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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,  
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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]. 

 
 
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:   

 
• 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. 

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: 

 
• 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.  
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1.5 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.  

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

 
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]. 

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]. 
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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: 
 

• 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) 

 
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.  
 

 
 
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 
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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] 
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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]. 

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.  
 

 
 
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 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. 

 

 
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.   

 

 
 

 
 
 
 

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

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

Maximum magnetic saturation (at µ𝑟𝑟 = 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]. 

 

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

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]. 
 

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

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]. 
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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. 
 
 

 
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 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.  

 

 
 

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. 

 

 
                     (a)                                                  (b)                                               (c) 

 
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]. 

 

 
 

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 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 

 
 

 
                                  (a)                                                                       (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 
66–130 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] 

(b) 

(a) 



34 

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 
 
 

 
 

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] 
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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.  

 

 
 

 

            
 

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 

(b) 

(a) 
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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 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. 
  
 

                             

 
 

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/kg at 1.9 T. 

 

 
 
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.  

 
 

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.  

 
 

  
 
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] 
 

(a) 

(b) 



39 

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. 

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 



40 

[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 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 

 
 

 
 
                                                        (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 
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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 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.           
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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 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] 

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. 

 

 
 

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 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. 

 

 
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 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.  
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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. 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. 

 
 

      
 
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.  

 

(a) (b) 

(c) 
(d) (e) 
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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] 
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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 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. 
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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 
(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. 

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 µm, hatch distance 120 µm, laser power 
350 W, and scanning velocity 750 mm/s (laser energy density of  
77 J/mm3). 

o 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.  
o Annealing was determined as a critical additional step in preparing 

L-PBF fused soft magnetic cores.  
o The most useful magnetic properties were obtained with the 

annealing temperature 1200 °C, hold time 60 min, and heating rate 
5 °C/min. 

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

o 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.  

o 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%.  

o 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.  

o 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. 

o 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.  

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

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

o 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. 
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Lühikokkuvõte 
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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Publication I 
H. Tiismus, A. Kallaste, T. Vaimann, and A. Rassõlkin, “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. 
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�EFGHIJ�KLM�0���'�������#-���������#���3&� �����94�#�'�#�4�����-��$4�����N��-�#�����-�:A�9O:�-��$+�"#�''��������,�9P:�=��#$ �''��������,��"��9Q:�-��$+�"#�''���"��=��#$ �''���������9-�?�$�:%�RSTUVW�	XY�Z�[�\]��̂_̀ à\b̀\ĉ̀ def g�b̀ahi`̂c[̂�i�\bcZ_]jic\̀akZ_�̂�\bcZ_almhnl_�bjo�p̂c[[]\bcd̀d
hqlr̀b̂jgc[[]\bcd̀d
cpdhsl_�bjo�p̂c[[]cpdr̀b̂jgc[[]\bcd̀dh_]tbjdluv�b̂_̀ g�pâbwĝj�p��_]ầ b̀ajagwbr̀a
̂_̀ g�b̀x[[�cĝ�bycajpg[wd̀djp _̂̀gc[gw[ĉj�pâ�Zb�rjd̀ cpcggwbĉ̀ g�iZcbja�pZ̀bỳ j\_̂��̂_̀ aciZ[̀ahz{wĉj�ph|llu}ĵ_�ŵĵ
~w�d̀paĵj̀ayĵ_jp̂_̀ iĉ̀ bjc[y�w[dt̀ [�ỳ bt]cicb\jp��p�p�ic\p̀ ĵgcjbjp̂b�dwg̀d�̂ĵuepci�wp̂���u�Yic\p̀ ĵoĉj�pjp̂_̀ jb�pr�[wi �̀�̂_̀ aciZ[̀ay�w[d b̂cpa[ĉ̀ �̂�u�Yjp _̂̀ �̂̂c[r�[wi �̀�̂_̀ ��u���d̀pàaciZ[̀a
�u��Yjp _̂̀��u���
̀ ĝuY_jay�w[d
_�ỳ r̀b
\jr̀ c�c[àZ̀bg̀Ẑj�p��̂_̀ g�b̀t̀_crj�bdẁ �̂ĵap�p[jp̀cbĵ]
̀aZ̀gjc[[]y_̀pg�pajd̀bjp\[�aàaZ̀b�j[�\bci��̂_̀ iĉ̀ bjc[hy_jg_
wp[j�̀}�i
jajprcbjcp̂��cjbg�p̂ p̀̂yĵ_jp̂_̀ g�b̀lufc\p̀ ĵgi c̀awb̀i p̀̂ag�pxbi d̀ _̂̀ _j\_̀b̀�xgj̀pg]��r̀b̂jgc[̂�_�bjo�p̂c[cjb\cZa��b̀dd]gwbb̀p̂awZZb̀aaj�pufc\p̀ ĵg[�aàaĉ���o
jp̂_̀ bcp\̀ ���u���u�Y
cb̀�ŵ[jp̀djpvj\wb̀��cuê �u�Yic\p̀ ĵoĉj�p
̂�̂c[jb�p[�aàad̀gb̀càd�b�i|�}��\ha�[jdl̂��}��\yĵ__�bjo�p̂c[\bcdjp\
��u�}��\yĵ_r̀b̂jgc[\bcdjp\
̂�ca[�yca��u�}��\yĵ__]tbjd\bcdjp\uê �Y
̂_̀ �̂Z�[�\jgc[̀p_cpg̀i p̀̂a[̀d �̂̂_̀ d̀gb̀cà���̂̂c[g�b̀[�aàat]���m�b�i�u�}��\ha�[jdl̂��u�}��\h_]tbjdluY_̀ �̂_̀b̂y�\bcd̀daciZ[̀à�_jtĵ̀d[�aàajpt̀ ŷ̀ p̀m�u�}��\hr̀b̂jgc[lcpd�u}��\h_�bjo�p̂c[luY_̀àb̀aw[̂acb̀�wb̂_̀b̀�Zcpd̀dwZ�pjp̂_̀ �̀ĝj�p|��̂_̀ ZcZ̀bu
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H. Tiismus, A. Kallaste, M. U. Naseer, T. Vaimann, and A. Rassolkin, “Design and 
Performance of Laser Additively Manufactured Core Induction Motor,” IEEE Access,  
pp. 50137–50152, 2022, doi: 10.1109/ACCESS.2022.3173317. 
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����������	
��������������������������������������������������� ���!�������������"#$%&'()*+,-./0102*3*1+4536*/143437/*243418

9:;<=&>(?@*10AAB,2*.+,4.+0.B5ACDB,+31,EC3,4.4536*B*+,-.*BFG8HIJHIKLMNOPQJRSRTINSJIQUIVWXTISHRILVRJQRIYZ[SJILLZNOJJIKRPSVVJILONRMSKMVSORPMKILMK\MYOJI]WXTÎKQPLIVMYKIUTM_MRIL`aaVSPMLaQRIJMQPPQaMKQRMSKVVIHQJQRILbMRT
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STUVWX�Zoeps�wdeuihmhfeah̀i m̀agchi�cjahueacq^̀tqc_lokp�̀tqc_ê_ahf]cjh�cqhja_hk\ah̀ieiq ĉ_fciaeuc m̀̂ e_ahf]cjkc]̀tĵcfhmhfê_ahf]cjh�cx;1#0+(#0+.4+'#'-$6#(#4(#4/(#"+'-1#KD?K+*)-%+'$�.<��#/*%I#(KD?:F>G./01%'#2;1#4(%'-#(6/$#�)%44#"6%-1/$%'&*#�GG� BG�G'.%',(/(#"8--(%).*/$#(/'"/BGG.."%/.#-#((#")0#"4*/-,+(.2;1#<)%*"4(+0#$$+,-1#./01%'#$-/-+(%$%**)$-(/-#"%'=%&)(#BBE/J2N(#9%+)$*8"#-#(:.%'#"4(%'-%'&4/(/.#-#($%'�F>�/'"�F��56%-1-6+'+-/<*#/*-#(/-%+'$56#(##.4*+8#",+(4/(-4(#4/(/-%+'23,-#(%'%-%/*-#$-%'&5%-6/$+<$#(9#"-1/-$0/'$-(/-#&%#$%"#/*,+(4(%'-%'&$./**$/.4*#$6#(#'+-/44*%0/<*#,+(4(%'-%'&*/(&#($+*%"9+*).#$P(#$)*-%'&%'&(/")/**8"#-#(%+(/-%'&4/(-"#'$%-8561%010)*.%'/-#"%'<%**%'&:(#*/-#"4(%'-,/%*)(#234+$$%<*##74*/'/-%+',+(-1%$0/'<#,+)'"%'�@B�5"#$0(%<%'&4+6"#("#')"/-%+'")(%'&-1#.#*-%'&4(+0#$$P,(#$14+6"#($)(:(+)'"%'&-1#.#*-:4++*%$4)**#"-+6/("$-1#.#*-%'&4*/$./4*).#/'"#R#0-#"-+6/("$-1#,(#$14+6"#(%'-1#<#"2;1%$#7-(/4+6"#(/'"1/*,:.#*-#"/&&*+.#(/-#$"#4+$%-#"+'-1#,(#$1<#"0/'-1#'4(+.+-#4++(*86#--#".#*-:4++*$+'-1#$)<$-(/-#5%2#254+6"#(</**%'&:(#*/-#"%((#&)*/(%-%#$2O/$#"+'+)(#74#(%#'0#5-1%$#,,#0-%$"#4#'"#'-+'-1#*#'&-1/'"/(#/+,-1#$0/'-(/0QP<8/"/4-%'&,(+.��$-(%4#��$0/'4/--#('-+��01#$$<+/("��4/--#('5-1#$)(9%9/<%*%-8+,-1#4(%'-R+<6/$%'0(#/$#"-+4/(-0+.4*#-%+'2;1#$#M'"%'&$/(#/*$+����� ��������� �  



����������	
��������������������������������������������������� ���!�������������
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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

Description automatically generated]



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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Description automatically generated]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].







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. 
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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.



[image: A picture containing text, indoor, device, miller

Description automatically generated]
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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.
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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]
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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.



[bookmark: _Toc103682128][bookmark: _Toc109642179]Lühikokkuvõte

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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