 4 hours. For
traditional EMs, the rotor cage is often cast from molten alu-
minum. Due to the specific nature of this process, we omitted
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to assemble the rotor cage from commercially available
copper materials. The Rotor cage was assembled from com-
mercially available high conductivity copper (Cu — ETP)
materials: with 4 mm rods (analytically designed Smm
were not available in the market) used as rotor bars and
cage endrings milled from 4 mm copper plate. The cage
was assembled through mechanical riveting: the rods were
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FIGURE 12. Winding layout of the AM core machine.

TABLE 5. Summary of the p yping costs i

Article Quantity Costs per unit Total Costs
Printing Powder 2.5kg 50€/kg 125€
Rotor Copper 1 pc 36 €/pc 36€
Bearings 2 pes 8€/pc 16 €
Printing 50 h 40€/h 2000 €
Annealing 4 pes 50 €/ pes 200 €
Machining 24h 40€/h 960 €
Stator Winding 1 pc 200 €/ pc 200 €
Total: 3537 €

cold-hammered to fill the endring opening chamfers, with any
excess protruding material removed through turning machin-
ing. Insulating layers between the cage and rotor were not
added.

The estimation of the costs involved in manufacturing the
prototype is summarized in Table 5.

VI. PROTOTYPE EVALUATION

Three standard tests were performed for the prototype perfor-
mance evaluation: no-load, blocked rotor, and load test. The
first step was initial testing without external load to obtain the
first impressions on the machine build quality and the second
to gauge the iron losses within the cores. By operating the
unloaded motor over a wide voltage range, its iron losses at
each voltage level can be calculated by subtracting the copper
losses of the magnetizing current from the total active power
drawn by the machine. The results of no-load motor testing
are summarized in Figure 13.

The results suggest higher iron losses than anticipated,
as its full load current value of 5.1 A (6.5 A/mm? current
density for the selected conductors) is reached at 19.6 V
at no load (20 V was the planned nominal voltage of the
machine). This means in further performance evaluation,
the motor must be operated at slight undervoltage to com-
pensate for the higher eddy current losses within the core.

VOLUME 10, 2022

——Copper Losses Iron Losses ~ ——Magnetizing Current
100 5
80 4 <
365 €
g
S 60 3 3
= o
o s
N
40 2 %
c
@
kT
20 1 =
0 < 0
0 5 10 15 154 20
u(v)

FIGURE 13. No-load test results of the prototype motor.

2mm laminations Air-Gaps within the core

Thick lattice border elements

uneven ~0.2 mm air gaps within the core

() (b)

FIGURE 14. Core material structure: (a) printed sample stator element,
(b) detailed view of the insulating air-gaps within the core.

The analytically calculated prototype magnetizing current
of 3.65 A is reached at 15.4 V excitation. Iron losses at that
excitation level were 54 W, almost twice the corresponding
copper loss of 28 W. A detailed view of the printed core
material structure is outlined in Figure 14 (a-b), with the
polished surfaces ground up to 4000 grit sandpaper.

Next, full load tests were performed in order to determine
the optimal working point of the prototype and its nominal
parameters. The setup is outlined in Figure 15 (b-c). The
prototype was joined back-to-back through a torque sensor
(NCTE S-4000-50-1) with a commercial machine of a similar
size. This allowed to both validate the accuracy of the test
setup by comparing the measured commercial motor results
to its datasheet and determine the optimal working parameters
for the printed core motor.

That is, inputs that provide the optimal balance of output
power, efficiency, and rotor speed. Terminal voltage on both
the loading and tested machine was controlled through auto-
transformers. Measurements were saved on the DEWE2-M
Modular Data Acquisition System. The temperature of the
printed motor was observed through an embedded PT100
sensor embedded within the stator windings. Measurement
results of the star-connected commercial machine correlated
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FIGURE 15. Motor evaluation test setup: (a) blocked rotor test setup,

(b) load test setup, (c) schematic of the load test, (d) commercial
induction motor, (e) torque sensor, (f) AM core motor, (g) DEWETRON data
acquisition module/PC, (h) formers.

well with its datasheet [36]: showing 52% efficiency at 230 V
terminal voltage, 0.297 A phase current, 1395 rpm rotational
speed, 60 W output power. Results of the prototype load-
test measurements are outlined in Figure 16. To determine
the optimal working point of the prototype machine, it was
characterized over a range of terminal voltage of 13 — 24 V
and load torque of 0.2-1 Nm. The investigated machine was
first energized up to its investigated voltage, to synchronous
speed, then loaded incrementally up to desired value. In every
measurement step, the input power, current, torque, and speed
were recorded. The highest efficiency obtained for the proto-
type machine was at 36.5%;, albeit at a significant slip: at oper-
ating speed of 1200-1250 rpm. A closer result (highlighted
at Figure 16) to the initially designed machine was obtained
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at 34% efficiency at 1315 rpm and 0.5 Nm shaft torque. This
result was measured at terminal voltage of 17 V while not
exceeding the initially established winding current limit of
6.5 A/mm?. This set of input and output parameters was cho-
sen as the optimal working point of the prototype machine.
In comparison, to achieve the same rated speed (1350 rpm)
and torque (0.57 Nm) as the initial design, the motor would
need to be supplied with 20 V, reaching an excessive 8 A/mm?
current density and a lower 29 % efficiency.

The speed-torque curve of the motor (at 17 V) was mea-
sured through load testing for load values above break-
down torque and with a blocked rotor test (Figure 15 a)
to obtain the startup torque. The obtained prototype speed-
torque characteristic curve is outlined in Figure 17, presented
in parallel with the machine power factor at corresponding
data points. Both curves accurately illustrate the effect of
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FIGURE 17. Prototype motor speed-torque characteristics and power
factor at nominal power.
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FIGURE 18. Frequency spectrum of the AM prototype stator current.

excessive losses in an EM. High machine power factor is
obtained as the increased core losses count as an increased
resistive load on the machine: translating to a lower ratio
of reactive to active consumed power. The high slip of the
machine and the slope of its speed-torque curve demonstrates
undervoltage operation of the machine to limit its winding
current (to compensate for the high no-load current due to
core losses). Additionally, the high slip can be related to
the thinner substituted rotor bars (from 5 to 4 mm) and the
0.5 mm air-gaps around them: resulting in higher rotor cage
resistance.

As the final step, the frequency spectrum of the stator cur-
rent was calculated to evaluate the total harmonic distortion of
the motor currents. The spectrum is presented in Figure 18.
The total harmonic distortion was identified as —42.01 dB,
which correlates to the distortion factor of 0.793 % - relatively
low as it is a grid fed machine. The obtained source current
harmonic %THD of the grid fed induction motor is below
the 5% THD limit specified by the international standards of
IEEE 519 and IEC 61000-3-2 [37], [38].

The comparison between the measured rated parameters
of the commercial loading machine and the prototype (with
both analytically and experimentally obtained) is presented
in Table 6.
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TABLE 6. Comparison of the commercial benchmarking machine and the
expected / empricial values for the am core prototype.

Rated Values Design Experimental Commercial
Power 80W 68 W 60 W
3’333253‘5 50 Hz 50 Hz 50 Hz
Rated Voltage 20V 17V 230V
Rated Current S5.1A S5.1A 03 A
Rated Torque 0.55 Nm 0.5 Nm 0.4 Nm
Speed 1400 rpm 1315 rpm 1395 rpm
Efficiency 40 % 34 % 52 %
Power Factor 0.65 0.82 0.55

Vil. DISCUSSION

The AM core prototype machine demonstrated functional
characteristics: reaching nominal torque of 0.5 Nm, at
1315 rpm, at 34% efficiency. Measuring the prototype core
presents a valuable precedent, as it is the first 3D printed
motor with printed metal rotor and stator cores that has been
evaluated in terms of performance in scientific literature.
Despite the 2mm thick material layers separated through
uneven air-gaps: the 34% obtained efficiency presents an
excellent starting point for further optimization of the design,
with goals to introduce more intricate core designs for fur-
ther loss reduction alongside more exotic design options for
improved cooling and flux distribution.

A commercial 60 W three-phase induction machine was
characterized in parallel as part of this study to provide a
reference point for the prototype motor (due to the lack
of comparable motors characterized in the scientific liter-
ature). The benchmarking machine [36] exhibited 52 %
efficiency — that is 153% of the printed motor efficiency.
The value is typical for small-scale machines of the type.
Similarly, from the 2011 ABB catalog for low voltage
general performance high-efficiency motors [27], 60W IE2
(according to IEC 60034-30; 2008) motors are available
with 51.1% efficiency at full load. Regarding the perfor-
mance of printed machines in general, the examples from
the literature are sparse. A polymer extrusion-based printed
machine with plastic cores reached approximately 10000 rpm
at 0.0005 Nm in [39], which translates to output mechanical
power of 0.5 W at undisclosed efficiency. Some examples
of other polymer printed electric motors can also be found
in non-scientific sources [40], which have shown to reach
considerably higher performance with 0.6 kW at 80% effi-
ciency. Similar to [39], these are all, however, PM assisted:
including a Halbach array of neodymium magnets, which do
not allow for much topology optimization. Regarding AM
soft iron core prototypes, in [24], a commercial switched
reluctance machine rotor was substituted with a fully-dense
laser additively manufactured rotor: achieving 18% lower
efficiency (decreased from 83% to 65%) at 1500 rpm,
~ 1kw output power. In [25], the authors produced a lam-
inated (Imm thickness) 27 VA power transformer, which
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exhibited 10% lower efficiency (from 80.5% to 70.1%) and
34% lower power density (from 59 VA/kg to 39 VA/kg)
than the commercial transformer it was benchmarked
against.

Comparison of the core material printed as part of this
work with conventional core materials is complicated, as the
average flux density within the material can only be roughly
estimated from its FEM model, not accurately measured.
By taking into account the average flux path lengths in the sta-
tor teeth, rotor teeth, rotor yoke, and stator yoke and average
magnetization within them, we obtained a rough estimation
for the average flux density of 1.1 T within the core. In the
68 W prototype machine, approximately 71 W of energy
was converted to heat in the printed iron cores (obtained
from the no-load test). This equates to the iron losses
of 29.5 W/kg within the 2.4 kg motor cores at 50 Hz mag-
netization 1.1 T (W 50). Depending on the grade of the
conventional non-oriented electrical steel lamination, its total
core losses can most likely be found within the range of
2.3 (M235-35A) — 13 W/kg (M1300-100A) at 1.5T, 50 Hz
(Wis,50) [41]. For comparison at 1.1 T, Isovac 235-35A NO
electrical steel exhibits losses of 1.01 W/kg. This translates
to approximately 29x higher losses in the printed core than
in that conventional high-grade steel, with the 5.7x thicker
core layers (2 mm instead of 0.35 mm). These results cor-
relate well with the literature (eddy current proportional
to lamination thickness squared [42]), as the 5.7x thicker
core layers should exhibit 32.5x higher eddy current losses
within the core (electrical conductivities of the materials are
similar [28]). The obtained results are

Indeed, to enhance the efficiency of the printed motors,
a higher degree of segregation must be achieved within the
cores. The demonstrated method did not sacrifice signifi-
cantly in the mechanical strength nor fill factor of the core,
but did exhibit considerably higher losses than the topol-
ogy optimized cores within the literature (~ 1.5 W/kg at
Wio.50) [18]. As the next optimization step, the lamination
thickness needs to be reduced, air-gaps widths increased,
and a new set of air-gaps running in parallel to the machine
axis should be added (bi-directionally segregated). This pro-
cess is relatively complex as by adding too few or too
thin air-gaps into the material, insufficient internal resis-
tance increase/eddy current loss reduction is achieved; by
adding too numerous and wide air gaps, poor fill factor,
total flux, and output power are inevitable. A potential
solution to this problem lies in next-generation printing tech-
nology: dual-metal powder-bed printing systems with selec-
tive powder deposition capabilities are just now becoming
available [43]. By printing at least two materials in parallel,
superior eddy current loss reduction to modern conventional
materials should be achievable. By printing at least three
materials in parallel, perhaps the entire electrical motor could
be printed as a single process. Unfortunately, however, the
capabilities of the systems are still relatively unknown and
unverified, as the scientific community is yet to explore
them.
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VIIl. CONCLUSION

Even though AM cores are at a significant disadvantage when
compared to conventional stamping assembled motors due to
the lack of reliable intra-material insulation layers, the results
of this first prototype motor are very promising:

o The output of the finished motor was measured at 68 W
(0.5 Nm) at 34% energy efficiency. This is roughly 2/3
of the efficiency of conventional machines of the same
size and type.

o The evaluation of an electrical machine with printed
rotor and stator soft magnetic cores was performed for
the first time in scientific literature.

o The prototype includes fully 3D printed stator and rotor
cores from 3.7% silicon steel with a novel segregation
strategy for limiting eddy currents.

o It is likely that with further refinements in the printed
core design, competitive or superior printed core proper-
ties are achievable: especially with multi-material metal
printing.
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Abstract: Additive manufacturing of ferromagnetic materials for electrical machine applications is
maturing. In this work, a full E-type transformer core is printed, characterized, and compared in
terms of performance with a conventional Goss textured core. For facilitating a modular winding
and eddy current loss reduction, the 3D printed core is assembled from four novel interlocking
components, which structurally imitate the E-type core laminations. Both cores are compared at
approximately their respective optimal working conditions, at identical magnetizing currents. Due
to the superior magnetic properties of the Goss sheet conventional transformer core, 10% reduced
efficiency (from 80.5% to 70.1%) and 34% lower power density (from 59 VA /kg to 39 VA /kg) of the
printed transformer are identified at operating temperature. The first prototype transformer core
demonstrates the state of the art and initial optimization step for further development of additively
manufactured soft ferromagnetic components. Further optimization of both the 3D printed material
and core design are proposed for obtaining higher electrical performance for AC applications.

Keywords: additive manufacturing; soft magnetic materials; selective laser melting; iron losses;
magnetic properties; transformer

1. Introduction

Metal additive manufacturing (AM) is maturing, enabling previously unavailable
production possibilities in terms of feasible product complexity and personalization. As
currently, the cost per part of AM is still relatively high, it has been most applicable for
parts for high tech industries: producing specialized parts benefiting the most from the
topology optimization possibilities of AM. For example, 3D printing has been utilized for
the production of more efficient and long-lasting inductor coils [1], stronger, cheaper and
lighter aircraft fuel nozzles [2], and high performance heat exchangers [3].

In parallel to the printing of structural, thermal, and electrical components, research
interest in printed soft magnetic materials and topology optimized electromechanical
components has spiked drastically over recent years. It has been proposed that with the
easily available computational power and free-form printing capabilities of AM systems,
next generation electrical machine designs could be modelled and constructed by the
research community. These topology optimized designs (with reduced weight, integrated
cooling channels, reduced inertia, increased heat exchange etc.) could be prototyped
in-house, significantly reducing the lead time, cost, and machinery involved [4].

State of the art additive manufacturing of electromagnetic devices involves selective
laser melting (SLM) printing of conductive and soft magnetic materials with air gaps
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partitioning the material structure for separating individual turns in coils and reducing
the induced eddy currents in soft magnetic cores [5,6]. The air gaps are printed due to the
current lack of multi-material printing capacity of SLM systems, limiting the parallel print-
ing of conductive, core, and insulation materials. The introduction of airgaps considerably
reduces the power density of the components, however, as gapped printed component fill
factor is typically relatively low (in the range of 60%) [6,7].

Despite extensive material optimization of different soft magnetic alloys, relatively
few functional components or devices have actually been printed and characterized. For
this reason, in this work, a full small-scale transformer core is printed, characterized, and
compared with a commercial transformer. The simplistic design of an E-type transformer
makes it ideal for the next step of testing additively manufactured magnetic material capac-
ity and performance for electrical machine applications (succeeding the characterization of
small-scale toroidal samples). In this paper, a novel interlocking core design is employed
for eddy current reduction, which exhibits a competitive component fill factor. The paper
is divided into two larger sections. The first part describes the 3D printed core design and
its fabrication process, and the second the characterization and comparison of the printed
core with conventional cores.

2. Transformer Core Design
2.1. Commercial Transformer

The 3D printed core design investigated in this paper was based on the commercially
available 30 VA single phase isolation transformer provided by MS Balti Transformers
Ltd (Tallinn, Estonia). The transformer was chosen based on its suitable size, type, and
availability. Its shell-type transformer core is constructed from E-type stampings of grain-
oriented M 165-35S silicon steel. The conventional transformer design with its dimensions
are detailed on Figure 1.

g

5‘9-6

Figure 1. Investigated conventional transformer: (a) Core dimensions, (b) E-type stamping dimen-
sions in detail.

The fully encapsulated modular windings of the transformer are utilized in both the
conventional and 3D printed core designs. The modular windings are incorporated in
both designs in order to improve the comparability of the transformer core performance
and to demonstrate the compatibility of 3D printed and conventional parts. The nominal
parameters of the windings are characterized in Table 1.

2.2. 3D Printed Design

Next, an SLM printing system was utilized for the 3D printing of the full transformer
core. The 3D printed core design was required to exhibit compatibility with the modular
windings, incorporate the segregated structure for classical eddy current loss reduction with
high filling factor, and adhere to the printing system requirements. Lamination thickness of



Energies 2021, 14, 3278

30f14

0.95 mm was chosen to obtain high fill factor and mechanical strength of the first prototype.
For all segregated designs considered, it was critical to achieve continuous geometries
(with minimal air gaps dividing the flux paths) with maximal flux path cross sectional
area (high fill factor). Furthermore, since the printed transformer must be comprised of at
least two parts (to accommodate the modular winding), optimization of the inter-part air
gap must be considered. In conventional transformers, the influence of the inter-stamping
airgaps is typically reduced by overlapping stamping layers: which facilitates the flux
paths through the adjoining stampings. Similar overlap between the flux-guides can be
realized in printed designs.

Table 1. Nominal parameters of the modular transformer coil.

Windin Tarns Resistance Nominal Nominal Insulation
& ) Voltage (V) Current (A) Class
Primary 1370 98 230 0.17 H
Secondary 1 151 1.35 25.1 13 F
Secondary 2 56 2.7 9.3 0.25 F

For simplicity, in this paper, only conventional stamping inspired designs were consid-
ered for 3D printing. In Figure 2, three considered transformer core designs are illustrated:
(a) a laterally laminated interlocking design from four parts, (b) an axially laminated
gapped design from two parts, and (c) an axially laminated interlocking design from
four parts. The axially laminated interlocking design was chosen for printing due to its
simplicity and similarity to the conventional design, its high achievable fill factor and its
post-processing possibilities: all of the unmelted powder can be removed between the
laminations post-printing and, if needed, all of the surfaces can be cleaned and oxidized or
varnished for enhanced inter-lamination electrical resistance.

Modular coil
Interlocking I-profile
Interlocking E-profile

Figure 2. Considered lamination strategies: (a) Laterally laminated interlocking design, (b) Axially
laminated design with air-gapped core structure, (c) Exploded view of the 3D printed transformer
core design with interlocking axial laminations comprising four individual components.

3. Methods
3.1. Powder Characteristics

Transformer parts were printed with identical powder, processing, and annealing
parameters to the previous study characterizing the AC and DC losses of the printed
material [6]. Pre-alloyed, gas-atomized Fe-Si provided by Sandvik group was utilized for
printing. The powder exhibited roughly spherical particle shape with a median diameter
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of 38 um, and its chemical composition is described in Table 2. The powder size, shape,
and chemical composition were verified to verify the manufacturer declaration.

Table 2. Chemical composition of the employed Fe-Si powder.

Elements Fe Si Mn Cr Ni C
Wt% Balance 3.7 0.2 0.16 0.020 0.01

3.2. SLM Printing of the Transformer Core

Transformer core parts were printed on the SLM Solutions GmbH Realizer SLM-280.
The printing system provides a 280 x 280 x 350 maximum build envelope and a single
1070 nm yttrium scanning laser (1 x 700 W). Custom smaller build platform (D100 mm)
and re-coater were used for printing of the transformer core, designed for streamlining the
powder substitution between projects for different raw powders.

Laser re-melting strategy was used to prevent the powder balling related uneven
growth of the relatively large transformer parts during printing, which can result in rough
porous material structure or the termination of the print job due to re-coater jamming.
The phenomenon is related to an oxide film on the preceding layer impeding interlayer
bonding and leading to balling, due to insufficient wetting of the molten metal on the oxide
layer [8]. The balling phenomenon can be reduced in a higher purity environment (oxygen
level below 0.1%), applying a combination of high laser powder and low scanning rate or
applying re-melting scanning on the part [9].

Stripe (10mm wide) scan pattern was utilized with 30° rotation between layers. All of
the printing was conducted in a nitrogen inert gas environment because of its relatively
low cost. Platform pre-heating was not utilized as the custom reduced platform is not
equipped for it. A summary of the main laser printing parameters is presented in Table 3.

Table 3. Summary of the printing parameters.

Parameter Value
Layer thickness 50 pm
Hatch distance 120 um
Laser Power 250 W (primary)/100 W (secondary)
Scanning velocity 0.5 m/s (primary)/0.5 m/s (secondary)
Scan strategy Stripes
Environment Nitrogen
Oxygen content ~0.1%

Transformer printing was completed in three parts in a total of 16 h: interlocking
E-profiles separately (2 x 6 h) and the I-profiles in the same build (1 x 4 h). The printed
components are illustrated in Figure 3: showing the surface finish, support structure, and
the powder bed post-printing. Some concave warpage of the E-profiles was observed
after separation from the build platform due to internal part stress, which obstructed the
transformer assembly. Its causality can be traced to the relatively high internal stresses
induced in part by the micro-welding process of SLM, and it can be resolved through the
annealing of the printed parts at moderate temperature, pre-cutting from the platform for
stress relief. Next, the support surfaces were polished and the inter-lamination air-gaps
were lightly sanded for improved surface finish and fitting of the components.



Energies 2021, 14, 3278

50f 14

‘i.‘llil-'uli'

FHITH

-

Figure 3. SLM printed transformer components: (a) E-profile component post-printing, (b) I-profile component welded on

the baseplate.

3.3. Annealing

After mechanical post-processing, the printed transformer parts were annealed at
1200 °C in a low vacuum environment (~0.1 mBar) with a heating rate of 300 K/h, main-
tained at the target temperature for 1 h and then slowly furnace-cooled to room temperature.

3.4. Material Properties

The additively manufactured 3.7% silicon steel shows comparable magnetic perfor-
mance to non-oriented conventional silicon steels after thermal treatment. Magnetization of
1.5 T is achieved at 1800 A/m, exhibiting electrical resistivity of 56.9 uQ2-cm and hysteresis
losses of 0.61 (W1 50) and 1.7 (W5 50) W/kg [6]. In comparison, a typical non-oriented steel
M235-35A used for electrical machine fabrication exhibits total core losses of 0.92 (W1 50)
and 2.35 W/kg (Wyg,50), resistivity of 59 pQ)-cm, and magnetization of 1.53 T at 2500 A/m.
In this paper, we are comparing the additively manufactured core with a conventional
Goss textured silicon steel M165-35S (equivalent to M111-35N) core, which shows superior
magnetic properties to the non-oriented materials for transformer applications, as pre-
sented on Figure 4. The grain-oriented transformer steel shows approximately 0.3 T greater
saturation magnetization than both of the non-oriented steels.

——M165-35S ----- M235-35A - - -Printed annealed silicon steel — - - Printed unannealed silicon steel

B

0 100 200 300 400 500 600 700 800 900
H (A/m)

Figure 4. Magnetization curves of the studied materials: grain-oriented silicon steel M165-35S [10,11],
non-oriented silicon steel M235-35A [12], printed annealed 3.7% silicon steel, and printed unannealed
3.7% silicon steel [6].
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The grade designation of M165-35S of the Goss textured steel specifies 1.65 W/kg
losses at 1.7 T (Wy750), and a lamination thickness of 0.35 mm. The materials’ exact
silicon content, resistivity, and other typical properties are unspecified and depend on the
manufacturer (manufacturing freedom in the range of grade specifications).

3.5. Transformer Characterization

The nominal performances of both the 3D printed and the conventional magnetic core
transformers were characterized through open circuit and full load testing. The nominal
parameters of the conventional transformer were obtained from the manufacturer’s dec-
laration. A drop in the nominal voltage is expected for the printed transformer due to
its reduced fill factor, possible fitting defects (air-gaps between laminations), and lower
saturation magnetization of the printed material. Its nominal voltage and iron losses were
determined from the open circuit tests of the conventional transformer. To determine the
transformer efficiencies, a load test was performed, where the transformer was energized
up to nominal power. For thermal performance assessment, steady-state thermal images of
the fully loaded transformers were captured with a Fluke Ti10 Thermal Camera.

The open circuit test setup is described in Figure 5, consisting of an autotransformer
for variable voltage input and digital multimeters for measuring the voltage, current, and
active power consumed in the transformer coil. In the open circuit test, the current drawn
by the transformer establishes the magnetic field in the core. The active power consumed
by the transformer signifies its total power loss, consisting mainly of magnetizing, and
some ohmic, losses. The magnetizing losses summarize the energy lost from each magne-
tizing cycle, which are classically segregated into the hysteresis, classical, and excess eddy
current loss.

Figure 5. Open circuit transformer: test setup (a) and its schematic (b).

The ohmic losses are induced from joule heating of the coils due to the magnetizing
current drawn. The total specific transformer core losses can be calculated from (1), where
W is the active power loss measured in the open circuit test, I is the magnetizing current, R
is the magnetizing coil resistance, and m is the weight of the core.

(W — IR?)
p=-~" "/ (©)
m

Traditionally, the magnetic material loss behaviour is discussed in terms of cycle
peak polarization (Bmax) of the core. Unlike in the toroidal cores for magnetic material
characterization [6,13], however, the flux density in the investigated transformer core can
only be evaluated as an approximation, due to its uneven flux distribution. The analytical
expression for calculating the peak polarization in a transformer can be derived from the
differential form of Faraday’s law (2), where E is the induced electromotive force by the
switching magnetic field, N is the number of turns on the primary coil (1370), f is the
excitation frequency of the magnetic field (50 Hz), By is the peak material polarization, S
is the core cross sectional area, F is the core filling factor, U is the applied voltage on the

primary coil, and U, is the voltage drop over the primary coil.
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Alternatively, the approximate material polarization can be evaluated from the mate-
rial B-H curve (as presented on Figure 4) or by the finite element method (FEM) simulation.
In both methods, the actual B-H curve of the transformer core can differ from the previously
characterized material, most prominently due to air-gap related curve shearing. For By
evaluation, the magnetic field strength in the transformer is calculated from (3), where N
is the number of turns on the primary coil, i is the peak magnetizing current and [ is the
length of the mean magnetic flux path of the core. All FEM simulations are performed in
open source finite element analysis software package Finite Element Method Magnetics
(FEMM). The model accounts for the transformer cross sectional geometry, magnetized up
to the peak magnetizing current measured from the open circuit test, including the material
magnetization curve and fill factor, but excluding any gaps in the core internal structure.

Ni
=+ ®)

H
4. Results
4.1. Assembled Transformer

The conventional and finished assembled printed transformer cores are presented
in Figure 6. The overall transformer core dimensions correlated well, with the printed
transformer exhibiting a slightly thinner and lighter core. The fill factor of the 3D printed
core was measured from the axial centerline of the interlocking E-cores. For the conven-
tional transformer, the fill factor was adopted from the stamping datasheets. The physical
comparison of the transformer cores is presented in Table 4. No additional oxidation,
treatment, or varnishing was applied to the surfaces of the 3D printed transformer core for
increased eddy current reduction—the insulation is provided by the high natural surface
roughness of the printed parts.

Figure 6. Printed (a) and conventional (b) transformer cores.

Table 4. Physical comparison of the transformer cores.

Lamination . . . Weight Weight .

Core Thickness (mm) Fill Factor = Dimensions (mm) Core (kg) Coil (kg) Varnish
Conventional 0.35 0.96 58.5 x 49.8 x 26.0 0.44 0.095 Yes
Printed 0.95 0.89 58.8 x 49.9 x 25.0 0.41 0.095 No

4.2. Performance

Open circuit tests of the transformers confirmed the flux drop in the core and the
reduction of the sustainable operating voltage of the printed transformer. In Figure 7, both
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the magnetizing current drawn from the supply for generating the desired voltage and
the iron loss behavior calculated from (1) are presented. At 40 mA magnetizing current,
the conventional transformer is energized up to 230 V, while the printed transformer is
energized to a 30% lower voltage of 160 V. This is due to the lower flux density sustained
by the printed material. For energizing the printed transformer up to 230 V, a magnetizing
current of 220 mA is required. This is inefficient, however, due to deep core oversaturation,
requiring 450% more current than for magnetizing the conventional core and 30% more
current than the rated full load current of the winding.
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Figure 7. Magnetizing current drawn (a) and the specific core loss (b) of the tested transformers.

Voltage - 160V
Mag. current - 7.6 mA
Voltage drop - 0.7V
Copper loss - 0.005W
Iron Loss -035W

At 40 mA RMS excitation current (60 mA peak current), the analytically calculated
(3) average H field generated in the magnetic core is 668 A/m, which corresponds to the
magnetization of 1.72 T for M165-35S and 1.42 T for the annealed 3D printed material
as determined from the magnetization curves in Figure 8. At 40 mA RMS excitation
current, analogous excitation of both cores is achieved. Both are magnetized slightly
above the approximate material knee-point and exhibit identical copper losses. Excitation
of the conventional core to 160 V or the 3D printed core to 230 V would be impractical
comparison-wise, as both states exhibit significantly differing magnetic behavior. At
160V, the conventional core is still at the linear magnetic behavior: drawing only 7.6 mA
magnetizing current and exhibiting 0.005 W of copper losses and 0.35 W of iron losses.
At 230V, the printed transformer shows deep saturation behavior, drawing 220 mA of
magnetizing current, resulting in a significant voltage drop of 21.6 V, copper losses of 4.7 W,
and iron losses of 2.6 W.

M165-355 = = = Printed Steel

. Volt - 230V
oRage Voltage - 230V
Mag. current - 40 mA
Mag. current - 220 mA
Voltage drop - 3.9V
Voltage drop - 21.6V
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Figure 8. Core material magnetization curves correlated with the no load measurements of the investigated transformers.
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FEM simulation of the transformer cores shows similar values of material magneti-
zation: reaching 1.68 T for the conventional and 1.39 for the 3D printed core (Figure 9).
Additionally, the simulation illustrates the uneven flux distribution in the core due to
variations in transformer limb width. Analytical calculations with (2) show lower core
flux density required for inducing a specific voltage in the core. For energizing the trans-
former up to 230 V, a flux density of 1.65 T is required, while for 160 V, a flux density of
1.26 T is required. The higher magnetization calculated from the experimental excitation
current and FEM simulation is most likely the result of intra-lamination air-gaps, which
shears the material magnetization curve and requires more current for achieving the same
material polarization.

Figure 9. Flux distribution in the (a) conventional and (b) 3D printed transformer core.

Iron losses were identified as 1.82 W /kg for the conventional core at 230 V (at ap-
proximately 1.7 T, 50 Hz) and 3.05 W /kg for the 3D printed core at 160 V (in the range
of 1.26-1.4 T, 50 Hz). Efficiency of the transformers was calculated from the load test
measurements at both the ambient core temperature and the steady state temperature at
full load conditions. The transformers reached steady state temperature after four hours
of loading. The thermal images of the transformers are shown in Figure 10, with slightly
higher heating observed for the 3D printed transformer core. The measured coil hotspot
temperature was measured at 91.1 °C for the conventional core and at 95.1 °C for the 3D
printed core. The core hotspots were measured with a thermocouple sensor due to the high
reflectivity of the printed core, exhibiting temperatures of 71 °C (conventional) and 75 °C
(3D printed).

At full load, the measured efficiency of the transformers ranged from 83.8% (21 °C) to
80.4% (71 °C) for the conventional transformer and 74.7% (21 °C) to 70.1% (75 °C) for the
3D printed transformer. The efficiency-load characteristic is presented in Figure 11. The
highest efficiencies were measured at 41% load at ambient core temperature, reaching an
efficiency of 88.7% for the conventional transformer and 80.5% for the 3D printed core. The
efficiency of the 3D printed core was approximately 10% lower over the full measurement
range. Due to the material saturation and inter-lamination air-gap related reduction of
nominal voltage, the printed transformer core sustained reduced power density when
compared to the conventional core. The transformer power density dropped 34% from
59 W/kg to 39 W/kg. The results of the transformer performance characterization are
summarized in Table 5.
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Figure 10. Steady state temperature of the studied transformers in the (a) conventional core and (b)
3D printed transformer core.
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Figure 11. Efficiency-load characteristics of the studied transformers.
Table 5. Comparison of transformer performance.
Parameter (Full Load, 21 °C) 3D Printed Core Conventional Core
Nominal Voltage 160 V 230V
Nominal Current 0.17 A 0.17 A
Power Factor 0.97 0.97
Input Power 27.2 VA 39.1VA
Output power 19.8 VA 31.8 VA
Efficiency (ambient temperature) 74.7% 83.8%
Efficiency (operating temperature) 70.1% 80.5%
Power Density (Core) 47 VA /kg 72 VA/kg
Power Density (Full Transformer) 39 VA/kg 59 VA /kg

5. Discussion

The characterized transformers show typical performance values for small 20-30 VA
power rating single-phase transformers. From manufacturer datasheets, the typical ef-
ficiency for a 30 VA rated power transformer is in the range of 83 [14]-81% [15], which
decreases to 77% [14] at 22 VA and to 65% [14] at 4.5 VA. The rated power densities vary
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significantly depending on the design (some designs are fully encased), and are typically
in the range of 56 [15]-39 VA /kg [14] for 30 VA rated transformers and slightly lower
(50 [16]-39 [14] VA /kg) for 20 VA rated transformers. In this study, we obtained an effi-
ciency of 80.5% for the conventional transformer and 70.1% for the 3D printed transformer
core at steady state temperature. The 10% reduced overall transformer efficiency can most
prominently be attributed to the eddy currents generated in the 170% thicker laminations
of the printed design. The reduced power density of the printed design can be attributed
to both a larger degree of assembly defect related air-gaps within the core and the overall
lower magnetic saturation of the printed material compared to the Goss textured conven-
tional steel. Both designs are within the range of typical power density values for low
power transformers.

The 3D printed core exhibited iron losses of 3.05 W/kg at 160 V transformer energiza-
tion. Analytical calculations identify an average By of 1.26 T at this transformer voltage
level. Comparing the magnetizing values with previously measured 3D printed material
magnetization curves, its shearing is proposed. Due to the air-gaps in the assembled
printed design, more magnetizing current is required for the same material polarization
and voltage generated by the transformer. Similar iron loss values have been measured by
Plotkowski et al. for a 3D printed E-type transformer core [17]. In their work, they achieved
a core loss of 3.5 W/kg (W1 ,60) at 1.0 T, 60 Hz magnetization for a printed 3% silicon steel
lamination inspired core. They achieved considerably improved losses with more complex
geometry, reaching approximately 1.5 W/kg (W1 60) to 3.2 W/kg (W15 ¢0) with ‘Hilbert
pattern’ 6% silicon steel. It is important to note, however, that in their work approximately
56% core fill factor was achieved, resulting in low power density and voltage generation of
the transformer.

Further optimization of both the component topology and its material properties
are unavoidable for achieving high performance 3D printed transformer cores. To obtain
high magnetic polarization (high power density) of the printed material with minimal
magnetomotive force, a higher degree of control of the printed material grain structure
must be achieved. The effect of the grain structure orientation in relation to the magnetic
field is significant as illustrated by Figure 12 [18]. In conventional stampings, the grain-
oriented pronounced Goss texture can be achieved with various hot and cold rolling stages
of the steel sheets. In printed material, the optimization of the material grain structure is
largely immature, with some grain structure evolution observed in [13], in heat treated
laser-remelted printed silicon steel samples.

<100>
~ 5 ?’.ﬂuw—“f’—:"'
- <110> ,";‘,':;"
—
o~ (_/
 <111>

Magnetic Polarization

Magnetic Field

Figure 12. Polarization of the magnetic grains oriented in easy <100>, medium <110>, and hard
<111> magnetization axis direction in relation to the magnetic field (in arbitrary units).

Several topological improvements can be applied to the transformer for enhanced
performance. The printed transformer topology can be improved by increasing the fill
factor of the assembled components, optimizing the lamination thickness for reduced eddy
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current loss, and increasing its power density through shape optimization for achieving
uniform magnetization. Due to the limited multi-material printing capacity of current SLM
systems, two methods are proposed for eddy current reduction: the interlocking and the
gapped core designs. With next-generation powder deposition methods [19], multiple
metal or intermetallic materials can be utilized in parallel, allowing for more options and
more advanced core topologies.

First, for increasing the fill factor, higher accuracy of the printing system must be
achieved. With the current settings, the printed parts still suffer from low surface roughness-
related reduced fill factor for interlocking designs or inter-lamination short-circuits and
sintered unremovable powder for the gapped designs. Secondly, the lamination thickness
can be optimized to provide minimal core losses with maximum part fill factor, i.e., to
achieve the optimal ratio of air gap to lamination width. Thirdly, the shape of the core can be
optimized for achieving uniform magnetization, weight reduction and improved thermal
capacity. Several methods for improving ferromagnetic part performance through topology
optimization are discussed in further detail in [20,21]. For improved heat exchange of the
printed transformer, enhanced convective heat transfer can easily be obtained by increasing
its outer surface area with different surface relief structures [22].

6. Conclusions

In this paper, a fully functioning, additively manufactured soft magnetic transformer
core was fabricated and tested. For the first time in literature, an electromagnetic device
with a fully 3D printed magnetic core was evaluated in terms of efficiency and perfor-
mance. The prototype core showed uncompetitive performance when compared to modern
conventional transformer cores. Although the printed material is not currently suitable
for the production of commercial transformer cores, the analysis of the prototype core
did allow us to demonstrate the current state of the art, identify the technical challenges
involved, and propose next steps for realizing topology optimized 3D printing soft ferro-
magnetic components.

A novel, interlocking core design was developed and utilized successfully for achiev-
ing a relatively high fill factor of 89% (compared to other 3D printed cores) and eddy
current reduction of the additively manufactured transformer core. For obtaining higher
fill factor with this method, lower surface roughness of the printed parts must be obtained
for more precise fitting of the components. Furthermore, the interlocking core design
enabled the integration of modular winding to the transformer design, simplifying its
assembly process.

The first prototype transformer core showed both lower efficiency (10% reduced) and
power density (34% reduced), when compared to the conventional modern transformer
at their respective optimal working conditions. These preliminary performance results of
the first prototype core are likely to improve with more refined core designs and materials
as part of future research. Currently, the main challenge in realizing high-performance
3D printed soft magnetic components is achieving a higher degree of control over the
printed material grain texture, since the conventional post-processing methods for Goss
textured silicon steel sheets are not suitable for processing geometrically complex 3D
printed magnetic components. Even so, for non-grain-oriented applications (such as
rotating electrical machines), the current material properties appear suitable, especially
with the unprecedented prototyping freedom of 3D printing systems—which could enable
the emergence of entirely new types of machines. Although the current 3D printed cores
for AC applications suffer either from high eddy current losses or low filling factor, next-
generation emerging multi-metal SLM printers can potentially improve the additively
manufactured core performance considerably. Future work on this project will include
further optimization of both the printed material and component topology for designing
and constructing AM topology optimized electrical machines.
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Abstract — Increasing power densities in electrical machines
create a demand for more powerful thermal solutions, which
additive manufacturing can provide. However, the material
properties of additively manufactured objects are unknown. In
this paper, the anisotropic thermal conductivities of an
aluminum alloy (AISi10Mg) and high-silicon steel (Fe-
3.7%w.t.Si) samples manufactured using selective laser melting
(SLM) were analyzed before and after heat-treatment. It was
found that the thermal conductivities of the as-built aluminum
samples were significantly higher in the SLM build direction,
while the annealed samples showed higher thermal
conductivities and no anisotropy. The silicon-steel samples
showed constant thermal conductivity and no anisotropy before
and after heat-treatment. The results of this study will be
beneficial for designing future AM thermal solutions for
electrical machines.

Index Terms— Electrical machines, three-dimensional
printing, thermal conductivity, material anisotropy, annealing.

I INTRODUCTION

Additive manufacturing (AM) is providing advances in the
design of clectrical machines by enabling the production of
optimized geometries. Otherwise known as 3D printing, it is
the process of manufacturing a physical item via the
consecutive fabrication of thin layers. This gives it
unparalleled flexibility in creating many kinds of complex
structures, meaning that virtually any object that can be
digitally modelled can also be manufactured. In the field of
electrical machines, the versatility of AM is leveraged to
produce optimized components with novel designs [1].
Considerable attention is also given to novel thermal
management solutions [2], where mathematically optimized
designs can be fully utilized. Typical AM solutions
incorporate complex internal geometries, lattice structures,
coolant flow channels, topology-optimized shapes, and other
design elements, which hitherto have been prohibitively
expensive to manufacture. The most relevant AM method for
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manufacturing functional metal parts, and therefore electrical
machine components, is selective laser melting (SLM),
which has risen in popularity due to a wide selection of
materials with excellent properties. During the SLM process,
layers of powder are completely melted, resulting in a nearly
fully dense part [3]. However, the significant temperature
gradients [4] and rapid cooling rates in the order of 106 K/s
[5] create microstructures inside the material, which can lead
to anisotropicity [6]. Therefore, in addition to laser other
printing parameters, the properties of parts produced with
SLM are affected by manufacturing orientation.

The mechanical properties of different SLM materials
have been thoroughly investigated. Hitzler et al. [7]
measured the Young’s modulus of SLM AlSilOMg alloy
samples and observed lower values for the samples printed in
the Z-direction. Orientation-dependent mechanical properties
have also been found by several other researchers [8-10] with
the general conclusion being lower strength but higher
elasticity in the build direction. In the context of thermal
management, the most essential material parameter is
thermal conductivity, which defines the temperature gradient
across the material with a given heat flow. Thermal
anisotropy can be evident from measurements of the
material’s elastic modulus, as it has been found to be
proportional to the lattice thermal conductivity of SLM
CM247LC alloy [11]. Anisotropic thermal properties were
directly measured by Zhou et al. [12], who used laser flash
analysis to measure the thermal conductivity of an SLM Cu-
2.4Ni-0.7S1 alloy in two perpendicular directions. The
obtained values of 187.83 and 62.86 W/m/K for the vertical
and horizontal directions, respectively, show a roughly three
times higher thermal conductivity in the vertical direction. A
higher thermal conductivity in the vertical direction for SLM
AlSi10Mg was also observed by Strumza et al. [13], Yang et
al. [14] and Kim [15], albeit their results show a difference of
only around 10%. Research also shows that the anisotropy
can be reduced and the material properties altered by
subjecting the material to heat treatment [16].

Two relevant materials regarding thermal solutions for
AM electrical machines are AlSil0Mg and silicon-steel. The
aluminum alloy is widely used in thermal solutions for its
good physical and mechanical properties in addition to good
printability [17]. The soft-magnetic cores of AM electrical
machines are most commonly manufactured from silicon-
steel, which retains its good magnetic properties after the
AM process [18]. Due to the design freedom offered by AM,
even the geometry of the machine’s core can be optimized



for thermal performance, meaning that accurate knowledge
of the core material’s thermal conductivity in each direction
becomes important. For example, in the case of a typical air-
cooled electrical motor, the majority of the heat flow is
directed radially from the windings towards the machine
outer surface, while axial heat flow in the core is
insignificant. Due to this, the axial thermal conductivity of
the material, while possibly having a higher value in the case
of an AM machine, has no impact on the machine’s overall
thermal performance.

Therefore, when considering AM materials with
significant anisotropicity, the thermal conductivity may
depend on direction, meaning that a scalar value is
insufficient and the thermal conductivity tensor is required.
In this paper, the thermal conductivities of the as-built and
heat-treated  aluminum  and  silicon-steel ~ samples
manufactured in different orientations via SLM are
measured. This provides information on the effect of build
direction on the physical characteristics of two popular
materials in the field of AM electric machines, which is
valuable for modelling future designs.

II.  METHODOLOGY

There are several ways of measuring a material’s thermal
conductivity. The most widely used method for accurate
measurements of solid materials is laser flash analysis
(LFA). Although LFA can provide accurate results quickly
and at a wide temperature range, it is only applicable for
fully dense and homogenous materials [19]. As the AM
samples are assumed to have some internal porosity and
inhomogeneity, the laser flash analysis method is not
suitable. For this reason, the thermal conductivity of the AM
samples is measured via the longitudinal heat flow method.

The longitudinal heat flow method includes heating the
rod-shaped sample from the ‘hot’ end, cooling it from the
‘cold’ end, and measuring the temperature difference over a
known length (Fig. 3). If the total heat flow through the
sample is known, then its thermal conductivity can be
calculated through Fourier’s law of conduction. The heat
flow through the sample is not directly measured, but is
instead approximated using the total energy input and the
insulation losses, with the former being accurately measured
and the latter being calculated with a thermal model. This
model includes the temperature measurements of the heat
sink and the surface of the insulation, meaning that these can
be given as constant temperature boundary conditions, which
greatly simplifies the model. Since the heat flows uniformly
through the entire area of the sample and only in one
direction, the results are affected by the porosity of the
material and any anisotropy can be identified. Therefore, this
method is comparable to a practical thermal solution, making
the results relevant for designing electrical machines.

Heat sink

____IT

L Sample

A==

Heater

Insulation

Fig. 3. Longitudinal heat flow technique used for measuring the thermal
conductivity of the samples with T — temperature sensor and L — active
length of the sample.

A. Test Samples

materials were
AM process,

Five samples from two different
manufactured using SLM. With this

consecutive layers of powder are applied with the recoater
and the cross sections melted with a high-powered laser to
manufacture the three-dimensional object. Each layer is
formed on the build platform in the X-Y plane and stacked
vertically in the Z-axis. Fig. 2 illustrates the production of a

electrical machine stator via SLM.
Laser

Scanning
mirror

Recoater
Excess powder

Manufactured
object

Build
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piston

Build piston

Fig. 2. SLM process with the anisotropic thermal conductivity of the
manufactured object denoted as Tz, Ty and Tx.

Three of the samples were manufactured from the
aluminum alloy AlISi10Mg at different orientations. The first
one (Aly) vertically to determine the thermal conductivity in
the build direction. The second sample (Alx) was printed
lying down, with the axis of the sample being perpendicular
to the build direction, to determine the in-plane thermal
conductivity. The third specimen (Alsse) was printed at a 45°
angle to observe any intermediate effects of printing
orientation. The thermal conductivity of this material is given
by the manufacturer as 130-150 W/m/K at 20 °C after heat
treatment [20], and at 100-110 W/m/K before heat-treatment
by another manufacturer of the same alloy [21]. After the
initial measurements, the aluminum samples were heat-
treated at 300 °C for 2 hours. Fig. 3 illustrates the orientation
of the aluminum specimens on the build platform during the
SLM process.
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Two of the samples were manufactured from silicon-steel
(Fe-3.7%w.t.Si) which is a typical material used as the soft
magnetic core in electrical machines. One sample (Fez) was
printed vertically and the other one (Fex) horizontally. The
exact composition and magnetic properties of this material
have been previously measured by Tiismus et al. [22],
although the thermal conductivity of AM silicon steel is not
well known, which is why a commercially available 3.0% Si
electrical steel with a thermal conductivity of 28 W/m/K [23]
is used as a comparison. The steel samples were heat-treated
at 1200 °C for 1 hour with a heating rate of 300 °C/h. The
AM samples together with the important dimensions are
presented in Fig. 4. All the samples have small radially
placed rectangular holes for the PT100 temperature sensors.
These are dimensioned such that the exact location of the
sensors can be accurately known, as the distance between the
sensors 1s used to calculate the thermal conductivity of the
samples.
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77.1 mm/
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o

Fig. 4. SLM aluminum alloy and silicon-steel samples.

The physical properties of AM parts are also highly
dependent on the printing parameters. For example, the
correlation between laser energy density and porosity has
been thoroughly researched [24], [25] and it is known that
too low or high energies create porosity in the printed part
due to partial melting and material evaporation respectively.
Another important parameter is hatch spacing, which defines
the distance of adjacent scan paths and can affect the relative

density and hardness of the AM part [26]. The scan strategy
defines the movement pattern of the laser beam and can
affect the crystallographic texture of the part, which could
produce anisotropy in the material [27]. The values for the

important printing parameters are presented in Table 1.

TABLE I

IMPORTANT PRINTING PARAMETERS

Parameter Value (aluminum) Value (steel)
Layer thickness 50 pm 50 pm
Hatch distance 170 um 120 pm
Laser Power 350 W 250 W
Scanning velocity 1.15m/s 0.5 m/s
Scan strategy Stripes Stripes
Environment Nitrogen Nitrogen
Oxygen content ~0.1 % ~0.1 %

B. Experimental Setup and Procedure

The measurements were carried out in a thermally stable
room with minimal airflow. Measurements were taken at
several different heating powers to determine the temperature
dependence of the thermal conductivity. For each
measurement, the system was given several hours to reach
steady state, which eliminates any effect of thermal
capacitance. To achieve this, it was important to ensure a
stable ambient temperature and input power. The hot side of
the sample was heated with a power resistor, so that the total
input energy could be accurately measured. The cold side
was cooled with a high-performance water-cooling unit to
minimize the thermal resistance of the sample stack and
therefore heat travel through the insulation. The

measurement setup is presented in Fig. 5.

C. Uncertainty Analysis

The uncertainties of the measurement results are
determined by using the uncertainty of each measurement to
calculate the maximum and minimum values for the thermal
conductivities. The majority of the uncertainty is due to the
accuracy class of the temperature sensors, which is defined in
the IEC 60751 standard as +0.1 + 0.0017|T|. Some is
caused by the uncertainty of the measurements on the
physical dimensions of the samples, most notably the
distance between the sensors. These were measured with an



accuracy of 0.01 mm. Another source of uncertainty is the
approximation of insulation losses with the use of a
mathematical model. As heat flow through the insulation is
comparatively very low, the relative uncertainty of effective
heat flow could be calculated to be around 0.5-1%,
depending on the sample. Very minor sources of uncertainty,
like the electrical power measurements, are also considered.
Therefore, the relative errors for the thermal conductivity
measurements fell into the range of 3-5%. It should be noted,
that the uncertainty is mostly relevant for the absolute values,
as the method is extremely consistent when comparing
different samples.

III. RESULTS AND DISCUSSION

The results of the measurements together with the
calculated uncertainties for the as-built aluminum samples
are presented in Fig. 6. The measurements of the pre-
annealed samples revealed a roughly 10% increased thermal
conductivity in the Z-direction (~115 compared to ~105
W/m/K). For each sample, an approximately linear
correlation between thermal conductivity and temperature
was noted, which is typical for this alloy at the measured
temperature range [14].
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Fig. 6. Measured thermal conductivity values for the as-built aluminum
samples.

The higher thermal conductivity in the Z-direction could
be explained by a preferred grain orientation, which can form
in the crystal structure during the SLM process, leading to
more grain boundary scattering in one direction (Fig. 7). In
the case of AlSi10Mg, rapid cooling during the SLM process
has been shown to result in the growth of long grains
oriented towards the heat source [28]. Additionally, with
some alloys, the bulk thermal conductivity of the material is
often significantly affected by the presence silicon in the
crystal structure [29]. If the SLM process caused the Si to
form an ordered state instead of the normally occurring
random distribution, it could be another source of anisotropy
[28]. It is interesting to note that the results for the Alss
sample measured slightly lower than the Alx sample,
suggesting that the thermal conductivity is not linearly
correlated to the printing orientation.

Cooler

Cooler

>

Heat flow

| Heater' Heater

Fig. 7. Example of heat flow in the case of an isotropic (a) and
anisotropic (b) grain structures. In the second case, the heat flowing though
the material encounters less grain boundaries, resulting in increased thermal
conductivity.

Additively manufactured metal parts are often annealed to
achieve more favorable properties and reduced anisotropy.
This involves heating the part above its recrystallization
temperature for a suitable amount of time and then allowing
it to cool down. By controlling the heating and cooling rates,
the crystal structure can be manipulated in a desirable way.
The annealing of SLM produced AlSil0Mg has been shown
to result in increased strength [30] and thermal conductivity
[31]. The measurement results for the annealed samples are
presented in Fig. 8. As expected, the values are significantly
higher for all samples at around 148 - 150 W/m/K. The
results strongly indicate that the effects of orientation are
completely nullified by annealing, as no meaningful
anisotropy could be identified, although the correlation
between thermal conductivity and temperature remains.
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Fig. 8. Measured thermal conductivity values for the annealed aluminum
samples.

The results obtained from the silicon-steel samples are
presented in Fig. 9. In this case, the measured values fell into
the range of 24.43 —27.47 W/m/K and are very similar for all
samples, showing no appreciable effect of print orientation or
heat-treatment on the thermal conductivity. This agrees with
electrical resistivity measurements performed by Tiismus et
al. [32] on a similar material, which did not show any



anisotropy either. The thermal conductivities of the silicon-
steel samples increase with higher temperatures, which is
also the case with other steels at this temperature range [33].
When compared to the commercially available 3.0% Si
clectrical steel, the thermal conductivity of the AM material
is slightly lower. This is expected, as the low thermal
conductivity of silicon is more significant at higher
concentrations. Because the difference with the commercial
material is small, it can be said that the SLM process does
not inhibit the thermal conductivity of silicon-steel.
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Fig. 9. Measured thermal conductivity values for the as-built and
annealed silicon-steel samples.

In addition to a lack of anisotropicity, the results show no
difference in thermal conductivity between the as-built and
annealed samples. This differs from the electromagnetic
properties of AM silicon-steel, which have been shown to be
anisotropic. For example, Kang et al. [34] found anisotropic
magnetic properties in high-silicon steel manufactured via
SLM, which they proposed could potentially be attributed to
rod-like structures formed in the material by the SLM
process. Moreover, the electromagnetic properties of AM
silicon-steel have been shown to be affected by heat-
treatment, as Garibaldi et al. [35] measured the effects of
annealing on the magnetic properties of Fe-6.9%w.t.Si
samples manufactured with SLM. They observed a roughly
50% drop in power losses by annealing the sample at 1150
°C for lh, which they attributed to the increased grain size
inside the steel. Therefore, while it appears that the SLM
process creates some anisotropy in silicon-steels, it has no
appreciable effect on the material’s thermal conductivity. A
summary of the measurement results is presented in Table II.
The values for the specific temperatures are interpolated and
the uncertainty of a measurement at the nearest lower
temperature is used.

TABLE IT
MEASURES THERMAL CONDUCTIVITIES OF THE SAMPLES
Sample A at 35 °C (W/m/K) L at 70 °C (W/m/K)

Aly / annealed 113.3+£3.1/1482+3.5 1162+1.8/149.5+23

Alys / annealed 103.0£32/1485+3.7 1069+1.7/149.9+2.4

Al / annealed 106.7+£3.5/1482+3.8 108.0+£2.0/149.8+2.3

Fez / annealed 253+0.8/25.0+0.7 27.0+0.4/26.6+0.4

254+0.7/24.6+0.8 269+04/260+0.4

Fey / annealed

IV. CONCLUSION

The thermal conductivities of SLM AlISil0Mg and Fe-
3.7%w.t.Si samples manufactured in different orientations
were measured using a longitudinal heat flow technique. The
results reveal notable anisotropy in the pre-annealed
aluminum samples, suggesting that with SLM comparatively
higher values of thermal conductivity can achieved in the Z
direction. After annealing, the thermal conductivity of the
aluminum samples increases significantly and the anisotropy
disappears. These results are in agreement with previous
research. The silicon-steel samples showed practically
identical thermal conductivity before and after annecaling,
without any significant anisotropy in either state. This is a
desirable result in the context of AM electrical machines, as
the soft-magnetic core parts can be freely printed in the
orientation that favors electromagnetic properties or printing
success. Similarly, the lack of effect of heat-treatment on the
thermal conductivity suggests that the specific heat-treatment
method used on AM silicon-steel can be freely chosen based
on the desirable electromagnetic and mechanical parameters.
Further research needs to be done to determine the effects of
other printing parameters on the thermal conductivity of AM
silicon-steel.
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Additive manufacturing (AM) methods have been suggested as a technological enabler for producing next-generation electrical machines (EM)s. AMs principal advantage: unprecedented three-dimensional fabrication freedom can be employed to a great effect when optimizing the topology of the machines for enhancing the electromagnetic, structural, and thermal capabilities of EMs. 

[bookmark: _Toc103682103][bookmark: _Toc109642154]Electrical Machines

Electrical machines are the workhorses of the modern world. They are produced on almost every scale, from the small (mW or W) or medium-sized devices (kW) that we use every day domestically to the large machines (MW) designed for more specific industrial, propulsion, or energy applications. Electromechanical conversion facilitates the production of nearly all the electrical energy on Earth. In 2019, solar energy accounted for only 4.4% of all electricity produced in the EU, with all other sources involving rotating electrical machines (nuclear, wind, hydro, geothermal, and thermal power plants) [1]. In parallel, the motors employed in the industry consume over 40% of all the electrical energy produced [2]. 

Electrical machine designs are constantly developed by the sizable EM research community: driven by specific application requirements or political directives, and always pushed forward by technological advancements.  Requirements for EMs are 
ever-increasing: higher efficiencies, more accurate control, vibration/noise reduction, simpler integration into assemblies /goods, and size reduction are only a few of the targeted optimization goals. It is challenging to construct electric motors that satisfy these growing requirements. For example, only a 2% additional gain in machine energy efficiency, from 92 to 94 %, requires a full 25% additional reduction in machine losses [3]. This has led to the need to look for a new alternative, cost-effective production options for constructing novel electrical machines. Additive manufacturing has been suggested as a potential alternative method for producing full electrical machines or their subcomponents. Although the method is still relatively immature, the first experimental results in the printed material properties and prototyping possibilities show great promise. 

[bookmark: _Toc103682104][bookmark: _Toc109642155]Additive Manufacturing of Electrical Machines

Metal additive manufacturing technologies have emerged as a strong competition to traditional subtractive methods. The four advantages of AM over conventional methods, which we consider the most prominent, are illustrated in Fig. 1.1. These include its production capacity for novel topologies and rapid prototyping, alongside its streamlined and simplified production cycles.  AM benefits are often summarized in two terms: “complexity for free” and “individualization for free” [4]. Namely, with AM, the costs involved are largely invariant from part complexity and part lot size, meaning that 
cost-effective small volume production of parts with complex topologies is achievable. First, in the production of simple parts in large volumes, AM is uncompetitive. With sufficient part complexity, it will become cost-effective – as the subtractive alternatives become much too resource extensive (i.e., long 5-axis milling jobs, small volume casting, or welding/soldering of complex assemblies from smaller machined parts). For example, 

3D printing has been utilized for the cost-effective production of inductor coils (previously assembled from 12 parts) [8] and aircraft fuel nozzles (previously assembled from 20 parts) [9].

[image: Diagram
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Figure 1.1. Advantages of Additive Manufacturing. [5-7]



Finally, at a certain part complexity level, novel features, some of which are completely unobtainable with traditional production methods, can be integrated into the parts. This is the largest draw of AM, as the almost freeform method is well suited for the realization of highly intricate, topology-optimized parts [4]. For EMs, the freeform design would present new opportunities for electromagnetic and thermal optimization of the machines: as flux paths and electrical/thermal conductors could be shaped in three dimensions. In parallel, the AM streamlined production possibilities would enable the research groups to prototype these novel topology optimized designs in-house, considerably simplifying the verification process and the overall design cycle. 

The emerging field of additive manufacturing of electrical machines has its roots in 2013–2015, with the first experimentations and discussions in 3D printing of 
electro-mechanical systems [10-11]. The first metal additively manufactured motor components (synchronous rotors) were presented in 2016 [12-13]. Overviews on the feasibility of AM electrical machines started appearing a few years later (2018–2019) 
[14-16]. Up to date, the additive manufacturing of complete electrical machines is yet to be accomplished. Considerable progress, however, has been made in material sciences and individual machine component prototyping. By now, several reviews have been published on the topic. Some of the reviews focus more on novel motor design options: [17-20]; some on AM magnetic materials: [21-24]; and some on AM copper: [25-27]. Based on the literature, the overall perspective of the EM research community on integrating AM methods in the EM production cycle is twofold. First, the objective is to currently work on prototyping novel components and developing new optimization methods. And secondly, with future breakthroughs in AM fabrication speed and multi-material capacity, build upon the previous work to establish AM electrical machines on a larger scale. [7] 

The main current challenges in the additive manufacturing EMs are related to the practical limits of the available printing systems and the technically demanding nature of electrical machine production. High spatial accuracy must be met for the moving machine parts, which are produced from at least three different materials. The materials involved are a soft ferromagnetic for the core, an excellent electrical conductor for the windings, and a dielectric for the insulation layers within both the core and the winding. Presently, the parallel printing of these materials is complicated, as the vast majority of metal printing systems are only effective in producing parts from a single material at a time. Though some multi-material options are emerging, the technology is largely untested. Therefore, full machine assemblies have not been produced additively, and AM of electrical machines has been limited to the printing of individual single-material components, which have been integrated into an assembly post-printing. 

Obtaining high-performance materials with additive means can be a complicated procedure, as the method is well known for its capriciousness. In order to produce parts with both the desired dimensions and performance, the printing should be controlled through finely tuned processing parameters. For laser-based printing systems, the optimal input energy window is relatively narrow. Excessive energy input has been linked to part deformation and cracking during printing and insufficient energy – high part porosity due to poor consolidation of the raw powder. A similar optimal balance 
must be determined for a multitude of other parameters, including raw material shape/composition, raw material supply rate, printing layer thickness, pre-heating temperature, printing patterns, support patterns, etc. It is also important to note that depending on the printing method involved, the printed parts require different pre- and post-processing steps for the printed parts to exhibit useful properties. These operations can range from thermal, chemical, or mechanical treatments encompassing the whole part or a specific part surface. In addition to the potential advantages of additive manufacturing, it offers numerous new challenges to the research community, which require solutions for the technology to mature.









[bookmark: _Toc103682105][bookmark: _Toc109642156]Hypotheses of the Thesis

The research field of additive manufacturing of electrical machines is still at an early stage. Strong advantages have been linked to the process, yet several critical challenges are as of yet unsolved. Most prominently, 3D printing processes require further optimization to ensure high material quality and build job accuracy/reliability. Based on the current state-of-the-art and our expertise in the field, we propose the following hypotheses: 	



· With optimized processing, printed soft magnetic cores can reach similar or superior values of magnetic properties compared to common commercial materials: with medium-grade lamination materials and soft magnetic composites (SMCs). The performance of top-grade materials is likely out of reach with the current technology.

· Non-magnetic material properties, such as mechanical yield strength, electrical resistivity, and thermal conductivity of the printed silicon steel, are likely similar to the typical values of its conventional counterparts. 

· Insulation layers cannot be effectively printed with laser powder bed fusion (L-PBF) within soft magnetic cores. Bulk (non-laminated) soft magnetic cores exhibit high eddy current losses. By introducing voids (air-gaps) within printed single-material components, these losses can be reduced substantially.

· Laser powder bed fusion printing method (L-PBF) is capable of fusing 
full-sized electrical machine components with comparable, though likely with slightly reduced performance.

[bookmark: _Toc103682106][bookmark: _Toc109642157]Objectives of the Thesis

The main objective of the thesis is to provide a firm foundation that the future work on additive manufacturing of topology-optimized electrical machines and their components can be built upon. The work is focused on L-PBF prepared soft magnetic core materials: the material we consider the most influential for motor shape optimization. The goals of this work are:



· Conduct a literature survey on the current state-of-the-art, perspectives, and challenges of additively manufactured EM active part materials: soft magnetic, hard magnetic, and conductive materials.

· Fine-tune the printing setup to achieve the printing of soft magnetic parts from silicon steel powder with high relative density (above 99.5%).

· Develop and implement the process workflow to obtain printed silicon steel soft magnetic cores with useful magnetic properties.

· Characterize the non-magnetic properties of the printed silicon steel for future topology optimization purposes. These properties include electrical conductivity, thermal conductivity, and mechanical yield strength.

· Demonstrate the practical capability of L-PBF for printing functional electromagnetic devices, including the performance evaluation for comparison with conventional counterparts. 

[bookmark: _Toc103682107][bookmark: _Toc109642158]Scientific Contributions

Scientific Novelty

The scientific novelty of the doctoral thesis consists of the following:



· Development and implementation of process flow-charts for both printed material properties optimization and prototype electrical motor production.

· Modelling, fabrication, and verification of novel structures within printed soft magnetic parts for AC magnetic loss reduction, including the interlocking core design and the bi-directionally gapped core.

· L-PBF printing of the world’s first prototype EMs with fully 3D printed metal cores (power transformer and induction motor) characterized in terms of performance.



Practical Novelties

· Development and tuning of the L-PBF printing setup for 3.7% silicon content steel printing.

· Tuning of post-printing annealing parameters for effective heat-treating of the printed soft magnetic cores 

· Development of hysteresis curve analysis software for the core loss calculation based on spline fitting.

· Improvement of the utilized SLM-280 printers’ custom recoating mechanism: increasing the efficient printable part height tenfold.

· Creation of properties library for the printed 3.7% silicon content steel for future machine design optimization efforts. 

[bookmark: _Toc103682108][bookmark: _Toc109642159]Outline of the Thesis

The thesis is divided into four larger subsections, which provide a comprehensive overview on the topic. First, the state of the art of 3D printing materials and components for electric motors is discussed. Secondly, the work process of obtaining high-quality soft magnetic cores by L-PBF is presented. Thirdly, prototyping of full magnetic circuits for functional EMs is demonstrated. And in the final chapter, conclusions on the conducted work are drawn, and future work is suggested. A brief description of the main chapters are as follows:



Chapter 2 focuses on the state of the art of additively manufactured electromagnetic materials and their implementation for prototyping electrical machines. The paragraph is divided into three larger parts. In the first half of this chapter, a short overview is given regarding the history and most common methods of metal additive manufacturing. 
The second part describes the current state-of-the-art of AM electromagnetic materials: soft magnetic, hard magnetic, and electrically conductive materials. In the final part of the chapter, the recent advances and trends in the prototyping of 3D-printed electrical machines are presented.



Chapter 3 describes the in-house L-PBF prepared soft magnetic material preparation process. Workflow for obtaining suitable material properties is proposed and verified empirically. Material characterization results of L-PBF fused 3.7% silicon content electrical steel samples include DC and AC magnetic properties, electrical resistivity, thermal conductivity, and mechanical yield strength. 



Chapter 4 presents the additional considerations and important steps when utilizing the characterized printed material for producing full prototype magnetic cores for functional devices. Two prototype cores are prepared. A passive EM: a 20 VA power transformer, and an active rotating EM: a 68 W three-phase induction motor. The assembled machines are characterized in terms of performance and compared with typical commercial machines of the same size to demonstrate the current state-of-the-art of printed EMs. The prototyping process and challenges encountered are mapped to provide a reference point for future work. 



Chapter 5 presents the conclusions of this work and the discussion on future work related to the additive manufacturing of electrical machines.









[bookmark: _Toc103682109][bookmark: _Toc109642160]State of the Art

The state-of-the-art of AM electromagnetic materials is researched to provide the answers to two questions. First, what can we expect from 3D printed materials – how wide of a gap can we expect between commercial and printed materials? And secondly, can 3D printing be used for producing functional electrical machine components? 
The paragraph is divided into three larger parts: metal additive manufacturing, printing of electromagnetic materials, and the prototyping of AM electrical machines. The chapter follows closely the results presented in published work I: “State of the Art of Additively Manufactured Electromagnetic Materials for Topology Optimized Electrical Machines.“

[bookmark: _Toc103682110][bookmark: _Toc109642161]Metal Additive Manufacturing

Incrementally adding material during a production process is an ancient technique. It can be encountered in traditional crafting methods, such as smithing, weaving, or pottery. The modern process of AM is different from these time-worn techniques mainly by the process increment and its resolution (accuracy), which for modern systems can be up to ~25 micrometers. Without fully automated production systems, this level of repeatable accuracy is out of reach for additive methods, which is why AM has come into prominence relatively lately. The very first metal AM system was launched in 1998 – 
a directed energy deposition printer (by Optomec), which was followed one year later by a laser power bed fusion system (by SLM Solutions) [28]. This was followed by a period of rapid improvement of the technology, and in roughly the mid-2010s, metal 3D printing systems started entering the mainstream. Previously, the poor price-quality relationship made the printers unaffordable for scientific work and small-scale niche production.

Four types of printing systems have been used to the greatest extent in the literature for the printing of electromagnetic materials. These include different powder bed-based setups: electron beam powder bed fusion (EB-PBF), laser powder bed fusion (L-PBF), and binder jetting (BJ); and other setups with a print head, including directed energy deposition (DED), and various extrusion-based methods (FFF-fused filament fabrication, FDM – fuse deposition modeling). The main differences between the methods are outlined in Figure 2.1. In powder bed-based technologies, the printed parts are submerged into the raw powder pool one layer at a time.  For both laser and electron beam powder bed fusion, the part is consolidated through an energy beam, in binding jetting – with a binding agent. In contrast to the powder bed-based systems, in DED and FDM, the part is typically stationary while the print head is in a three-dimensional motion. In these methods, the raw material is supplied by the system print head. In the case of DED, the process is supplied with a mixture of powder and inert gas or through a wire feeder, for FDM by a filament of mixed metal particles within a thermoplastic binder agent. For the methods without directed energy for the melting and fusion of powder, such as FDM and BJ, additional post-printing steps are necessary. More specifically, 
in these methods, the binding agent needs to be removed through chemical and thermal treatments in order to promote metallic phase densification. The advantages and disadvantages of each of the four methods are discussed in Table 2.1.
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Figure 2.1.  Established metal printing methods: (a) laser powder bed fusion (L-PBF), (b) binder jetting (BJ), (c) directed energy deposition (DED), (d) fuse deposition modelling (FDM). [7]





Table 2.1 Comparison of common metal printing methods. [7]

		AM

Method

		

		Advantages

		

		Disadvantages



		L-PBF

		

		•  High printed material density – typically >99% for iron alloys [29]

•  High spatial accuracy – printing resolution up to 15 µm (dependent on the powder and laser spot size) [30].

• Promising future multi-material printing possibilities [31].



		

		• Low build rate: L-PBF processes are well known for their low build rate. The reported rates are anywhere between 5 (single laser 200 W) [32] to ~90 cm3/h (manufacturer declaration – dual 1kW lasers [33]). Most of the reported rates in the literature fall somewhere in between.

• Printing systems are typically more expensive.

• Requires extensive supporting during printing; support removal can be time-consuming and complicated. 











Table 2.1 Comparison of common metal printing methods (continued). [7]

		AM

Method

		

		Advantages

		

		Disadvantages



		DED

		

		• Excellent for repair or feature addition – can print directly on parts. [34]

• Fast build rate: depending on the feed mechanism: 70 (powder) – 700 (wire) cm3/h [35].

•  High printed material density – typically >99% for iron alloys. [36]

•  Simple integration with subtractive manufacturing

		

		• Low accuracy and surface finish – limited complexity of printed parts. [34]

•  Very limited maximum overhang angle. [37] 

•  Increased waste material – parts are typically printed larger and machined to net-shape.



		BJ

		

		•  No printing supports – less post-processing, more design options [38]

• Fast build rate – some authors claim practical speeds up to 200 cm3/min [39] are achievable.

• Best for indirect production – preparation of sand-casting cores and molds.

		

		• Shrinkage – typically 15 – 20 % [39], [40] depending on the density of the green part, alloy type, and sintering temperature. Unpredictable shrinkage can result in non-desired part dimensions.

 • Low density – obtaining  50 – 90% relative density is common for BJ sintered iron alloy samples [40-41] in the literature; some studies describe obtaining densities above 99%  [42] – but with unspecified ratio of metallic to binder phase  



		FDM

		

		•  Most simplistic and least expensive approach to metal 3D printing [34].

•  Largest extrusion-based printers (BAAM) are well known for their impressive size (in multiple meters) and build rate (50 kg/h) [43].

• Currently the most capable multi-metal printing options [44].

• Machinery can be considered the easiest and safest to operate [45].

		

		• Shrinkage – similar to BJ process, FDM metal parts undergo debinding and sintering post-printing. FDM parts have shown similar shrinkage: in the range of 15 – 20 % [46-48].                             

• Low relative density – results range from 93 – 95% dense steel samples [49-50] to insignificant metallic phase content samples [51-52].







The best balance between functionality and system limitations is currently found in    L-PPF printing systems. The method enables the fusion of high-purity parts with excellent spatial accuracy, albeit at a relatively low fabrication speed. High spatial accuracy is critical for the preparation of electrical machines due to the high tolerance requirements of their components. FDM, BJ, and DED printers all exhibit faster build rates but require significant post-processing after printing and are more limited in possible printed shapes. Even though PBF printing systems offer no multi-material functionality currently, first steps have been made in the direction with hopes of PBF printing systems exhibiting the best multi-material capacity in the near future [31].

[bookmark: _Toc103682111][bookmark: _Toc109642162]State-of-the-art of AM Electromagnetic materials and EM components

Comparative analysis of printed electromagnetic material properties was performed to evaluate their current level of maturity for adoption into electrical machine construction. Three types of materials were evaluated: soft magnetic materials, hard magnetic materials, and electrically conductive materials. The chapter follows closely the results disclosed in publication I: “State of the Art of Additively Manufactured Electromagnetic Materials for Topology Optimized Electrical Machines.” The main evaluation criteria were specific for each material type, based on their most relevant characteristics:



· Soft magnetic – core losses (W/kg) and polarization (T) at specific field strength

· Hard magnetic – coercivity (kA/m) and remanence (T) magnetization

· Electrically conductive – relative electrical conductivity (% IACS)



[bookmark: _Hlk101187476]The secondary goal of the survey was to compare the available electromagnetic material data within the same framework – as there is little standardization in the field (irregular test conditions and different units are common – CGS, metric, imperial).  A total of 63 academic references were identified from the literature, which included all the data that was necessary to compose the comparative analysis. Nearly half (47 %) of all the studies involved the application of L-PBF systems. The summary of the references, both in terms of publication date and studied alloy, is presented in Figure 2.2, with the quantity of identified references for each grouping denoted in the parenthesis. References of less studied compounds were compacted to larger nominators, including polymer-bound, amorphous, and Cu alloys. 
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Figure 2.2. Reference sources distribution matrix based on alloy type and publication date. [7]



Based on the publication date, the references were divided into three time periods: 2021–2020, 2019–2019, and older articles. It can be concluded that research into printing electromagnetic material properties is a novel field, as 75% of the reviewed articles have been published between 2018 and 2021. The oldest research data of the survey was published in 2014. The survey indicates that research interest in permanent magnet materials has not increased over the recent years, whereas the interest in electrically conductive and especially soft magnetic materials has been increasing. Material properties study results are presented in Figures 2.3–2.4. Detailed findings and methods of the study, plus the subsequent discussion regarding the challenges of each of the investigated materials types, are presented in the full-length article [7]. 

Figure 2.3 (a) outlines the polarization achieved in printed soft magnetic materials, specified in terms of printing method and alloy composition. Two distinct groups of measurements can be identified: results obtained at low (103–104 A/m) and high field strength (~106 A/m) values. The most widely represented material was L-PBF processed silicon steel, which exhibited similar values of magnetic polarization when compared to commercial non-oriented ~6.5% and ~3% silicon steel sheets [53]. These properties were obtained with near fully dense samples (prepared from high purity powder), which were annealed at high (~1200 °C) temperature.  Figure 2.3 (b) presents the comparison of iron losses in printed and commercial materials. The losses are compared at W10,50-60. This means iron losses at magnetization of 15 kGauss (1.5 T), and at 50-60 Hz field frequency. In fully dense printed material, the core losses are significant, reaching up to approximately 10 W/kg (W10,50). By introducing air-gaps inside the single-material printed cores, the losses were reduced significantly. Core losses as low as 1.2–1.7 W/kg (W10,50) have been achieved, depending on the individual sample silicon content, size, and the quality of the insulating layers. 

Figure 2.4 (a) compares the properties of printed and commercial hard magnetic materials, focusing on material coercivity and remanence. Printed NdFeB rare earth permanent magnets (PMs) have received the highest research interest. Despite the high performance of their commercial counterparts, the maximum energy density of printed magnets is relatively low, currently not exceeding 58 kJm-3. This is slightly below                  63 kJm-3 – the typical value for commercial isotropic neodymium bonded magnets and considerably below the typical value for sintered NdFeB magnets: 400 kJm-3 for grade N52 [24]. Despite the low remanence of the printed magnets, their coercivity was relatively high: reaching 700–800 kJm-1 for the majority of the investigated samples in the literature. The 3D printing of permanent magnets has not evolved past early-stage attempts and will likely remain unsuitable for electric motor prototyping purposes in the near future. The main drawbacks of printed PMs are related to their low power density and limited feasible shapes (methods to imprint 3D patterns are under development) – commercial hard magnetic materials are currently superior in every way.

The current level of AM conductive materials is illustrated in Figure 2.4 (b), focusing on the electrical conductivity achieved in the printed material. For comparison, the conductivity values from the IACS standard were used. The international annealed copper standard (IACS) was created in 1913 and defined the 100% IACS as the conductivity of pure copper at normal conditions: 5.8 × 107 S/m at 20 °C. AM of pure copper was by far the most investigated material in this section, reaching electrical conductivity values equivalent to top-grade commercial materials with optimized processing methods. The quality of printed material was identified to be highly sensitive to material density: reaching ~96–102% IACS at near full density, but exhibiting ~50–60% IACS conductivity at lower ~85% relative density. Additively manufactured high-purity copper showed properties suitable for commercial applications. The highest density printed materials were obtained with beam powder bed methods: with electron beam melting and green laser PBF. Common infrared PBF was largely ineffective in fusing pure copper due to the high reflectivity of the material in the infrared diapason. 
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Figure 2.3. Maturity of AM soft magnetic materials: (a) Comparison of magnetic polarization of printed soft magnet with common commercial electrical steels, (b) comparison of iron losses in printed Fe-Si cores and typical commercial materials. (ID/OD x h) denotes the topology of the sample – inner diameter/outer diameter x h. [7]
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Figure 2.4. Comparison of printed hard magnetic and electrically conductive materials with commercial counterparts: (a) comparison of printed hard magnetic materials with common commercial materials [113-115] in terms of remanence and coercivity, (b) comparison of printed conductive materials in terms of relative DC conductivity (%IACS) and relative density. For comparison with traditional materials, %IACS limits are given for pure Ag, Cu, and Al. [7]





Fully printed EMs were not found in the literature, only individual single-material components. Printed EM prototype components could mainly be divided into three larger directions: synchronous rotors, windings, and heat exchangers. For all instances, the main prototype advantages were related to more intricate and complex shapes of the parts, which resulted in useful performance enhancements. Some of the main advantages included: weight/inertia reduction, increased efficiency, and enhanced cooling. Examples of EM prototype components are presented in Figure 2.5. 

Prototype cores for time-varying field applications, such as motor stators, were virtually nonexistent in the literature. As discussed previously, this is likely due to significant challenges in suppressing eddy currents within single-material structures, translating to low component efficiency. As in synchronous rotors, the magnetic field is less dynamic, obtaining useful prototype performance is considerably less complicated. Ideally, the field would be quasi-static, but some fluctuations and consequently eddy currents are induced due to supply and design harmonics and the dynamic behavior of the machine. Permanent magnets have been utilized little in the prototypes, likely due to their low power density. In [86], a printed NdFeB permanent magnet was inserted into a commercial electrical motor, substituting one of its commercial PMs. The performance of the motor was largely unchanged. The same authors measured 110 °C for the maximum operating temperature of the printed magnet. This is similar to commercial M or H temperature class neodymium magnets but would require further enhancement for electrical machine applications, where temperatures can exceed 150 °C [116].
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Figure 2.5. Main electrical machine component AM prototyping directions: synchronous rotors ([7-8]), advanced windings ([9,12]), and heat exchangers ([10-11]). [7]





Additive manufacturing of pure copper on green laser and electron beam powder bed fusion systems was identified as suitable for niche commercial applications. These systems are well suited for the fusion of high-purity powder with high relative density. The production freedom and associated streamlined assembly of AM are well suited for small-scale production of nonconventional windings – which are notoriously complex to produce due to the numerous assembly operations required. Undoubtedly, challenges still remain due to the single-material limitation. These are mainly related to the reliability of the insulation layers between the individual winding turns. Some additional benefits for printed coils have been shown in [117-118] and [119], including the preparation of conductors with variable cross-sections and braided conductors (Roebel principle). 

The impact of AM systems on thermal management of electrical machines is twofold: first, the reduction of machine losses themselves through the optimized electromagnetic design of the machine; and second, more effective heat extraction from the machine. Prototype heat exchangers have successfully been printed and tested, including insertable heat pipes in-between EM coils [120], heat exchangers involving complex shapes [121], and directly liquid-cooled hollow coils [122].

The summary of the material properties study is presented in Figure 2.6: appraising the maturity of each of the studied material types for EM component production. 
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Figure 2.6. Maturity of AM materials for prototyping electrical machine components. [7]

With suitable printing systems and optimized methods, intrinsic material properties comparable to conventional materials for both magnetically and electrically conductive materials are achievable. In parallel, lowering eddy current losses in printed materials is a significant challenge. The integration of air-gaps into the material has been moderately successful. In order to obtain superior properties to conventional materials, multi-material printing methods are required. For AM hard magnetic materials, breakthroughs in the printing methods are necessary, as the achievable power densities are relatively low, and only simplistic patterns can be imprinted on the parts. For printed PMs to be truly innovative and superior to commercial materials, in situ magnetization of the material needs to be developed.

Considerable progress has been made over the past few years in metal additive manufacturing. Printing systems are developing rapidly, becoming more available economically, and facilitating the preparation of ever-improving material/part quality. 
In parallel, the methodological prowess of the research community is steadily increasing. Currently, PBF printing systems are best suited for rapid prototyping and small-volume production of electromagnetic materials and components. The systems enable high spatial accuracy of the printed parts, with near 100% density and high chemical purity. This enables the prototyping of novel electromagnetic components, with the focus likely on optimized electrical machine windings, heat exchangers, and synchronous rotors.



[bookmark: _Toc103682112][bookmark: _Toc109642163]Additive Manufacturing of Electrical Steel

3D printing of high-performance soft magnetic materials is of critical importance in developing AM shape optimized electrical machines. In order to produce the material with useful magnetic properties, specific processing methods are required. This chapter describes the factors linked to desirable characteristics of crystalline silicon steel, its preparation process optimization, and material properties determination. Properties library for the printed 3.7% silicon content steel for future machine design optimization efforts is created, denoting the electrical and thermal conductivity, stress-strain characteristics, and magnetic behavior of the material. The chapter follows closely the results presented in published work II: “Laser Additively Manufactured Magnetic Core Design and Process for Electrical Machine Applications.”

[bookmark: _Toc103682113][bookmark: _Toc109642164]Soft Magnetic Materials

In electrical motors, soft magnetic materials are used to improve their power density: these materials typically exhibit permeabilities 103 x higher than vacuum, so large electromagnetic forces and motor torque can be obtained. Additionally, soft magnetic materials are characterized by their low coercive field, which means minimal energy is absorbed in the cyclic material re-magnetization during machine operation. A wide variety of soft magnetic materials is available, with varying saturation and loss behavior at varying price points. For electrical machine purposes, the industrial standard is 3% silicon content steel, which offers the best balance for low-frequency applications where high power densities are not critical.
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Figure 3.1. Common soft magnetic materials compared in terms of cost (a) and magnetic saturation (b) (adopted from [123]). [7]



Producing high-performance silicon steels is a technically challenging task with both conventional and additive methods. This is due to the high melting point and hardness of the iron-based alloys, complicating their casting/machining/printing. Secondly, their properties heavily depend on crystallographic texture. Based on previous studies, the five most impactful material characteristics determining the properties of electrical steel alloys are well known, including impurity content, granular size, internal residual stress, alloying silicon content, and lamination sheet thickness. The influence of these characteristics on crystalline steel properties is summarized in Figure 3.2.  
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Maximum magnetic saturation (at ) is independent of grain size and proportional to the density of soft magnetic phase in material [124]. With lower sheet thickness and higher silicon content more nonmagnetic material is introduced to the core (varnish and silicon).
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Figure 3.2.  Effect of physical characteristics on soft magnetic material properties.





High silicon steel content (optimal 6.5%) reduces material magnetostriction (increased permeability) [128], requiring less energy for domain orientation within a magnetic field







Chemical impurities and macroscopic material defects (cracks, pores, delaminations) reduce the overall electron mobility in the metals – reducing both the thermal and electrical conductivity, and by association Joule heating losses [129].







Internal electrical resistance of electrical steel components is best increased through laminated structure – effectively suppressing induced eddy current losses [127].









Anomalous losses account for the microscopic eddy currents arising from the domain wall motion – with smaller grains; reduced microscopic eddy currents are generated [130].







With silicon content near 6.5 %, the brittleness of steels is increased substantially [131]. Ultimate yield strength of steel has been shown to be relatively insensitive to significant porosity content [132], but highly sensitive to any cracking/delamination [133].



  Porosities  Macroscopic material defects (cracks, pores, delaminations) significantly reduce the yield strength of the material due to regions of stress concentrations within the material.







Material yield strength has been shown to be inversely proportional to the square root of its grain diameter [134]. The residual stresses from production processes or cold working (plastic deformation) increase a materials mechanical strength through dislocation accumulation [135].













Figure 3.2.  Effect of physical characteristics on soft magnetic material properties. [136]





The analyzed properties include magnetic, thermal, and electric properties. Iron losses are divided into separate loss categories of hysteresis losses Physt, classical eddy current losses Pce and excess eddy current losses Pan , based on the involved physical phenomena. Additionally, Ms denotes the saturation polarization, Hc – coercivity, σy – ultimate tensile strength, σ – material electrical conductivity, and λ - thermal conductivity.

 It is well known that impurities (both crystallographic defects and chemical contaminants) are related to reduced magnetic properties. Both can be reduced during high-temperature annealing process. It promotes both metal grain structure recovery (internal stress relaxation) and their recrystallization (reduction of crystalline impurities). Additionally, in industrial annealing furnaces, steel sheets are decarburized (reduced contaminating elements) in specific process environments. While annealing can be used to a great effect to improve the material texture and intrinsic properties, it is largely ineffective or even detrimental from the perspective of AC losses. Excessive grain size is related to elevated anomalous iron losses, which can balance out any gains in hysteresis loss reduction of the annealed material. Classical eddy current losses can be reduced most effectively by increasing the internal resistance of the material. This can be done by increasing the resistivity of the magnetic material or by modifying the structure of the material to include insulating layers.

The emergence of additive manufacturing methods has considerably diversified the challenges encountered by the material and prototyping-focused research groups. This is because now the full production cycle of an electrical motor component can be completed in-house. Previously, commercial material was purchased, cut into the stampings of the desired geometry, and assembled into full electric motors. Based on our experience with L-PBF printing, the most impactful processing steps for producing high-performance soft magnetic materials are outlined in Figure 3.3.
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Figure 3.3.  Main considerations for improving L-PBF printed Fe-Si characteristics. [136]

The considerations are divided according to their timing: whether they are applicable as part of the printing process, before or after it. A five-step workflow was developed to improve the process of preparing soft magnetic materials, with a focus on obtaining useful magnetic properties. The workflow is described in Figure 3.4.
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Figure 3.4. Five step flowchart for L-PBF preparation of Fe-Si magnetic core with useful magnetic properties. [136]



First, the quality of the raw powder is checked: that it has high chemical purity and recommended size and morphology for L-PBF processes. Secondly, the printing process parameters are optimized to achieve at least 99.5% relative density of the prepared samples with minimal surface roughness. Thirdly, the determined processing parameters are applied for the fusion of magnetic measurement samples. These samples are heat-treated at different temperatures to determine the best annealing temperature, offering the highest soft magnetic material properties. The goal of the third step is to obtain quasi-static magnetic properties equivalent to conventional mid-range laminations. 
The fourth step in the workflow is obtaining eddy current loss reduction in printed cores. The objective is to achieve total core losses equivalent to or lower than SMCs by introducing air gaps within the printed core to act as insulation layers. In the fifth step of the process, secondary non-magnetic properties of the printed materials are mapped. These include electrical resistivity, thermal conductivity, and mechanical yield strength. The methods and facilities involved in material preparation and characterization are dissected in the next chapter.

[bookmark: _Toc103682114][bookmark: _Toc109642165]Sample Preparation and Characterization Methods

[bookmark: _Hlk90295341]The various material tests require the preparation of samples of varying sizes and shapes. Six types of samples were prepared for printing optimization and material properties measurements, as outlined in Figure 3.5. For the first process optimization step, no samples were printed; it included raw powder characterization. The raw powder was chosen with low silicon content (~3%) because it was commercially available, and its laser fusion was deemed less challenging than high silicon content steel in relation to its higher ductility. For the second step, 36 pcs 5 x 5 x 5 mm cubical samples were printed with varying printing parameters. The parametric sweep was performed for both laser power (250–400 W) and scanning velocity (0.25–2 m/s), with constant hatch distance (120 μm) and layer thickness (50 μm). These cubic samples were used to determine the optimal printing parameters yielding the best combination of relative density (at least above 99.5%) and surface roughness. 



[image: Diagram

Description automatically generated]



Figure 3.5. 3D printed samples characterized as part of the study.

Samples for the third step were five 5 x 5 x 60 mm bulk toroidal samples. The toroids were annealed in the temperature range 1200–1350 °C (50 °C increment) post-printing. The thermal treatment range was selected as the lower temperatures (up to 1200 °C) have already been relatively thoroughly investigated in the literature [57]. The most effective thermal treatment was chosen based on sample DC magnetic properties: obtaining the lowest hysteresis losses and highest maximum permeability. For dynamic magnetic loss reduction in step 4, the next set of toroids was prepared with integrated air-gaps. These included three samples with the same outer dimensions as the solid toroidal cores but with horizontal, vertical, and combined air-gaps printed in the core. 
In the process optimization final step, the non-magnetic properties of the printed material were mapped. For that, 6 pcs round tensile coupons for measuring the 
stress-strain characteristics, 6 pcs thin rods for measuring the electrical resistivity, and two thick rods for measuring the thermal conductivity of the material before and after annealing were printed.

Preparation of the samples was conducted on the SLM-280 L-PBF systems (SLM Solutions). The system is ideally sized for rapid prototyping and small-scale production. The build envelope of the printer is 280 x 280 x 350, and it exhibits a single 400W 1070 nm infrared yttrium scanning laser. As the powder swapping between projects is a large undertaking on the full-sized platform, a custom recoating system was added to the printer. It includes both a small circular reduced platform with a 100 mm diameter and a reworked feeding system. The add-ons and the printing system are shown in Figure 3.6.
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Figure 3.6. (a) SLM Solutions SLM 280 printing system in Taltech, (b) Printer build chamber with custom re-coater, powder reservoir, and reduced platform, (c) cross-section of the custom re-coater system. [136]



The thermal treatments after printing were applied in a small-scale D100 x 60 commercial vacuum furnace Webb-107 with a graphite-lined chamber. The annealing system is shown in Figure 3.7. For all treatments, the heating rate was 300 °C/h, and the chamber pressure was at ~0.1 mBar. After reaching the target temperature, the samples were slowly cooled inside the furnace until at room temperature.
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 (a)                                                                     (b)



Figure 3.7. (a) Printed soft magnetic core in the annealing furnace, (b) full annealing setup with Webb-107 vacuum furnace. [136]



The applied characterization methods, chosen by availability and relevancy of yielded information, are outlined in Figure 3.8. The facilities include both in-house setups for resistivity, heat flow, and magnetic properties measurements, alongside commercial facilities for more standardized tests. They are divided based on application into three larger arms: powder, printed structure, and material properties characterization. Detailed descriptions for the in-house setups can be found: magnetic measurements in [136], thermal conductivity in [137], and electrical resistivity in [55].
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Figure 3.8. Facilities and methods for material characterization.



[bookmark: _Toc103682115][bookmark: _Toc109642166]Printed Material Process Optimization and Properties Results

[bookmark: _Toc103682116][bookmark: _Toc109642167]Powder Characterization

The characterization results of the commercial raw iron-silicon powder showed an accurate correlation with the manufacturer's declaration, with its chemical composition summarized in Table 3.1. The powder consists of nearly spherical particles ranging in size between 29–58 μm, with a median of 38 μm (d50), as shown in Fig 3.9 (a-b). The powder particle shape was not perfectly spherical; instead, a large particle fraction exhibited elongated shapes or minute satellites attached to them. The flow rate of the powder was measured as 19.7 ±0.24 s/50g in the Hall funnel.  



Table 3.1 Summary of powder chemical composition.

		Elements

		Fe

		Si

		Mn

		Cr

		Ni

		C



		Wt %

		Balance

		3.7

		0.2

		0.16

		0.020

		0.01
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[bookmark: _Hlk90294181]Figure 3.9. (a) SEM micrograph of the raw powder, (b) powder particle size analysis. [136] 



[bookmark: _Toc103682117][bookmark: _Toc109642168]Density Optimization

The summary of laser energy input’s effect on the relative density and surface roughness of the printed cubic samples is outlined in Figure 3.10 (a-b). The window to produce parts with the desired properties was relatively narrow: it was evaluated to be in the range of 66–130 J/mm3. Below it, between 20–50 J/mm3, the energy input was insufficient to fully consolidate the powder into dense parts. At 166–233 J/mm3, the parts exhibited signs of over-melting, resulting in a deformed shape and reducing relative density. 
At 20.8 J/mm3, the highest defect content as part of the study was measured: the parts were only 47.91% dense. The highest density was measured at 100 J/mm3, reaching 99.87% relative density – considerably higher than the initially proposed value of 99.5%. At this setting and above, however, the surface roughness of the parts started slowly to increase. It was determined that the optimal scanning parameters of the study were 
350 W laser power and 0.75 m/s laser scanning velocity, which resulted in the energy input density of 77 J/mm3. With these settings, an excellent relative density of 99.86% was obtained alongside low surface roughness (Ra = 8 μm, Rz = 41 μm).
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Figure 3.10. Printing process optimization: (a) relative density of the samples at different laser settings, (b) Correlation between the laser energy input, sample density and surface roughness, 
(c) sample fused with 300 W, 1.5 m/s,  (d) sample fused with 22–300 W, 1 m/s, (e) sample fused with 20–300 W, 0.5 m/s, (f) deformed samples fused at 250-400 W, 0.25 m/s. [136]

The values for surface roughness ranged from 6.8–18.2 μm for Ra and 36.1–85.2 μm for Rz. Above 88 J/mm3 laser input power, the surface roughness of the samples increased, reaching the maximum roughness at 133 J/mm3. The four of the most illustrative samples of the effect of laser parameters on the surface roughness of printed parts are presented in Figure 3.1. The summary of the fixed printing parameters and the optimal laser scanning parameters is outlined in Table 3.2.



Table 3.2 Most effective processing parameters identified within the study dataset, fusing 99.86% dense samples with mean surface roughness Ra of 8 μm.

		Optimized Parameter

		Unit

		Value



		Laser power

		W

		350



		Scanning velocity

		mm/s

		750



		Volumetric energy density

		J/mm3

		77



		Fixed Parameter

		Unit

		Value



		Layer thickness

		µm

		50



		Hatch distance

		µm

		120



		Laser spot size

		µm

		~120



		Scan strategy

		-

		Stripes



		Print environment

		-

		Nitrogen



		Preheating

		-

		No



		Remelting

		-

		No



		Print chamber oxygen content

		%

		~0.1
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Figure 3.11. Effect of laser energy input on the printed part surface roughness: (a) highest energy input (Rz = 62 μm, Ra = 12 μm), (b) maximum surface roughness (Rz=85 μm, Ra = 18 μm), (c) optimal energy density (Rz = 41 μm , Ra = 8 μm), (d) lowest energy input (Rz = 37 μm, Ra = 7 μm). [136]





[bookmark: _Toc103682118][bookmark: _Toc109642169]DC Magnetic Properties 

Quasi-static (DC) measurements, with an almost static applied magnetic field (25 mHz), indicated useful soft magnetic properties for the printed material. The properties were further enhanced after heat treatment. The printed cores: unannealed and annealed at 1200°, 1250°, 1300°, and 1350 °C, were subjected to rigorous testing with the ring measurement method. The effect of annealing on the magnetization curve and hysteresis losses of the material are detailed in Figure 3.12. The summary of the most effective identified heat-treatment parameters is presented in Table 3.3. 
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Figure 3.12. DC magnetic properties with different heat-treatments: (a) magnetization curves, (b) hysteresis losses. [136]



Post-heat-treatment, the magnetization of 1.5 T was achieved at approximately 
1500 A/m on average.  As-built sample reached the same level of magnetization at 
4000 A/m. The coercivity of the samples varied from 52 A/m (1200 °C) up to 203 A/m 
(as-built). Hysteresis curves of the material annealed beyond 1200 °C showed a slight deterioration of magnetic properties. This is apparent from the decreasing slope magnetization curves: annealing the samples over 1200 °C resulted in reduced permeability. Measurement noise of the method did not allow for the characterization of the annealed samples below ~0.5 T. Calculated maximum permeabilities decreased from 8846 (1200 °C) to 3700 (1350 °C) and reached as low as 1400 for the as-built sample. 

The DC (hysteresis) losses of the samples were calculated from the areas of the measured quasi-static hysteresis loops. The results are detailed in Figure 3.12 (b). Due to the high grain boundary content (small grain size), the highest losses were identified for the as-build sample, which had not undergone any thermal treatment. The hysteresis loops of the annealed samples exhibited considerably higher inclines and narrower widths, translating to higher permeability and lower hysteresis loss. Amongst the annealed samples, 1200 °C exhibited the best soft magnetic properties, exhibiting losses as low as 0.043 J/kg at 1.5 T. At grid frequency (50 Hz), this corresponds to the hysteresis loss component of 0.8 W/kg at 1 T and 2.15 W/kg at 1.5 T.



Table 3.3 Most effective annealing parameters identified within the study dataset, applicable for 8846 maximum relative permeability and 0.8 W/kg hysteresis loss (W10,50).

		Optimized Parameter

		Unit

		Value



		Annealing temperature

		°C

		1200



		Fixed Parameter

		Unit

		Value



		Annealing hold time

		min

		60



		Annealing heating rate

		°C/min

		5







Quasi-static magnetic properties of the printed core samples were considered acceptable for AM electrical machine purposes. Printed core magnetization and its relative permeability were near equivalent to typical mid-range electrical steel laminations and superior to SMCs. A comparison of these properties for the in-house prepared material and typical commercial materials is presented in Figure 3.13.
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Figure 3.13. Comparison of commercial M-43 lamination material (equivalent to M400-50A [138], Somaloy soft magnetic composite [139], and the printed material annealed at 1200 °C. [136]







[bookmark: _Toc103682119][bookmark: _Toc109642170]AC Magnetic Properties 

At higher excitation frequencies (1 and 50 Hz), the iron losses increased substantially. The curve shearing and the thickening of the hysteresis curves with an increase in excitation frequency are illustrated in Figure 3.14. Indeed, eddy current losses are dominant (both classical and excess) in the fully-dense non-laminated 5 x 5 mm cores: constituting 95% of the losses at 1.5 T, 50 Hz. At lower, 1 Hz frequency, these additional losses comprise 66% of the total losses. Iron losses in all of the four annealed samples are similar: approximately 2 W/kg at 0.5 T, 11 W/kg at 1 T, 45 W/kg at 1.5 T, and 
170 W/kg at 1.9 T.
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Figure 3.14. Eddy current loss-related curve shearing: measured loops at 1.5 T magnetization (~1500 A/m field strength), at 0.025, 1, and 50 Hz excitation. [136]



With graded core cross-sections, these iron losses were reduced substantially. 
The structure of the finalized prototype cores is presented in Figure 3.15, illustrating both the voids within the core and the supporting scaffolds. 
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Figure 3.15. Topology of the segregated 3D printed magnetic cores: (a) horizontally graded, 
(b) vertically graded, (c) horizontally and vertically graded (hybrid). [136]

It is important to note that printed cores require some supporting structure between segregated topologies to ensure part integrity during printing and subsequent operation. Metal tomography results revealed the sample fill factors: 94.05% for the sample with horizontal air-gaps, 78.07% for the sample with vertical air-gaps, and 72.98% for the hybrid core with bi-directional air-gaps. The fill factor signifies the soft magnetic material content within the air-gapped cores. It was also included in the losses calculation in order to accurately calculate the iron losses within the cores per weight of the sample (specific loss). Slight dimensional deviations from the initial models were identified: the actual printed cores exhibited 0.32 mm vertical air-gaps separating 0.75 mm magnetic guides (instead of 0.19 mm gap, 0.85 mm core). The 0.32 mm vertical air gaps were sufficiently wide enough to eliminate any unintended short-circuiting over the gaps and to remove all of the un-melted power from within the core. The horizontal air-gaps were printed with less success: the printed air-gap was narrow and uneven, resulting in significant electrical conductivity within the core. The effect of the air-gaps on the total core losses of the samples is presented in Figure 3.16. 
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Figure 3.16. Total core loss reduction with segregated core topology: (a) core losses with different core topologies over the magnetization range of 0.5–1.9 T, (b) comparison of the hysteresis loops of the solid and “hybrid” topology results at 1 and 1.5 T magnetization. [136]



Compared to the non-segregated fully dense material, a significant reduction in losses was observed. Total iron losses decreased from 42 W/kg (solid) to 35 W/kg (horizontal gaps), 15.5 W/kg (vertical gaps), to as low as 11.7 W/kg (bi-directional gaps) at 1.5 T, 
50 Hz. At lower 1 T flux density, adoption of the segregated topology resulted in an 81% reduction of the total core losses: from 9.6 W/kg for the solid sample to 1.8 W/kg for the bi-directionally segregated sample. At these conditions, the previously determined hysteresis losses of 0.8 W/kg constitute 44% of the 1.8 W/kg iron losses – a significant increase from the 17% of the fully dense sample. The comparison of the losses in printed cores with conventional materials is presented in Table 3.3. The comparative data is obtained from EN 10106: 2015 standard [140], which defines the specific total core losses requirements in the range of 0.9–5.8 W/kg (W10,50) and 2.1 to 13 W/kg (W15,50) for different grade steels. 



Table 3.3 Specific core loss (W/kg) in printed cores and EN standard steels [140].

		AM Steel

		Specific loss at 1 T, 50 Hz

		Specific loss at 1.5 T, 50 Hz



		Bulk, unannealed

		23

		50



		Bulk, 1200 °C 

		9.6

		42



		Graded “hybrid” gaps, 1200 °C

		1.8

		11.7



		EN Standard Steel Grade

		Specific loss at 1 T, 50 Hz

		Specific loss at 1.5 T, 50 Hz



		M210-35A

		0.9

		2.10



		M300-35A

		1.2

		3.00



		M400-50A

		1.7

		4.00



		M700-50A

		3.0

		7.00



		M1000-65A

		4.4

		10.00



		M1300-100A

		5.8

		13.00







With the bi-directional air-gaps integrated into the core, the iron losses were reduced at low magnetization (1 T) to values similar to mid-grade laminations. At higher field strengths, the losses climbed rapidly from 1.8 (W10,50) to 11.7 W/kg (W15,50). This can be related to the suboptimal grain size of the prepared material for high field strength applications. The grains prepared as part of this study have ranged approximately between 500 µm [54] and 2500 µm [136]. Larger grain size has been shown to be more advantageous at low, but disadvantageous at higher field strengths. Shiozaki et al. demonstrated that in laminations under weak magnetic fields of W14,50 or less, large grain diameter (220 to 230 μm) was optimal, offering minimum core loss and maximum permeability, whereas, in strong magnetic fields of W15,50 or higher, better results were obtained with smaller grain diameters (190 to 110 μm) [141]. The prepared material is well suited for applications involving 1 T magnetic fields. For higher efficiency with stronger magnetic fields, further material microstructure optimization is required.

[bookmark: _Toc103682121][bookmark: _Toc109642171]Material Properties Library, Results Summary

The summary of the material properties obtained through the process optimization workflow is presented in Figure 3.17 and Table 3.4. In parallel, the corresponding 
values for typical electrical steel are outlined in the table for comparison. The printed material data was drawn from the following publications: magnetic and mechanical properties from [136], thermal properties from [137], and electrical properties from [142]. Both the obtained magnetic and non-magnetic properties are relatively close to typical medium-grade electrical steels, such as M400-50A (M-43). 

[bookmark: _Toc99975629]Table 3.1. Material properties library for multi-physical modelling. Properties references: [136,137, 138,140,142,143].

		Property

		Unit

		3D printed 3.7% FeSi

		Typical Value



		Relative permeability at 1 T

		-

		8846 

		6100 



		Relative permeability at 1.5 T

		-

		1056 

		1535 



		Hysteresis loss at 1.0 T, 50 Hz

		W/kg

		0.8 

		NA*



		Hysteresis loss at 1.5 T, 50 Hz

		W/kg

		2.15

		NA*



		Total core loss at 1.0 T, 50 Hz

		W/kg

		1.8 

		1.7 



		Total core loss at 1.5 T, 50 Hz

		W/kg

		11.7 

		4.0 



		Electrical resistivity 

		µΩ·cm

		56.9 

		45 



		Thermal conductivity

		W/m⋅K

		24.8 

		28 



		Yield strength

		MPa

		420 

		350 





* hysteresis losses are typically not disclosed for commercial materials
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                                                        (a)                                                                              (c)

      

Figure 3.17. Printed material magnetization curve for multi-physical modeling: (a) normal magnetization curve and the corresponding relative permeabilities, (b) data for drawing the curves (initial values extrapolated).



High mechanical yield strength of the material gives reassurance that the printed components can handle the operation stresses in AM electrical motors. Excellent mechanical properties are critical for topology-optimized components as the refined geometries, and air-gapped structures would surely be subjected to higher stress concentrations than their conventional, more robust counterparts. On average, 
the printed material exhibited yield strength of 580 MPa before annealing and 420 MPa after it.  As a comparison, in [144], the yield strength of Fe-Si laminations was shown to be highly silicon content-dependent: 365 MPa for 3% Si to Fe, 413 MPa for 3.7% Si to Fe, and 90 MPa for 6.5 % Si to Fe. Electron mobility within the printed samples was confirmed to be relatively unaffected by the additive production process. The obtained values were slightly lower than common values from the literature on low-silicon steels, likely due to the slightly higher silicon content. Compared to the corresponding values provided for typical electrical steel laminations, the obtained thermal conductivity was 11% 
(24.8 W/m⋅K) lower and electrical resistivity 26 % higher (56.9 µΩ·cm). The expected values for electrical resistivity for 3% and 6% silicon steels are 47 [123] and 82 [145] μΩ⋅cm, respectively, showing a nearly linear relationship between resistivity and silicon content over the range of 3–8 wt% [112]. This relationship corresponds to 54 μΩ⋅cm for 3.7% silicon content steel. 

Regarding the magnetic properties of the cores, it can be summarized that L-PBF systems can be used to fabricate magnetic cores with useful properties. Magnetization of 1.5 T was roughly at 1500 A/m. Maximum relative permeability of 8846 was obtained at 90 A/m. In comparison, EU standards [140] require M400-50A electrical steel to reach 1.53 T at the maximum field strength of 2500 A/m. For higher grade steels, such as 
M210-35A, slightly lower saturation of 1.49 T is reached at the same field strength. Maximum relative permeabilities are not required to reach specific values by the standard but are typically slightly lower than the values obtained for the studied printed steel: somewhere between 5000–8000 [138]. As demonstrated in Table 3.3, the specific core losses of the printed steel are situated below the top- and high-grade silicon steels, in the range of medium-grade steels, such as M400-50A. Importantly, this comparison stands for the material losses at 1 T magnetization; at 1.5 T, the losses have climbed rapidly and are in the range of M1000-65A / M1300-100A laminations. For higher efficiency with stronger magnetic fields, further material microstructure optimization is required: the current granular structure seems to be best suited for low (1 T) field strength applications.          







[bookmark: _Toc103682122][bookmark: _Toc109642172]Prototyping of AM Electrical Machines

L-PBF systems can be used to prepare high-performance soft magnetic materials. This can be achieved through optimized printing, annealing, and topology of the printed cores. The challenges in prototyping full AM electrical machine cores are somewhat different from the printing of small-scale samples for material characterization. 
In particular, the printing of functional components typically involves more complex and larger topologies, which require additional process optimization. This chapter describes the manufacturing process flow and performance of functional EM magnetic cores. Two unique prototypes are printed and assembled as part of the work: the first transformer and induction motor in the scientific literature, which exhibit fully 3D printed magnetic parts and which are characterized in terms of performance. With this work, we aspire to demonstrate the current state of the art of AM magnetic cores for AC applications and map the main challenges involved. The chapter is based on the work presented in publications III and IV: “Design and Performance of Laser Additively Manufactured Core Induction Motor” [146] and “Additive Manufacturing and Performance of E-Type Transformer Core.” [147]

[bookmark: _Toc103682123][bookmark: _Toc109642173]Transformer Prototyping

Prototypes of functional soft magnetic cores for time-varying magnetic fields are almost non-existent in the literature. This is likely due to two reasons. First, there are significant challenges involved in setting up an in-house production chain covering all the necessary steps from component design to its printing, post-processing, quality control, assembling, and component electrical performance measurements. Secondly, the achievable efficiencies for these printed cores would be lower than the conventional cores due to the difficulties in effectively suppressing eddy current losses within them. This makes the prototyping of AC cores somewhat unattractive compared to novel synchronous rotors, windings, or heat exchangers – prototypes that can demonstrate the advantages of the use of AM in electrical machine construction more clearly. A brief summary of the work in transformer core prototyping is presented in Figure 4.1.
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Figure 4.1. Summary of the prototyping study of 3D printing transformer cores. [147]

We selected a prototype E-type transformer as the next step in evaluating AM magnetic material capacity and performance for electrical machine applications. Its relatively simplistic design, involving no moving parts, makes it an ideal preliminary step before prototyping full electric motors. The full E-type transformer core was printed, characterized, and compared in terms of performance with a conventional Goss textured core. The 3D printed core was assembled from four novel interlocking components, which structurally imitated common E-type core laminations and facilitated the integration of a modular encased winding from the commercial counterpart. It was a small benchtop transformer with the overall core measurements of 58.5 x 49.5 x 26 mm. Similar to the samples investigated in the previous chapter, the prototype core was printed from 3.7% silicon steel with the SLM 280 L-PBF printer.

 Lower power density of the printed core was confirmed after standard transformer no-load and full-load testing. This was related to grain-oriented structure of the Goss textured silicon steel M165-35S used within the conventional transformer core. 
The printed core exhibited non-oriented steel, perfect for electrical motors with a rotating magnetic field but less effective for electrical power transformers where the flux is unidirectional. The working point of the finished AM core was identified at 34% lower power density. This was at the same magnetizing current drawn from the supply – 
40 mA, which could energize the conventional transformer core up to 230 V, and printed core up to 160 V. Energizing the printed core beyond this value resulted in a significant drop in its efficiency: due to ineffective usage of the core iron. The efficiency of the transformers was calculated from the load test measurements at both the ambient core temperature and the steady-state temperature at full load conditions. At full load, 
the measured efficiency of the transformers ranged from 83.8% (21 °C) to 80.4% (71 °C) for the conventional transformer and 74.7% (21 °C) to 70.1% (75 °C) for the prototype. 
The transformer efficiency-load characteristic is outlined in Figure 4.2. Highest efficiencies in the study were identified at ~40% load at 21 °C: for the conventional core 88.7% and for the prototype 80.5%. A difference of roughly 10 % in efficiency was identified for the cores over the full measurement range.
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Figure 4.2. Efficiency-load characteristics of the conventional and prototype transformers. [147]





Results of performance characterization of both the printed and conventional transformer cores are summarized in Table 4.1. Both transformers show typical performance values for small single-phase 20–30 VA power rating devices. The typical efficiencies for 30 VA power transformers are in the range of 83% [148] – 81% [149], which decreases to 77% [148] at 22 VA and down to 65% [148] at 4.5 VA rated power. 
In parallel, the power densities are more dependent on the individual core designs, 
as some cores are with additional features or fully encased. From manufacturer datasheets, it can be found that for similar transformers as investigated as part of the study, the power densities are in the range of 56 [149] – 39 VA/kg [148].



Table 4.1. Comparison of the transformer cores performance. [147]

		Parameter (full load, 21° C)

		3D printed Core

		Conventional Core



		Nominal Voltage

		160 V

		230 V



		Nominal Current

		0.17 A

		0.17 A



		Power Factor

		0.97

		0.97



		Input Power 

		27.2 VA

		39.1 VA



		Output power 

		19.8 VA

		31.8 VA



		Efficiency (ambient temperature)

		74.7 %

		83.8 %



		Efficiency (operating temperature)

		70.1%

		80.5%



		Power Density (Core)

		47 VA/kg 

		72 VA/kg



		Power Density (Full Transformer)

		39 VA/kg

		59 VA/kg







Several challenges were encountered when printing full-sized components. First, 
the initial tests of the transformer core printing resulted in failure: the topology of the core promoted uneven powder deposition on the substrate, resulting in a balling-related failure at some stage of the build job. The issue was solved by changing the orientation of the printed part to a 45-degree angle in relation to the re-coater. This resulted in a more even powder deposition on the substrate. Secondly, the transformer cores deformed significantly after removal from the base plate, due to the considerable internal stresses applied to them during the printing process and its thin-walled construction. This was resolved through cold working and bending of the part but could have been avoided entirely by low-temperature annealing (part normalization) before support removal. Thirdly, the power density of the transformer core was 1/3 less than the conventional counterpart. To increase the power density in AM power transformers, larger control should be obtained over the crystallographic texture of the cores. 
Grain-oriented steels reach significantly higher magnetization values than non-oriented steels under the same conditions but are only suitable for application with uni-directional magnetizing. Fourthly, utilizing a printed core in the transformer assembly resulting in a 10% efficiency drop. This can most prominently be attributed to the eddy currents generated in the 170% thicker laminations of the printed design. 

The results are promising, AM full cores of electrical power devices show functional performance. Further prototyping efforts of AM transformer cores require the development of grain-oriented texture within the printed parts to match the power densities of conventional materials. In parallel, the non-oriented structure of the printed material is well suited for prototyping electric motors. 

[bookmark: _Toc103682124][bookmark: _Toc109642174]Induction Motor Prototyping

The printing of magnetic cores for electric motors is considerably more complicated than printing transformer components. This is mainly because of spatial accuracy requirements: the machines involve moving parts, and the thinner the gap between moving components, the higher the power density. In this work, an electrical motor with fully additively manufactured cores was produced and evaluated in terms of performance. The prototype incorporated a novel core internal structure in an attempt to limit eddy current losses. The main goal of this work was to establish a baseline for future design optimization purposes and to map the prototyping process for future reference. 

The prototype was constrained by our production facilities and printed material properties, limiting the maximum diameter of the prototype to 90 mm and its nominal efficiency to a lower value than commercial motors of the same type and size. The type of motor was chosen as a squirrel-cage induction motor (IM) – as it is simple to operate from the grid. The initial design of the prototype was calculated through a procedure described by J. Pyrhönen et. al. in a design handbook titled: “Design of Rotating Electrical Machines” [150]. Two key challenges were identified for the prototype. First, minimizing eddy current losses within the printed cores and preparing them with sufficient accuracy to obtain a uniform air-gap. To reduce the losses, crack-like air-gaps were integrated
into the core, running perpendicular to both the core axis and the printing direction. 
The chosen core segregation strategy is described in Figure 4.3.
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Figure 4.3. Eddy current loss strategy: (a) rotor core design, (b) stator core design, (c) insulating non-homogeneous layers, (d)-(e) Resultant printed motor core internal structure.



In the final design, 2 mm layers of magnetic material were separated with thin 0.2 mm air-gaps. To facilitate the printing, these gaps were filled with thin lattice-like structures. For obtaining a uniform motor air-gap, the parts were printed slightly larger than their final dimensions, and then machined to net shape after printing. The workflow for the prototype production is detailed in Figure 4.4, with illustrative images of the production in Figure 4.5. 
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Figure 4.4. Workflow for producing the AM core prototype motor. [146]



After initial print testing, laser re-melting and “stripe” scan pattern settings were deemed unsuitable for the printing of larger parts (from material characterization samples), resulting in balling-related print failure. The survivability of the print job was increased substantially by adopting from double scan “stripe” to a single scan “chessboard” pattern. The printing duration of the cores was approximately 30 h. After printing and prior to cutting the cores off their build plates, the cores were normalized over a low-temperature annealing process. This managed to relax the internal stresses in the material, making it more malleable and less prone to deformations during the upcoming cold-working. After turning machining, a uniform air-gap of 0.35 mm was achieved for the prototype. With the necessary fitting and assembly preparations completed, the cores were subjected to high-temperature annealing, to promote grain growth of the material and remove any stresses introduced to the material with 
cold-working [155]. Next, the cores were wound: the stator with a distributed 
three-phase winding and the rotor with a squirrel cage. The prototype used commercial ball bearings on the shaft.
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Figure 4.5. Production of the AM core motor: (a) L-PBF printing process of the stator core, 
(b) finished printed stator core supported on the build plate, (c) turning machining of the motor stator, (d) machine rotor in the annealing furnace, (e) stator winding process, (f) milling of the rotor end-rings, (g) assembled rotor with inserted cage, shaft, bearing and cooling fans, (h) motor stator, rotor core and endcaps, (i) fully assembled AM prototype. [146]



In order to evaluate the performance of the prototype, three standard tests were performed: the no-load, blocked rotor, and load test. For load testing, a benchmarking machine of the same type and similar size was obtained. Both the prototyping and 
the benchmarking machines were operated through the grid and controlled by autotransformers. The load test results of the benchmarking machine correlated well with its datasheet [151]. The nominal working point of the prototype was determined through an optimal balance (Figure 4.6) between its output power and efficiency, which was determined to be at 68 W, 34% efficiency. The results of the performance measurements are detailed in Table 4.3.
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Figure 4.6. Determination of the prototype motor nominal parameters based on the full load test measurement results: (a) efficiency map, (b) speed-torque contour plot of terminal voltage, 
(c) speed-torque contour plot of winding current density. [146]





Table 4.3. Comparison of the commercial benchmarking machine and the designed / empirical values for the AM core prototype. [146]

		Rated Values

		Design

		Experimental

		Commercial



		Power

		80 W

		68 W

		60 W



		Frequency

		50 Hz

		50 Hz

		50 Hz



		Rated Voltage

		20 V

		17 V

		230 V



		Rated Current

		5.1 A

		5.1 A

		0.3 A



		Rated Torque

		0.55 Nm

		0.5 Nm

		0.4 Nm



		Speed

		1400 rpm

		1315 rpm

		1395 rpm



		Efficiency

		40 %

		34 %

		52 %



		Power Factor

		0.65 

		0.82

		0.55







The efficiency of the commercial benchmarking motor was 52%, which was 3/2 of the efficiency of the prototype. For small-scale IMs, the efficiency in the range of 50% is typical [152]. There are no similar AM porotypes from the literature for comparison with current work. Some authors from both academic and non-academic sources have produced polymer core machines with neodymium permanent magnet arrays to compensate for the low magnetization of polymer cores [10], [153]. Perhaps the best comparative data can be obtained from [154], where a rotor of a commercial switched reluctance motor was substituted with a printed Fe-Si analog. The new assembly suffered from reduced efficiency – decreasing from 83% to 65% at 1500 rpm, ~1kw output power. 

Laser additive manufacturing was used to successfully prepare both the rotor and stator of a prototype induction motor. The main challenges were related to core spatial accuracy and eddy current losses. Printing of the parts with the current setup resulted in slightly elliptical cores: approximately 0.2 mm, translating to a 0.1 mm distortion on the airgap. This is significant as air-gaps in an EM of this size are usually within the same range. After machining, the ellipticity was removed, and a uniform air-gap of 0.35 mm was obtained. The employed method for eddy current loss reduction was moderately successful. Approximately 29.5 W/kg of specific iron losses within the 2.4 kg motor cores at 50 Hz,      1.1 T magnetization (W11,50) were identified. At the same conditions, the solid 5 x 5 mm cross-section core exhibited iron losses of 12.9 W/kg (Figure 3.16). The individual areas of the motor core were approximately 3 x 2 mm in the stator teeth and 7 x 2 mm in the stator yoke. This indicates that a significant electrical short circuit was present over the cracks printed into the material. The full core was massive in comparison with the sample toroid: 56 mm in height, 89 mm in outer diameter, and ~58 mm in inner diameter. The intra-core electrical conductivity could have also been enhanced by the sintering of the unmelted powder captured within the core during the annealing process. Nevertheless, despite these initial problems, 2/3 of the efficiency of the conventional benchmarking machine was obtained at similar power density. Output power of the machines was similar (60 W for commercial, 68 W for prototype) as well as their weight: 2.9 kg for full weight of the conventional motor, and 2.4 kg for the core weight of the prototype.



[bookmark: _Toc103682125][bookmark: _Toc109642175]Conclusions and Future Work

3D printing of the prototype components indicated great potential for AM electrical motors. The obtained performance parameters were somewhat lower than their commercial counterparts, which is understandable, as these were the first generation of AM electric machine prototypes. Future designs can benefit from further optimized machine and magnetic core designs.

The core intrinsic material properties (Table 3.3) were similar to typical mid-range lamination sheets. Eddy current loss reduction still requires further work: it is possible to reduce them to an acceptable level, but currently only through air-gapped internal structure. This, however, lowers the fill factor of the cores, requiring a larger magnetic core volume (albeit at similar weight) to output the same power. In parallel, the core would likely suffer from reduced mechanical durability but would likely allow for greater possibilities in heat extraction. In the prototype induction motor, perpendicular air-gaps to the printing direction were integrated, with mixed success. The short circuit between the segregated areas of the core was still significant. Investigation of the magnetic cores showed higher efficiency of air-gaps (Figure 3.16) formed in parallel to the print direction to the perpendicular gaps. This orientation allowed to form wide uniform air-gaps, with minimalistic thin bridges connecting the individual laminations, both limiting 
inter-lamination electrical connection and enabling the removal of all the un-melted powder from within the core. This enabled to achieve iron losses as low as 1.8 W/kg (W10,50), but at higher flux densities (>W13,50), the losses increased substantially (Figure 3.16). This was determined to be related to excessive grain size, which has been shown to be beneficial at lower core flux densities and to be detrimental at higher flux densities. Further crystallographic texture optimization research is required. The nominal working points of the prototypes were also determined at moderate flux density values, for the 
E-type transformer: 1.16 T, exhibiting 3.05 W/kg losses, and for the induction motor 1.1 T, exhibiting 29.5 W/kg losses. The core design (interlocking cores) of the transformer proved considerably more effective in suppressing eddy currents than the prototype motor design, but would be considerably more difficult to implement in motors due to the rotating magnetic field, and possible assembling/machining challenges introduced to the process.

The main objectives of the work were achieved. By implementing methodological enhancements, useful material properties for the printed cores and functional performance full-sized prototype EMs were obtained. This provides a firm foundation the future work on additive manufacturing of topology-optimized electrical machines, and their components can be built upon. The main results for each thesis objective are the following:



· Literature survey on the current state-of-the-art, perspectives and challenges of additively manufactured EM active part materials was conducted.

· The maturity of the AM prototyping and small volume production of electrical machines is currently highest with PBF printing systems, where high spatial accuracy, high purity, and near fully dense parts can be prepared.

· Current PBF printing systems show great promise for small volume production or prototyping of unconventional topology optimized electrical machine windings, heat exchangers, and synchronous rotors.



· Fine-tuning of the printing setup was achieved, soft magnetic material parts from silicon steel powder with high relative density (above 99.5%) were prepared.

· The optimal printing parameters for printing 3.7% silicon steel cores were: layer thickness 50 µm, hatch distance 120 µm, laser power 350 W, and scanning velocity 750 mm/s (laser energy density of 
77 J/mm3).

· These parameters were applied to print 99.86% dense test samples with 8 μm average surface roughness Ra.



· Full process workflow was developed and implemented to produce printed silicon steel soft magnetic cores with useful magnetic properties. 

· Annealing was determined as a critical additional step in preparing L-PBF fused soft magnetic cores. 

· The most useful magnetic properties were obtained with the annealing temperature 1200 °C, hold time 60 min, and heating rate 5 °C/min.

· For higher field strength applications (~1.5 T), further process optimization is required to obtain the optimal crystallographic structure.

· The magnetic cores processed through the developed workflow exhibited quasi-static hysteresis loss of 0.8 W/kg (W10,50) and maximum relative permeability of 8800. 

· With integrated air-gaps, total iron losses in printed cores were shown to decrease 81%: from 9.6 to 1.8 W/kg (W10,50). In parallel, the air-gaps resulted in material fill factor reduction to 73%. 

· The obtained losses are equivalent to mid-grade (M400-50A / M-43) soft magnetic laminations, which are required to exhibit iron losses no larger than 1.7 W/kg (W10,50).



· Non-magnetic properties of the printed silicon steel were characterized for future topology optimization purposes. 

· The printed material exhibited yield strength of 420 MPa, thermal conductivity of 24.8 W/m⋅K and electrical resistivity of 56.9 µΩ·cm.

· For a typical commercial lamination, the disclosed values in a datasheet are: yield strength of 350 MPa, thermal conductivity of 
28 W/m⋅K and electrical resistivity of 45 µΩ·cm. 



· Practical capacity of L-PBF printing systems was demonstrated for printing functional electromagnetic devices. 

· Magnetic cores for both an induction motor and a power transformer were printed successfully.

· These first cores showed promising, though slightly lower performance than their commercial counterparts.

· At nominal output, energy efficiency of 34% was obtained for the prototype induction motor and 70% for the prototype power transformer at nominal operating point. These are 2/3 and 7/8 respectively of equivalent commercial counterpart efficiencies.



A firm foundation for future work on additive manufacturing of topology-optimized electrical machines and their components has been established. Printed and annealed soft magnetic 3.7% silicon steel showed useful material properties and applicability 
for rapid prototyping of EMs. Future progress in the project will require efforts in both material science and topology optimization. The mapped magnetic, thermal, electrical, and mechanical properties will be used for the multi-physical modeling and 
three-dimensional shape optimization of novel electrical machines. To enable the printing of more complex designs, the printing of additional materials, both magnetic 
and non-magnetic, will be investigated. This will include materials for thermal and electrical conduction and more exotic soft magnetic materials, such as high-silicon steel and amorphous alloys, to achieve higher core efficiency. Undoubtedly, multi-material metal printing would radically change the perspective of AM electrical machines. It would enable both unparalleled control over part internal structure and the 3D printing of full electrical machines as a single process. These methods are likely to emerge soon and become available for research work.
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Production and Properties of Additively Manufactured Electrical Machine Cores 

This work is focused on the methodological development of laser additive manufacturing of soft magnetic cores. The project was started at 2018, with little prior knowledge of the peculiarities of the L-PBF fusion mechanisms and metallurgical processes. The field itself was in its infancy at that time, with a few sparse initial attempts in fusing soft magnetic cores or electrical motor components.  Thus, the main goal of this work was to provide a firm foundation of methodological understanding and printing expertise that the future work on additive manufacturing of topology-optimized electrical machines and their components can be built upon. This is the main future goal, to produce superior EMs to conventional machines in the future through the introduction of highly refined and intricate topologies. The thesis is supported by three major pillars of study. First, 
a literature survey was conducted to map the current material quality level for the 3D printed material involved in the active parts in electrical motors: the soft magnetic, hard magnetic, and electrically conductive. It was determined that the maturity level of AM electrical conductors is ready for commercial applications, albeit for niche applications at the moment, due to the difficulties in forming insulation layers during a print job. 
The same issue plagues printed soft magnetic cores, which significantly lose in their energy efficiency due to some siphoned into the eddy current generation. Secondly, 
a thorough analysis was conducted on the L-PBF printing process when fusing 3.7% silicon content steel. This work included the literature survey on the causalities behind poor material magnetic properties, based on which a workflow was proposed to address these concerns. The material preparation process was successful; properties not far from standard materials for magnetic flux guides were achieved. The last part of the thesis was to take the printing process to a larger level: to print full core components for actual electromagnetic devices. This was both to gather knowledge on what additional considerations should be taken into account when advancing from printing small material characterization samples into printing full cores; and to establish the current state of the art: what can we expect from functional printed EM cores performance-wise. The printed cores exhibited somewhat lower characteristics than their commercial counterparts, but that was unsurprising, as the built prototypes were the first of their kind. The future work on this project is the application of the acquired expertise and material mapping data to design novel machines with novel shaping of magnetic flux, thermal flux, or electric current conductors. Likely, AM electrical machines will remain a niche product until multi-material metal printing systems establish themselves on a larger scale. Considering the rate of the development of additive manufacturing systems, it is feasible that AM motors can reach mainstream in the next 50 years.
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Kihtlisandus meetodil valmistatud elektrimasinate magnetsüdamikud ja nende omadused 

Käesolev töö keskendub pehmete magnetiliste südamike laser kihtlisandustootmise (AM) metoodilisele arendamisele. Projekti alustati 2018. aastal, mil oli vähe eelteadmisi L-PBF-sulatusmehhanismide ja metallurgiliste protsesside eripäradest. Valdkond oli sel ajal lapsekingades, oli mõni üksik katsetus magnetsüdamike või elektrimootorite komponentide sulatamisel.  Seega oli selle töö peamine eesmärk luua kindel alus metoodilisele arusaamisele ja printimise alastele teadmistele, millele saab tulevikus rajada topoloogiliselt optimeeritud elektrimasinate ja nende komponentide kihtkisandustootmise alase töö. See on projekti peamine tulevikueesmärk, et tulevikus toota tavapärastest masinatest paremaid elektrimasinaid läbi keeruliste vormide ehk topoloogiate kasutuselevõtu. Doktoritöö toetub kolmele peamisele uurimissambale. Esiteks viidi läbi kirjandusuuring, et kaardistada elektrimootorite aktiivsetes osades kasutatavate prinditud materjalide praegune kvaliteeditase: nendeks materjalideks olid pehme magnetiline, kõva magnetiline ja elektrijuht materjalid. Tehti kindlaks, et 
AM-elektrijuhtide küpsusaste on valmis kaubanduslikuks kasutamiseks, kuigi praegu vaid niširakenduste jaoks, kuna isolatsioonikihtide moodustamine printimise käigus on keeruline. Sama probleem vaevab prinditud pehmeid magnetilisi südamikke, mis kaotavad oluliselt oma energiatõhususes pöörisvoolude tõttu. Teiseks analüüsiti põhjalikult L-PBF printimise protsessi 3,7% ränisisaldusega terase sulatamisel. See töö hõlmas kirjandusuuringut materjali kehvade magnetiliste omaduste taga olevate põhjuste kohta, mille põhjal pakuti välja tööprotsess nende probleemide lahendamiseks. Materjali ettevalmistusprotsess oli edukas, saavutati omadused, mis ei ole kaugel standardsetest magnetsüdamike materjalidest. Lõputöö viimane osa oli viia printimisprotsess suuremale tasandile: valmistada funktsionaalsed elektronmagnetilised seadmed täielikult  prinditud magnetsüdamikega. Sellega sooviti koguda teadmisi lisakaalutluste mida arvesse võtta, kui liigutakse väikeste materjali iseloomustavate näidiste printimisest edasi täielike magnetsüdamikeni; ning parallelselt kindlaks teha ka tehnoloogia hetkeseis: mida võime oodata prinditud südamikega funktsionaalsete seadmete jõudlusest. Mõõdeti mõnevõrra madalamaid näitajaid kui nende kaubanduslikel analoogidel, kuid see ei olnud üllatav, sest töös valmisid esimesed omalaadsed prototüübid. Selle projekti edasine töö on omandatud teadmiste ja kaardistatud materjalide andmete rakendamine edasisteks arvutusteks mootorite magnetvoo, soojusvoo või elektrivoolu juhtide kuju optimeerimiseks. Tõenäoliselt jäävad 3D prinditud elektrimasinad esialgu nišitooteks, kuni mitme materjali parallelne kvaliteetne printimine saab kiireks ja kättesaadavaks. Võttes arvesse kihtlisandus-tehnoloogial põhinevate tootmissüsteemide arengukiirust, on võimalik, et AM-mootorid jõuavad peavoolu järgmise 50 aasta jooksul
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Figure 11. Efficiency-load characteristics of the studied transformers.

Table 5. Comparison of transformer performance.

Parameter (Full Load, 21 °C) 3D Printed Core Conventional Core
Nominal Voltage 160 V 230V
Nominal Current 017 A 0.17 A

Power Factor 0.97 0.97
Input Power 272VA 39.1 VA
Output power 19.8 VA 31.8 VA
Efficiency (ambient temperature) 74.7% 83.8%
Efficiency (operating temperature) 70.1% 80.5%
Power Density (Core) 47 VA /kg 72 VA/kg

Power Density (Full Transformer) 39 VA/kg 59 VA/kg
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