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Abstract—Additive Manufacturing (AM) is an emerging topic in
the field of electrical machines (EMs), offering the potential to
overcome challenges imposed by conventional manufacturing
methods. This paper provides an overview of various AM
methods and materials used to manufacture soft and hard
magnetic cores for EMs, with a particular focus on their multi-
physics properties. Since each AM method involves unique
processes—such as particle bonding, melting, or sintering—the
resulting microstructural properties of the printed cores differ,
leading to varied multi-physics characteristics that require in-
depth study. The paper outlines both the benefits and challenges
associated with AM techniques and materials. Importantly, it
explores the detailed properties of Fe-Si and Fe-Co soft magnetic
cores as well as hard magnetic cores including NdFeB, ferrite,
and alnico printed through different AM methods, comparing
them to traditional laminations and commercial hard magnets.

Index Terms—3D printing, additive manufacturing, binder
jetting, directed energy deposition, electrical machine, laser
powder bed fusion, multi-physics properties, magnetic core.

[. INTRODUCTION

DDITIVE Manufacturing (AM), defined as a process
of joining materials to make parts from 3D model

data, wusually layer upon layer, has received
widespread acceptance in various applications. AM offers
significant  advantages including rapid prototyping,

streamlined manufacturing, reduced material waste, enhanced
design flexibility, and innovative material utilization over
traditional methods [1].

Application of AM in Electrical Machines (EMs) is an
emerging topic in the field of EMs which has been employed
for all main components of EMs. Maturity of the application
of AM in different EM components varies significantly, as
shown in Fig. 1, ranging from early research for permanent
magnets (PMs) to industry level for heat exchanger and
windings. Currently, the additively manufactured copper
windings are printed with near full density, exhibiting DC
electrical resistivity ranging from 96% to 102% of
International Annealed Copper Standard [2, 3]. AM unlocks
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Fig. 1. Maturity overview of application of additive manufacturing in various
components of electrical machines.

new possibilities for winding design featuring lower ac loss [4,
51, higher fill factor [6], and more advanced cooling system
[7-10] compared to conventionally manufactured windings.
Soft magnetic cores manufactured through AM are
currently in the developmental stage, and they have been
utilized for both stator and rotor cores of EMs. Unlike
conventional laminated cores, which have limitations in the
design freedom of core geometry within a 2D plane, AM
allows for the creation of intricate 3D core designs. This
capability enables a higher degree of freedom in the design of
EMs, resulting in enhanced characteristics and performance.
In this regard, an additively manufactured stator for axial flux
PM machine (AFPM) was proposed in [11, 12], offering
around 4% to 7% higher torque density compared to
conventional AFPM. A conical air gap machine was
introduced in [13], presenting two-times power density
compared to its conventional counterpart. New PM rotor core
designs were presented in [14-16], exhibiting improvements in
certain aspects like, material utilization, torque rating, and
thermal performance. Ability to increase the silicon (Si)
content in iron-silicon (Fe-Si) cores to the optimal value of
6.5% is another advantage of 3D printed cores over
conventional laminated cores. In conventional laminations,
increasing the silicon content beyond 3.5% is limited due to
highly brittle nature of high silicon steel sheets. In contrast,
AM allows for the successful production of soft magnetic Fe-
6.5wt%Si cores, showcasing improved electromagnetic
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Fig.2. Common AM methods in printing of soft and hard magnetic cores. (a) LPBF, (b) BJ, (¢c) DED, (d) MEX.

characteristics compared to their conventional laminated
counterparts. Presently, the utilization of AM in stator cores is
constrained by the difficulties associated with mitigating eddy
current losses. On the other hand, the manufacturing of rotor
cores through AM has progressed further, benefiting from a
quasi-DC magnetic field that induces manageable eddy
currents [17]. AM also opens-up a unique opportunity in
manufacturing the rotor of high-speed synchronous reluctance
motors (SynRMs) through muti-material 3D printing. This
approach has been implemented in [18, 19], where the rotor
flux carriers are printed with a magnetic material (e.g. Fe-Si)
while the flux barriers are printed simultaneously using a non-
magnetic metal. This approach enhances the mechanical
strength of high-speed rotors compared to traditional
laminated designs with hollow flux barriers.

Hard magnetic cores, also referred to as PMs, are nowadays
extensively used in EM applications. PM machines have
become superior to other types of EMs due to their high power
density and efficiency, which are made possible by the use of
highly energy-dense rare-earth PMs. However, the significant
cost of rare-earth PMs, along with market instability, limited
availability of resources, and the substantial environmental
damage caused by their mining, has led to serious concerns
regarding the widespread use of PM machines. Consequently,
the efficient utilization of rare-earth PMs has become a major
focus in the industry and academia [20].

Conventional methods for manufacturing PMs, such as
sintering and bonding, have certain limitations. Sintering is the
most widely used method, known for producing highly dense
PMs with desirable magnetic properties. However, this
technique often requires significant post-machining, leading to
waste of up to 30% of valuable rare-earth materials [21].
Additionally, this method is restricted to creating simple
magnet shapes. In contrast, bonding techniques can produce
more complex shapes compared to sintering, and they generate
minimal material waste since they do not require post-

machining. However, the magnetic properties of bonded
magnets are considerably inferior to those of sintered magnets
due to the use of polymer materials in the bonding process. In
this context, AM emerges as a promising alternative to
conventional sintering and bonding techniques for producing
PMs. AM enables the production of PMs without the need for
post-machining. Additionally, AM offers the potential for
manufacturing recyclable rare-earth magnets and producing
new rare-earth magnets from recycled ones [22, 23].
Moreover, AM is capable of creating highly complex PM
geometries as in [24]. This freedom in design can unlock
significant potential for optimizing the PM machines with
specific objectives, such as minimizing the volume of PM
used. For instance, in [25], cold spray AM has been employed
to directly print sinusoidal petal-shaped magnets on the rotor
surface. This approach resulted in a reduced volume of PM
utilized, reduced torque ripple, and eliminated magnet
assembly steps. In addition to enabling complex shapes, AM
results in near-zero material waste, as it eliminates the need
for post-machining. Furthermore, AM provides potential for
precise control of grain texture, enabling the tailoring of
isotropic and non-isotropic properties of the material [26, 27].
The conference version of this work [28], partially
addressed the topic of 3D printing of soft magnetic cores. In
this extended version, the scope is significantly expanded by
introducing a comprehensive review of 3D printed hard
magnetic cores. Additionally, the study on soft magnetic cores
has been enhanced by investigating more literatures and
providing complementary discussions to fully explore the
topic. The existing literature review papers on AM of EM
components mainly focused on the design freedom and
achievable complex 3D printed components such as windings,
heat exchangers, and magnetic cores. However, the multi-
physics properties of printed soft and hard magnetic cores, as
well as the impact of printing methods and materials on their
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Fig. 3. Distribution of utilized AM methods and materials for 3D printing of
soft magnetic cores in the literature (excluding hard magnetic cores).

performance, are either overlooked or not explored in
sufficient depth. This is particularly critical because the
distinct fusion processes associated with each method,
combined with the use of different materials, lead to variations
in the microstructural properties of the printed cores. These
variations result in diverse multi-physics characteristics that
require in-depth investigation which can guide the selection of
the appropriate printing method and material and their specific
considerations for printing EM component. The current review
paper however fully dedicates its entire scope to addressing
these gaps. It provides a comprehensive review of current
literature, categorizing studies based on the AM methods and
materials used and offering insights into the multi-physics
characteristics of 3D printed soft and hard magnetic cores for
EMs with respect to their commercial counterparts.

II. AM METHODS AND MATERIALS FOR IRON CORES

A. AM Methods

In the context of 3D printed metallic parts, four widely
employed printing methods are laser powder bed fusion
(LPBF), binder jetting (BJ), directed energy deposition
(DED), and material extrusion (MEX). The operational
principles of these methods are illustrated in Fig. 2. As evident
from Fig. 2 (a) and (b), the printing operations of LPBF and
BJ rely on utilizing a powder bed, where the printed
components are submerged during the layer-by-layer printing
process. The key distinction between LPBF and BJ lies in the
fusion method. In LPBF, the powder is fused through the
thermal energy of the laser beam, whereas in BJ, the powders
are fused through a chemical binding agent. When the fusion
process for one layer is finished, the build platform is lowered,
and a new layer of raw powder is spread above the previous
layer by a recoating blade. This process is repeated until the
whole 3D part is printed. In DED, laser energy and raw
powder are deposited concurrently, either through common or
separate nozzles for the laser beam and powder stream. In this
process, the printed part remains stationary while the nozzle
undergoes 3D motion. In MEX, the feedstock consists of a
mixture of metal and thermoplastic material, which can be in
the form of filament, pellets, or paste. This feedstock is fed
into the nozzle, where it is heated and melted in a controlled
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Fig. 4. Effect of heat treatment (annealing for 1 hour at 1150 °C) on
microstructure and magnetic properties of 3D printed Fe-6.7wt%Si core.
Grain size in (a) as-built and (b) heat treated states. DC measurement of (c) J-
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manner. The molten material is then deposited onto the build
platform, typically in a 2D plane. After each layer is
deposited, the build platform is lowered to allow for the
deposition of the next layer on top of the previous one.

Due to the thermal fusion of raw powder in LPBF and DED,
supporting structures are essential. Without them, parts may
curl upwards as internal stresses accumulate during the
thermal fusing process. Following the completion of printing,
a suitable heat treatment procedure must be employed.

Within the domain of AM for soft magnetic cores used in
EMs, various printing methods have been adopted in the
literature. As illustrated in Fig. 3, LPBF stands out as the
predominant method, accounting for approximately 65% of
the relevant literature which is due to its advanced maturity
compared to other AM methods. BJ and DED have been
employed in approximately 15% and 13% of cases,
respectively. The remaining 7% encompasses other types of
3D printing methods including MEX, screen printing, and cold
spray [30]. In the context of printing soft magnetic cores, this
paper focuses on three main AM methods: LPBF, BJ and
DED. The differences in the fusion processes among these
methods result in distinct microstructural properties of the
printed cores, leading to varied multi-physics properties.
Consequently, a detailed investigation is necessary to
thoroughly understand and analyze these variations.

B. Heat Treatment and Materials

Heat treatment can be regarded as the most essential post-
processing procedure for the 3D printed parts, particularly in
alleviating internal stress induced by thermal fusion in LPBF
and DED methods. In the case of BJ process, the proper heat
treatment results in the removal of binding agent and
densification of the metallic phase in the printed part. Apart
from its mechanical benefits, the adoption of proper heat



TABLE I
EFFECT OF HEAT TREATMENT ON MAGNETIC PROPERTIES OF SOFT
MAGNETIC CORES

Maximum relative Coercivity, H.

Core material permeability, y- (A/m) Ref.
AF HT AF HT

590 3300 357 317 [31]

797 7393 165 35 [32]

Fe-Si 1400 8900 203 52 [33]

3220 28900 205 41 [34]

2150 31000 145 16 [29]

518 1615 995 401 [35]

503 5008 1417 450 [36]

Fe-Co-v 315 8197 1394 112 | 137]

307 17000 1344 52 [38]

treatment methods is imperative to attain desirable

electromagnetic characteristics. The non-heat-treated part
which is referred to as “ as fabricated ” (AF) part exhibit semi-
soft magnetic characteristics such as low permeability and
high coercivity value. The poor electromagnetic characteristics
of AF parts are mainly attributed to increased internal stresses,
small grain size, and non-homogenized microstructure caused
by the high cooling rates during the printing process [37, 39].
Heat treatment plays a crucial role in enhancing the magnetic
properties of the material by relieving internal stresses,
increasing grain size, and homogenizing the microstructure
through the recrystallization process. Figure 4 illustrates the
microstructure and magnetic properties of 3D printed Fe-
6.7wt%Si cores before and after heat treatment [29]. It is
observed that heat treatment significantly improves the
microstructure (grain enlargement) resulting in a substantial
increase in relative permeability, decrease in coercivity and
reduced hysteresis loss. A comparison of magnetic
characteristics between the AF and heat-treated (HT) states for
3D printed cores is presented in Table I. Remarkably, the
maximum permeability of HT parts can reach up to 15 times
that of the AF state for Fe-Si cores. In the case of HT iron-
cobalt-vanadium (Fe-Co-V) cores, the maximum permeability
can increase up to 55 times compared to the AF state. Also,
the adoption of heat treatments significantly reduces coercivity
of the printed cores, leading to a notable decrease in hysteresis
loss. It should be noted that while heat treatment is essential
for enhancing the magnetic properties of printed soft magnetic
cores, it alone does not ensure the attainment of optimal
characteristics. This is because various printing parameters,
including laser power, laser speed, layer thickness, and
scanning pattern significantly influence the microstructure and
thereby electromagnetic properties of the printed cores. By
fine-tuning these printing parameters, it is possible to achieve
significantly increased permeability, along with reduced
coercivity and core losses, as presented in [40-42].

Fe-Si is the most prominent commercial alloy in EM
application among all soft magnetic alloys, owing to its
relatively high resistivity, high permeability, and acceptable
magnetic flux density, all achieved at a low price. Successful
production of Fe-6.5wt%Si laminations through cold rolling is

not feasible due to its extremely low workability. But it is
currently commercially manufactured via a chemical vapor
deposition (CVD) method and is marketed as JNEX Super
Core [43]. However, the CVD process has certain drawbacks,
including its high cost and significant environmental impact
due to the use of the harmful SiCls. Fortunately, metal AM
avoids the high stress during printing, thereby enables
successful manufacturing of Fe-6.5wt%Si cores. Fe-Co alloys
are another soft magnetic materials that can be used in EM
applications. They are well-known for having the highest
maximum magnetic saturation among all engineering soft
magnetic materials, reaching up to 2.43 T. Due to the high
cost of Co, they are primarily employed in special and
volume-constrained applications, such as aerospace, where the
lighter weight justifies the higher price. Like Fe-6.5wt%Si, the
Fe-Co alloy displays significant brittleness. Typically, around
1.5-2.5% of a metal such as V is incorporated into Fe-Co to
enhance its ductility while preserving its electromagnetic
properties. However, similar to Fe-6.5wt%Si, the high
brittleness and low workability of Fe-Co pose serious
challenges when using conventional methods, challenges that
can be resolved by leveraging the potential of AM. In the
context of soft magnetic alloys used in literatures for 3D
printed soft magnetic cores, around 100 studies are
investigated. As depicted in Fig. 3, 81% of the studies focus
on Fe-Si, around 14% on Fe-Co, and the remaining 5%
investigate alternative alloys like Fe-Ni.

III. PROPERTIES OF 3D PRINTED SOFT MAGNETIC CORES

This section explores the electromagnetic and mechanical
properties, along with heat treatment details, of 3D printed Fe-
Si and Fe-Co-V cores utilizing LPBF, BJ, and DED methods.
These constitute more than 90% of the current literature on 3D
printed soft magnetic cores for EM application. In terms of
electromagnetic properties, the focus is on four attributes: flux
density at a field strength of 1000 A/m, coercivity, maximum
relative permeability, and DC electrical resistivity. In terms of
mechanical characteristics, the focus is on yield strength,
defined as the maximum stress a material can endure before
undergoing permanent deformation.

A. Soft Magnetic Cores Printed via LPBF

3D printing of Fe-Si magnetic cores with silicon content
ranging from 2.9% to 6.9% has been primarily carried out
using LPBF, more than any other AM methods. Fe-Si alloys
manufactured through 3D printing can be categorized based
on their silicon content. Cores with approximately 3.5%
silicon are considered to have standard silicon content,
aligning with commercial Fe-Si laminations produced through
cold rolling, exemplified here by 35A300 [44]. On the other
hand, Fe-Si cores with a silicon content of around 6.5% are
considered high Si cores, similar to commercial JNEX
laminations manufactured through CVD. In this context, the
multi-physics properties of both 3D printed Fe-Si cores and
commercial laminations are extracted from existing literature
and outlined in Table II. It is noticed in both 3D printed and



TABLE II

KEY PROPERTIES OF 3D PRINTED SOFT MAGNETIC CORES BY LASER POWDER BED FUSION (LPBF) COMPARED TO COMMERCIAL LAMINATIONS

Si% Flux density (T) Max. relative Coercivity Electrical Heat Yield strength Ref.
at H=1000 A/m | permeability, u, (A/m) resistivity (uQ.cm) treatment (MPa)
29 143 3400 116 45.0 2 hat 850 °C 340-400 [45]
3.0 1.35 4900 ~170 - lhat 1150 °C - [46]
FeSi 3.0 1.15 4800 - - lhat1150°C - [47]
Standard Si’content 3.5 1.52 2600 - - 2 hat 1000 °C - [48]
3.5 145 3300 317 - 2 h at 1000 °C 430 [31]
3.7 1.47 9000 52 - 1 hat 1200 °C - [49]
3.7 1.46 16000 41 56.9 1 h at 1200 °C 420 [50]
5.5 1.20 3000 102 - 3 hat 1000 °C 615 [51]
6.5 1.25 2130 43 - 1 h at 500 °C - [42]
6.5 1.35 7000 - - 2 hat 1200 °C 610 [45]
FeSi, 6.5 1.20 1500 - - at 300 °C - [52]
High Si content 6.5 1.25 14700 30 - 1hat1100 °C - [53]
6.7 1.36 31000 16 82.0 lhat1150°C - [29]
6.9 1.30 4300 49 - Shat700°C - [54]
6.9 1.32 24000 16 - 1 hat1150°C - [39]
1.90 1700 357 - 4 hat 1200 °C - [45]
1.50 1450 - - 4 h at 900 °C - [45]
~1.90 4500 144 - Two-stage 460 [38]
2.10 5700 126 - 2hat 1025 °C - [37]
FeCoV 2.00 ~6500 - 43.5 10 h at 820 °C - [55]
2.10 8200 112 - Two-stage - [37]
2.00 13000 47 47.0 Two-stage 266 [56]
2.20 17000 52 48.8 Two-stage 265 [38]
- - - 52.0 - 523 [57]
Commercial 35A300 ~3.5 1.50 8400 - 51.0 - 400 [44]
Commercial JNEX 6.5 1.30 23000 ~17 82.0 - ~600 [43]
Commercial Hiperco 50A 2.20 22000 30-50 40.0 - 200 [58]

commercial Fe-Si cores that a higher Si content generally
results in a reduction in coercivity and an increase in electrical
resistivity. These are desirable characteristics, as they
contribute to reduced hysteresis and eddy current losses in the
core, respectively. Furthermore, an increase in the mechanical
yield strength is noticed by increasing Si content which is due
to the “solid solution strengthening mechanism”. The
substitution of silicon atoms into the iron lattice creates lattice
distortions due to their larger atomic size. These distortions
increase resistance to dislocation motion, thereby improving
yield strength at the expense of ductility [59].

In [49] and [50], the utilization of Fe-Si with a standard Si
content of 3.7% is investigated for the cores of an induction
motor and an E-type transformer, respectively. After
undergoing a common heat treatment procedure (held at 1200
°C for 1 hour), both cores exhibited superior characteristics
compared to the commercial 35A300. Especially in [50], a
90% higher maximum permeability, 12% higher resistivity,
and 5% higher yield strength were achieved. In [54], it is
shown that establishing correlations between magnetic
properties and laser power is a challenging task, primarily due
to the simultaneous modification of numerous microstructural
features. Factors such as mean grain size, grain distribution,
and texture undergo substantial changes. In this complex
scenario, porosity and texture emerge as the main drivers
influencing magnetic performance. 3D Printing of Fe-
6.9wt%Si is explored in [29, 39], achieving superior
electromagnetic characteristics with respect to commercial
laminations. Particularly in [29], the reported results for 3D
printed Fe-6.7wt%Si cores - HT at 1150 °C for 1 hour - reveal

a maximum relative permeability of 31000 and electrical
resistivity of 82 pQ.cm. These indicate significantly enhanced
properties compared to 35A300 and JNEX laminations, which
exhibit a maximum permeability of 8400 and 23000, and
resistivity of 51 pQ.cm and 82 puQ.cm, respectively.
Electromagnetic and mechanical characteristics of Fe-Co
alloy printed by LPBF have been investigated in several
studies, with promising results reported. In [37], several Fe-Co
sample cores were printed and subjected to various heat
treatment scenarios. The most desirable electromagnetic
characteristics were achieved for the sample that underwent a
two-stage heat treatment process,: first, heat treated at 1027 °C
for 2 hours, followed by a second round of heat treatment at
850 °C for 4 hours. In [36], an effective production strategy is
presented, utilizing LPBF to achieve the desired mechanical
and magnetic properties. The measured results indicated the
highest yield strength of 625 MPa, which is more than three
times the yield strength of the commercial laminated Hiperco
50A with a composition of 49% Fe, 49% Co, and 2% V [58].
Superior mechanical characteristics and electrical resistivity
for the 3D printed Fe-Co cores are also reported in [38, 56].
Notably, in [38], the measured data indicated a 22% higher
electrical resistivity and a 33% higher yield strength, all with
comparable magnetic characteristics to Hiperco 50A.

B. Soft Magnetic Cores Printed via BJ

In [60], the fabrication of a Fe-6.5wt%Si core using BJ was
carried out, with a focus on evaluating the multiphysics
characteristics of the printed samples. The measured results
reveal a maximum relative permeability and flux density



TABLE III
PROPERTIES OF 3D PRINTED SOFT MAGNETIC CORES BY BINDER JETTING (BJ)
q Boron |Boron particle |Flux density (T)| Max. relative |Mass density |Elec. resistivity Yield strength
o,
B content % | size (um) at H=1000 A/m |permeability, u,| (g/cm®) (nQ.cm) Heat treatment (MPa) L
6.8 0.25 1.0 0.95 1050 - - at 1100 °C - [61]
6.8 0 - 0.80 1100 - - at 1200 °C - [61]
Fesi 6.8 0.25 1.0 0.90 950 - - at 1200 °C - [61]
rocesse’d b 6.8 0.25 1.0 1.10 5200 7.1 - 6hat 1150 °C - [62]
P BJ s 0.25 1.0 1.20 4750 - - 6 h at 1200 °C - [63]
5 0.25 0.5 1.20 4660 - - 6 h at 1200 °C - [63]
5 0.25 0.1 1.25 4820 - - 6 h at 1200 °C - [63]
6.5 0 - 1.00 10500 7.3 98 Multi-stage 430 [60]
TABLE IV
PROPERTIES OF 3D PRINTED SOFT MAGNETIC CORES BY DIRECTED ENERGY DEPOSITION (DED)
Flux density (T) at H=1000 A/m | Max. relative permeability, u. | Heat treatment | Yield strength (MPa) | Reference

1.90 500 AF - [35]

2.15 1700 2h at 840 °C - [35]

FeCoV Processed 1.10 900 AF - [64]

by DED 2.10 12600 4 h at 865 °C 265 [64]

- - at 525 °C 600 [65]

2.20 6500 Two-stage - [66]

(at 1000 A/m) of 10500 and 1 T, respectively. However, these
characteristics are notably inferior to the magnetic properties
of commercial JINEX. Additionally, the electrical resistivity of
the printed core is measured at 98 uQ.cm, significantly higher
than that of commercial INEX with a resistivity of 82 pQ.cm,
despite a similar material composition. The higher electrical
resistivity of the printed core can be attributed to the
presentence of porosity, structural defects and non-removed
binder in the core structure which also leads to deteriorated
magnetic characteristic. The measured mass density of 7.31
g/cm® compared to its fully dense state with a mass density of
7.5 g/em?, supports the indication of porosity and/or non-
removed binder in the printed core. In [63], it was
demonstrated that the addition of 0.25% boron (B) to Fe-
5wt%Si samples contributes to the reduction of core losses. In
this context, experimental characterization of three Fe-Si
samples with three different boron particle sizes (1, 0.5, and
0.1 pum) has revealed a nonlinear and somewhat complex
relationship between boron particle size and magnetic
properties. Nevertheless, the results show a reduction in core
losses by almost 10% without a significant change in
magnetization properties. In the study presented in [67], the
impact of Si and B content on the coercivity and hysteresis
loss of Fe-Si cores produced through BJ was investigated. A
comparative analysis was conducted between samples
containing 3% and 5% Si, with 0.25% B, and those without B.
The measured results indicated that the samples with 0.25% B
exhibited lower coercivity, reduced hysteresis loss density per
electrical cycle, and an increased average grain size.
Furthermore, the addition of Si was observed to have a
positive effect on the hysteresis loss of printed Fe-Si samples,
although the impact was less evident compared to the addition
of B at the tested levels. It was also shown that the interaction
between the Si and B content on hysteresis loss and grain size
is very low. The properties of Fe-Si cores printed via BJ have
been gathered from relevant literature and are presented in

Table III. Notably, currently there is a lack of reported
adequate data on the properties of printed Fe-Co cores using
BJ. According to data extracted from the literature, the mass
density of the printed Fe-Si cores falls within the range of 6.5
g/cm?® to 7.3 g/cm’. This range is notably lower than that of
fully dense parts, which typically exhibit a mass density of 7.5
g/cm’. The observed difference is attributed to the partial
diffusion of powder particles, large amount of porosity, and
the presence of unremoved binder within the printed part.

Manufacturing Fe-Si cores with satisfying dimensional
accuracy using BJ poses a serious challenge. This challenge
mainly arises from a substantial shrinkage, reaching up to
20%, occurring after heat treatment [68]. This shrinkage
results from the consolidation of the printed powder and the
removal of excess binder. While reducing the heat treatment
temperature and duration can mitigate shrinkage, such
adjustments often come at the expense of deteriorating the
mass density and yield strength of the final part. In this regard,
it has been demonstrated that the application of Hot Isostatic
Pressing (HIP) sintering technology can enhance both the
mass density and mechanical strength of printed parts [69].
Additionally, introducing a small quantity of sintering
additives, such as B, into the main powder can improve the
consolidation process during printing, consequently leading to
relatively enhanced mechanical properties [68].

C. Soft Magnetic Cores Printed via DED

Directed Energy Deposition (DED), also known as Laser
Engineering Net Shaping (LENS), has been employed in
numerous research studies for printing Fe-Co and Fe-Ni soft
magnetic cores. In [70], several Fe-Co samples with varying
Fe percentages ranging from 30% to 70% were printed using
DED. The samples were compared in terms of magnetic
saturation, coercivity, and mechanical properties. The findings
revealed that the maximum magnetic saturation increased with
higher Fe percentages, indicating a positive correlation.
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Fig. 5. Distribution of utilized AM methods and materials for 3D printing of
hard magnetic cores (PMs) in the literature (soft magnetic cores are excluded).

However, the coercivity exhibited a non-monotonic change
with variations in composition. The sample with 55% Fe
showed the highest values for both maximum hardness and
yield strength among the printed samples. In the study
presented in [66], the impact of laser power (ranging from 200
W to 400 W) and heat treatment on the electromagnetic and
mechanical characteristics of Fe-Co samples was investigated.
A notable trend was observed, indicating a decrease in
hardness with an increase in laser power. Additionally, a two-
step heat treatment process, consisting of an initial treatment
at 950 °C followed by a subsequent treatment at 500 °C, led to
a significant reduction in coercivity. In the findings reported in
[65], the successful 3D printing of Fe-Co cores is highlighted,
showcasing an outstanding balance of high mechanical
strength and high ductility. Notably, a remarkable maximum
yield strength of approximately 600 MPa was achieved for the
heat-treated Fe-Co cores, surpassing the values reported for all
3D printed Fe-Co cores using DED. Furthermore, when
compared to the commercial Hiperco, which has a yield
strength of 200 MPa, the results indicate an impressive
increase of yield strength by around 200%. This suggests a
promising approach for overcoming the limitations associated
with traditional process metallurgy methods. Research on the
3D printing of soft magnetic cores using DED has mainly
focused on Fe-Co cores rather than Fe-Si cores. Regarding
this, experimental results from existing literature on the
characteristics of 3D printed Fe-Co cores by DED are
summarized in Table IV. Specifically, in [64], magnetic test
ring samples of Fe-Co were manufactured using DED and
subsequently heat-treated at 865 °C for 4 hours. The recorded
maximum magnetization saturation falls within the range of
2.3 to 2.4 T, demonstrating compatibility with the commercial
Hiperco 50A. However, the lowest achieved coercivity was
measured to be around 60 A/m, which was higher than the
coercivity of Hiperco SOA. Mechanical test results indicate a
yield strength of 265 MPa for the 3D printed samples,
representing a 33% increase compared to their commercial
counterparts. A clear correlation was established between the
initial grain size of the AF Fe-Co cores and the applied
printing power, with higher printing power yielding larger
grains. Following heat treatment, a noticeable increase
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Fig. 6. The effect of post-magnetization on magnetic characteristics of 3D
printed PMs (composite of NdFeB + SmFeN + PA 12, printed via MEX) [71].

in grain size was observed, exhibiting an inverse relationship
with laser power; specifically, lower printing power resulted in
the largest grain size post-heat treatment. These findings align
with anticipated outcomes arising from differences in cooling
rates. Increased cooling rates are expected to induce higher
residual stresses in the AF samples. Heat treating samples with
higher residual stress triggers earlier recrystallization in the
heat treatment cycle, allowing more time for grain growth and
consequently leading to larger grain sizes post-heat treatment.

IV. 3D PRINTED HARD MAGNETIC CORES

In this section, the electromagnetic and mechanical
properties of 3D-printed rare-earth and non-rare-earth PMs are
investigated and compared to commercial PMs produced via
conventional sintering and bonding methods. Over 70 studies
on 3D printed PMs have been reviewed and categorized based
on the printing method and PM material used. As shown in
Fig. 5, MEX and LPBF are the most widely adopted AM
methods, representing 48% and 43% of the relevant literature,
respectively. The remaining 9% includes DED, BJ, and cold
spray techniques. Regarding the PM materials, the studies
primarily focused on NdFeB, accounting for 64% of the
research. Ferrite magnets comprised 13% of the studies, while
the remaining research examined Alnico, SmCo, SmFeN, etc.

A. NdFeB

Among commercial PMs, NdFeB is the most energy-dense
and is widely used in high power density EMs. Its widespread
use, coupled with its high cost, has made it a dominant focus
of research in 3D printing of PMs, as advancements in this
area offer significant potential benefits.

Selective laser melting (SLM) and selective laser sintering
(SLS), both of which fall under the category of LPBF, are
widely used for 3D printing NdFeB magnets. In SLM, NdFeB
powder is fully melted using a high-power laser, producing
parts with near-theoretical density, which is crucial for
achieving high magnetic performance. In contrast, SLS heats
the powder just enough to fuse the particles together with the
help of a bonding agent, without fully melting the NdFeB
powder. SLS is typically used to print polymer-bonded NdFeB
magnets by mixing NdFeB powder with a polymer matrix. As
a result, NdFeB magnets produced by SLS have lower density
compared to those made by SLM, due to the presence of the



polymer, leading to potentially weaker magnetic properties.
However, printing NdFeB magnets using SLM requires
careful attention to print parameters, as the high temperatures
involved in the process can cause oxidation and magnetic
degradation of the magnet which is a current challenge in this
area. Additionally, the large thermal stresses caused by the
rapid heating and cooling rates in SLM can easily lead to
cracking in printed NdFeB magnets, which must be carefully
managed. In [72], optimized laser parameters and a re-
scanning strategy were proposed, resulting in a crack-free
NdFeB magnet with high relative density of 96.7% and
maximum energy product of 85.9 kJ/m?, achieved by reducing
thermal gradients during the printing process. The effect of
post-heat treatment and LPBF parameters on the magnetic
properties of printed NdFeB magnets was investigated in [73,
74]. The study in [73] examined maximum heat treatment
temperatures ranging from 500 °C to 800 °C in 50 °C
increments, with a 30-minute hold time, across three sets of
printing parameters. The results indicate that the magnetic
properties of the magnets can be adjusted through the careful
selection of LPBF process parameters and the post-process
heat treatment temperature. Magnets with low initial
coercivity after printing demonstrated a significant
enhancement in coercivity, remanence, and maximum energy
product. However, it was also shown that increasing the heat
treatment temperature beyond an optimal value led to a
significant deterioration of the magnetic properties.

In MEX technique, NdFeB powder is mixed with polymer
material and then extruded to print the desired geometry. In

this context, the amount of NdFeB powder incorporated into
the composite material is an important parameter known as the
“loading fraction”, the square of which is proportional to the
maximum energy product of the PM. The typical loading
fraction for 3D printed bonded NdFeB magnets now reaches
up to 0.7 by volume, which is comparable to conventional
injection molding at the same loading fraction and somewhat
lower than the compression molding process, which has a
loading fraction of around 0.8 by volume. In the context of 3D
printed NdFeB magnets via MEX, the type of polymer
material used in the magnet composite significantly influences
the magnet's density, printability, and mechanical, thermal,
and magnetic properties. Currently, Polyamide 12 (PA 12) is
the most commonly used polymer in the literature for 3D
printing NdFeB PMs via MEX. In [75], a comparison was
made between using PA 12 and thermoplastic polyurethane
(TPU) in 3D printed bonded NdFeB magnet. The results
showed that using TPU allowed for a higher volume fraction
of NdFeB in the printed part, leading to improved magnetic
performance, particularly an increase in the maximum energy
product from 25.9 kJ/m* (PA 12) to 47.5 kJ/m* (TPU).
However, the study also revealed that magnets printed with
PA 12 exhibited much better mechanical and thermal
properties compared to those printed with TPU. Post-
magnetizing printed magnets using an external field is a
critical step to achieve desirable magnetic properties. In this
context, [71] investigated the effect of post-magnetization for
a composite of NdFeB + SmFeN + PA 12, fabricated using
MEX. The printed magnets were subjected to post-

TABLE V
PROPERTIES OF SOME 3D PRINTED PMS IN THE LITERATURE COMPARED TO COMMERCIAL PMS

Magnet type Pl;)l(elrhc(::;m Rema;l;;lce, B Intrlll;i:c[ l:zj:’:]lwty, Maz}]li;l:;g[;l/( ‘;])/r;l)l(}l]uct, Relz:ne\;les i\'/:;l;lol/:l]etl‘lc Tensile strength [MPa]| Ref
0.3 708 15.3 47.4 - [76]
0.385 721 24.1 57.7 - [77]
0.55 825 - 90 - [78]
0.563 516 359 90.9 - [79]
0.59 695 45 92.1 - [24]
LPBE 0.62 1790 65 >94 - [80]
0.65 637 62.8 91 - [81]
0.66 725 63 - - [73]
0.7 438 48.1 - - [74]
0.85 718 85.9 96.7 - [72]
NdFeB 0.3 980 - 46.5 - [82]
0.37 950 - 52.6 10.4 [83]
0.5 907 43 63.8 20.4 [84]
MEX 0.51 688 43 63.2 6.6 [85]
0.58 708 58.1 68.4 - [86]
0.72 875 87.5 - - [71]
B 0.3 716 - 45.7 - [87]
0.31 1345 - 56.6 - [88]
0.364 989 - - 82.4 [89]
Cold spray 0.49 700 - - 215 [90]
Commercial NdFeB (bonded) 0.35-0.8 440-1200 22-95 53-82 22-43 (injection molding) |[91, 92]
Commercial NdFeB (sintered) 1.2-1.5 870-950 280-430 ~100 ~80 [93]
0.21 245 - 58 39.9 [94]
. 0.22 281 - 57 - [95]
Ferrite MEX 0.264 196 : - : [96]
0.383 271 26.3 97 - [97]
Commercial Ferrite 0.2-0.4 210-360 7-42 70-96 ~34 [98]
DED 0.81 151 30.8 >99 - [99]
Alnico LPBF 0.9 108 49.4 - - [100]
DED 0.92 142 478 - - [101]
Commercial Alnico 0.7-1.35 50-152 34-80 95-99 20-450 [102]
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Fig. 7. Magnetic characteristics of Fe-Si and Fe-Co cores printed by different AM techniques, compared with commercial laminations.

magnetization under external fields ranging from 0 to 4,000
kA/m, as illustrated in Fig. 6. The results reveal a substantial
increase in remanent flux density, from 0.37 T for the as-
printed magnets to over 0.7 T for the post-magnetized ones.
Furthermore, the effect of the temperature during the post-
magnetization was investigated for temperatures between 25
°C and 257 °C. The study showed that increasing the
temperature to a specific value for each applied magnetization
field resulted in optimal magnetic properties. However, further
increases in temperature led to a deterioration of these
properties. It was concluded that post-magnetizing the samples
at 1,200 kA/m and 205 °C achieved a maximum energy
product of 87.5 kJ/m*, which is a significant improvement
compared to the non-post-magnetized sample with maximum
energy product of around 24 kJ/m?.

B. Ferrite and Alnico

Ferrite PMs, also known as ceramic magnets, are made from
iron oxide combined with another metallic element, such as
barium (Ba) or strontium (Sr). Therefore, Ba-ferrite and Sr-
ferrite are two widely used types of ceramic PMs, with Sr-ferrite
offering superior magnetic properties, making it the preferred
choice for more demanding applications. Alnico magnets are
another common type of rare-earth-free PMs composed
primarily of aluminum, nickel, and cobalt. Although both ferrite
and alnico PMs have weaker magnetic properties compared to
NdFeB, they offer unique advantages in EM applications due to
their low cost, as well as superior thermal stability and corrosion
resistance. In the context of 3D printing ferrite and alnico
magnets, the low cost of their raw materials shifts the emphasis
from minimizing material waste to creating complex geometries
with suitable magnetic characteristics. These intricate designs are
often challenging or impossible to achieve with conventional
manufacturing techniques but can unlock new opportunities for
optimal design of EMs through the potential of AM. However, at
the current stage of AM's maturity, the focus of literature is to
print magnets with magnetic performance comparable to that of

commercial magnets. In this regard, the characteristics of some
3D printed ferrite and alnico magnets are listed in Table V and
compared to their commercial counterparts. Particularly in [97],
a successful 3D printing of Sr-ferrite magnets was reported using
material extrusion (MEX). The printed samples achieved 97% of
the relative full density with good magnetic characteristics,
including a remanence of 0.38 T and an intrinsic coercivity of
271 kA/m, which are comparable to commercial Sr-ferrite
magnets produced via injection molding. For alnico magnets,
which have much lower coercivity compared to ferrite and
NdFeB, maintaining sufficient coercivity in 3D printed alnico
magnets is crucial for their applicability in EM applications,
where resistance to demagnetization is a key requirement.
Among the reported characteristics for 3D printed alnico
magnets in the literature, [99-101] reported coercivity values
between 100 and 150 kA/m, which are comparable to high-
quality commercial alnico magnets as listed in Table V.

V. COMPARISON AND DISCUSSION

This section provides a comparative discussion on the
electromagnetic and mechanical properties of 3D printed soft
and hard magnetic cores, using different materials and 3D
printing methods, with respect to commercial laminations and
PMs available in the market. Additionally, the current status
and printing capabilities of commercially available 3D
printers, and key research directions in this topic are examined
and discussed.

A. Soft Magnetic Cores

Figure. 7 illustrates the magnetic flux density of 3D printed
soft magnetic cores measured at 1000 A/m versus maximum
relative permeability in the HT state. The data are categorized
based on material and printing technique, and comparisons are
made with three commercial laminations. For Fe-Co cores
manufactured by LPBF and DED, the printed cores exhibit
magnetic flux density within the same range as commercial
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Fig. 8. Remanence and intrinsic coercivity of 3D printed NdFeB [24, 71-90, 103-113], ferrite [94-97], and alnico magnets [99-101, 114] vs commercial PMs.

Hiperco but with noticeably lower maximum permeability. Fe-
Si cores with standard Si content demonstrate a similar flux
density compared to commercial 35A300. Maximum
permeability values reported in the literature generally range
from 3400 to 16000, with some cases surpassing the
maximum permeability of their commercial counterpart,
particularly in [49] and [50]. In the category of Fe-Si cores
with high Si content printed by LPBF, a similar trend is
observed, with some cases showing considerably enhanced
maximum permeability compared to commercial JNEX. In
comparison to soft magnetic cores printed by LPBF and DED,
those printed by BJ exhibit considerably inferior magnetic
characteristics. This may be attributed to the presence of
porosity and traces of non-removed binding agent in the
material. Additionally, the tradeoff between lowering the heat
treatment temperature and shrinkage in binder jetted cores
may lead to an improper heat treatment procedure, resulting in
deteriorated  characteristics. Concerning the electrical
resistivity, data from existing literature provided in Tables II,
111, and IV suggest that, the 3D printed cores generally exhibit
comparable or higher electrical resistivity with respect to
commercial  laminations. Regarding the mechanical
characteristics, the 3D printed cores demonstrate enhanced
yield strength in comparison to their commercial counterparts
in many reported results as listed in Table II.

Regarding heat treatment, the literature summarized in
Tables II, III, and IV indicates that for 3D printed Fe-Si cores
fabricated via LPBF, single-stage heat treatment for 1 hour at
temperatures ranging from 1100°C to 1200°C yields more
favorable magnetic properties. In the case of Fe-Co cores
printed via LPBF and DED, a two-stage heat treatment
process for 2-4 hours, at temperature between 700°C and

1000°C, achieved more promising results. In the case of BJ,
longer holding durations of up to 6 hours or adopting multi-
stage heat treatment appear to result in more acceptable
magnetic properties for Fe-Si cores. However, there is a
notable lack of sufficient studies in the literature regarding the
proper heat treatment for obtaining suitable magnetic
characteristics in magnetic cores printed via BJ.

B. Hard Magnetic Cores

The remanence and intrinsic coercivity of 3D printed
NdFeB, ferrite, and alnico magnets are illustrated in Fig. 8.
For 3D printed NdFeB, remanence values typically range from
0.3 T to 0.7 T across most studies, except in [72], where a
remanence of 0.85 T was achieved using the LPBF process.
Reported coercivity values generally range from 400 kA/m to
1,200 kA/m, except in [80], where high coercivity values of
around 1800 kA/m were achieved. It is also observed that
NdFeB magnets printed via LPBF generally exhibit better
magnetic properties compared to those printed using MEX.
This can be attributed to the higher relative density achieved
with the LPBF process, which allows for a greater load of
NdFeB powder in the printed magnet. Overall, the remanence
and coercivity of 3D printed NdFeB magnets are comparable
to commercial bonded NdFeB magnets (Table V). However,
when compared to commercial sintered NdFeB magnets,
which have remanence values of 1.2 T or higher, the 3D
printed magnets are significantly weaker. In terms of
mechanical strength, the reported data in the literature covers a
wide range. However, studies in [90-92] reported printing
NdFeB magnets using the cold spray method, achieving higher
tensile strength compared to both commercial bonded and
sintered NdFeB magnets as listed in Table V.
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TABLE VI

SPECIFICATIONS OF SOME COMMERCIAL METAL 3D PRINTERS, CATEGORIZED BY PRINTING METHOD
Printing Printer name Manufacturer Laser/nozzle Part dimension Layer Build volume  Max. build Ref.
Method description accuracy height (um) (mm) rate (cm®/h) .
DMP Flex 100 3D Systems 1 laser, 100 W 50 pm 10-100 100x100x90 - [115]
XM 200 G2 XACT Metal 2 lasers, 400 W - 20-100 150x150%150 16 [116]
HBD 1000Pro HBD 8 lasers, 500 W 50 pm 20-120 660%x660x1250 - [117]
LPBF SLM 125 Nikon SLM 1 laser, 400 W - 20-75 125x125x%125 25 [118]
SLM 500 Nikon SLM 4 lasers, 700 W - 20-90 500%280x365 171 [119]
FormUp 350 AddUp 4 lasers, 500 W 100 pm - 350%x350%350 - [120]
Print Genius 400 XL Prima Additive 4 lasers, 500 W - 20-100 430x430x1000 120 [121]
PX 100 Markforged 1 head, 70400 nozzles 0.5% 42 250x217x186 1000 [122]
HP Metal Jet S100 HP 6 heads, 63360 nozzles - 35-140 430%309%140 1990 [123]
BJ X160 Pro Desktop Metal 4 heads, 4096 nozzles - 30-200 800x500%400 3120 [124]
Production System P-1 Desktop Metal 8 heads, 4096 nozzles 0.5% 30-200 200x100x40 1350 [125]
Production System P-50 Desktop Metal 8 heads, 16384 nozzles 1.0% 30-200 440x330%250 12000 [125]
Meltio M450 Meltio 1 nozzle, 6 lasers (200 W) 500 um - 145x168x390 - [126]
DED Modulo 400 AddUp 1 nozzle, 2000 W laser 200 pm 200-700 650%400%600 150 [127]
Magic 800 AddUp 1 nozzle, 2000 W laser 200 pm 200-700 1000x1800%1000 130 [128]
AMDroid ADDITEC 1 nozzle, 6000 W laser 250 pm 800-1200 1800x1250%1400 500 [129]
Metal X Markforged 2 nozzles 500 pm 85-170 300%220x180 - [130]
MEX Forgel Raise3D 2 nozzles - 100-250 300%300%300 - [131]
Studio System 2 Desktop Metal 1 nozzle - 50-300 300x300x200 - [132]
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Printer cost
affordability

Mass density
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Suitability for multi-
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Fig. 9. Comparison of main AM techniques for printing magnetic cores of
EMs.

For 3D printed ferrite magnets, the remanence falls within
the range of 0.2 T to 0.3 T, which corresponds to low-grade to
middle-grade commercial ferrite PMs. However, in [97],
ferrite magnets with a remanence of 0.38 T were printed using
the MEX method, which are comparable to highest grades of
commercial ferrite magnet. For 3D printed alnico PMs, high
coercivity values of up to 151 kA/m have been achieved,
which is comparable to the highest grades of commercial
alnico. However, the remanence in most cases falls between
0.7 T and 0.9 T, corresponding to the middle grades of
commercial alnico magnets.

C. Status of AM Methods and Commercial Metal 3D Printers

To provide a clearer perspective on the performance of
different 3D printing methods, Table VI presents a list of some
commercial metal 3D printers available in the market,
categorized by the printing technique utilized, along with their
detailed characteristics as declared by their supplier.

Furthermore, a comprehensive comparison of the printing
techniques in the context of manufacturing magnetic cores are
presented in Fig. 9. According to the comparative magnetic
characteristics presented in previous parts, LPBF stands out as
the commonly used and has demonstrated more promising
results overall among the 3D printing methods for producing
soft and hard magnetic cores. This can be attributed to the
maturity of LPBF technology, which has been continuously
developed for over two decades. LPBF-based printers are
currently the most suitable choice for high quality metal 3D
printing, offering a minimum printing accuracy of 50 pm. The
high printing accuracy of the LPBF technique makes it the
ideal choice for implementing intricate eddy current loss-
limiting patterns in magnetic cores. When applying these
patterns to the magnetic cores of EMs, the material filling
factor, which directly affects the machine's power rating,
should be as high as possible. Achieving this requires
minimizing the distance between pattern layers, which is
governed by the printing accuracy of the AM method. If the
minimum distance between the pattern layers is incompatible
with the 3D printer's resolution, the layers may be short-
circuited, becoming ineffective in reducing eddy current
losses. In this regard, the LPBF technique is considered as the
most suitable method for applying eddy current limiting
patterns. Furthermore, in LPBF technique, minimum surface
roughness of 5 pum Ra is achievable by allowing the
adjustment of the layer height down to 10 pm [115]. The
resulting parts exhibit near-full density, exceeding 99% of the
fully dense part. However, drawbacks include a very low
printing speed, typically around 90 c¢cm3/h for medium size
printers [133], the necessity for supporting structures, and high
printer price.

In contrast, BJ printing technology offers very fast printing
speed and eliminates the need for support structures. For
instance, in “Production System P-507, the printing speed
reaches up to 12,000 cm?*h, making it ideal for high-volume
production [125]. Nonetheless, a significant challenge with the
BJ is its low dimensional accuracy due to high and not
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Fig. 10. Ongoing and future research directions in 3D printing of magnetic cores for electrical machine components.

perfectly controllable shrinkage occurred post-printing
sintering, which is roughly 20% [68]. Additionally, based on
the reviewed literature, iron alloys printed via BJ exhibit very
low mass density, typically around 90% of the fully dense
part, and also sub-optimal magnetic characteristics.

DED presents advantages such as the ability to print highly-
dense parts, with densities in the range of 97% to 99%, and
relatively fast build rates of up to 700 cm?*h. DED-based
printers also offer excellent capabilities for multi-material
printing. Many DED printers are equipped with multiple
material feeds, and their advanced control systems enable the
simultaneous mix and deposition of different materials. DED
also provides excellent integration with CNC machining in
hybrid machines, enabling both additive and subtractive
manufacturing in a single setup. Some commercial DED-CNC
systems already offer this capability as in [127, 128]. This is
particularly useful for repairing worn-out parts, where material
is added only in the necessary areas and then precisely
machined for a perfect fit. However, DED-based printers have
the drawback of printing parts with a very low surface finish
quality. This often necessitates post-machining, which in turn
leads to increased material waste.

MEX offers significant flexibility for printing metal-polymer
composite materials, as it allows for cost-effective adjustments
to the composition of the filament feedstock. This makes it
well-suited for applications like manufacturing bonded
magnets, where custom geometries and material blends are
important. MEX printers are generally much more affordable
compared to other AM technologies due to their simpler
printing mechanisms. However, compared to other 3D printing
methods, MEX generally ranks in the low to middle range in
terms of surface quality, printing speed, and accuracy, often
requiring post-processing to improve surface finish.

D. Ongoing and Future Research Outlook

The AM of metallic components is rapidly evolving,
presenting significant opportunities for the design of magnetic
cores in EM application. Figure 10 illustrates the current and
future key research directions in the AM of magnetic cores for
EMs, along with examples that provide further clarification of
the discussed topics. One key research outlook that is
currently in its early stages is the selective control of the
material's microstructure at the microscale. This approach
potentially enables precise and localized control of anisotropic
permeability, allowing the magnetic flux to be guided in
specific directions within certain regions. A potential
application of this concept could be in the rotor of SynRMs,
where flux guides and barriers could be engineered at the
microscale rather than the traditionally used macroscale.
Furthermore, advancements in engineering the microstructure
of printed cores could also be utilized to locally tailor the
mechanical properties of high-speed rotors, strengthening
regions that experience the highest stress levels.

Advanced 3D magnetic core designs, enabled by the design
freedom offered by AM, is an ongoing research direction that
leads to innovative EMs with enhanced performance.
Additionally, this opportunity can be leveraged to implement
integrated cooling systems within the active components,
improving thermal performance, increasing reliability, and
reducing costs. Multi-material printing is another area of AM
that is under development and has the potential to enable more
advanced design and manufacturing of EMs. This feature
allows for the co-printing of different materials and regions,
such as magnetic flux guides and barriers in SynRMs, or the
co-printing of PMs and rotor cores. Such advancements can
result in designs with improved mechanical strength, reduced
assembly steps, and enhanced reliability. However, a current
challenge in multi-material printing is the occurrence of
mechanical defects and cracking in the final parts due to the



different thermal expansion coefficients of the materials used.
This limitation currently restricts the selection of material
pairs to those with very similar thermo-mechanical properties.
More advancement in this topic requires further study on
graded material transitions or advanced process monitoring.

Another recent research outlook in the 3D printing of
magnetic cores is the development of recyclable magnetic
cores or the utilization of recycled materials for printing
magnetic cores. This approach is particularly important for
rare-earth magnets, as it can lead to significant cost reductions,
more stable market prices, and greater environmental benefits.

While advancements in this field are rapid, several
challenges still need to be addressed. In addition to the
existing challenges in achieving desirable magnetic
characteristics for 3D printed magnetic cores and minimizing
mechanical defects, scalability remains a significant concern.
Currently, AM of magnetic cores is at the prototype stage.
However, scaling AM processes for mass production requires
further innovations in faster printing techniques, such as
binder jetting, to enable the large-scale production of magnetic
cores for industrial applications.

VI. CONCLUSION

This study provides a comprehensive exploration of the
electromagnetic and mechanical characteristics of soft and
hard magnetic cores produced using additive manufacturing
(AM), particularly in the context of electrical machine
applications. The commonly employed AM techniques and
materials are considered for both soft and hard magnetic cores,
with detailed analyses of their printing procedures,
advantages, and limitations. The impact of heat treatment on
the printed soft magnetic cores is also addressed, revealing a
significant positive influence on the magnetic properties of
printed cores. The heat treatment process notably enhances
permeability while decreasing coercivity, achieved through
stress relief and grain size enlargement.

The analysis of printed soft and hard magnetic cores
highlights a significant influence of the chosen AM method on
their multi-physics properties. This influence stems from the
distinct particle bonding, melting, or sintering processes
associated with each technique. When comparing various AM
methods in production of soft magnetic cores, it becomes
evident that cores produced with binder jetting generally
exhibit noticeably inferior characteristics compared to those
produced using laser powder bed fusion (LPBF) and directed
energy deposition methods. The survey underscores that, in
most cases, the relative permeability of printed cores are
considerably lower than that of commercial laminated cores.
However, the difference in saturation flux density is in general
less pronounced. For 3D printing permanent magnets, NdFeB
is the most extensively researched material. Analysis shows
that NdFeB magnets produced through LPBF and material
extrusion exhibit characteristics similar to those of commercial
bonded NdFeB magnets, with LPBF offering better
performance than material extrusion in general. Despite this,
3D printed NdFeB magnets are still not comparable to
commercial sintered NdFeB magnets. In terms of mechanical
strength, many studies have reported comparable or even
superior characteristics in printed soft and hard magnetic
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cores. It's important to note that, despite being in its early
stages, 3D printing technology shows great potential to
compete with conventional manufacturing processes for
producing magnetic cores with fine-tuned characteristics.
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