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ABSTRACT Powder Bed Fusion - Laser Beam (PBF-LB), a form of additive manufacturing (AM) for Nd-Fe-B
permanent magnets, is attracting substantial interest for its ability to process functional magnetic materials while
capitalizing on AM's design flexibility and waste reduction. As the demand for rare-earth magnets declines due to
scarcity and high costs, AM emerges as a pivotal player in the future of electrical machines. However, crack
formation and delamination during laser-based AM hinder the production of hard magnetic Nd-Fe-B components,
compromising part integrity. This paper addresses these challenges by successfully controlling laser scan strategies
and presenting an approach to minimize delamination. Resin infiltration is explored as a potential solution to
mitigate residual cracking. Optimized scan strategies and resin infiltration enhance the structural integrity of
printed magnets, meeting specific application requirements. As a vessel to investigate the proposed approach for
the AM of Nd-Fe-B magnets, a Permanent Magnet assisted Synchronous Reluctance motor has been designed
using a particular shape of permanent magnets enabled by the AM. Experimental results align with the FE findings,
showcasing a 12% increase in average torque using PBF-LB-produced permanent magnets. This indicates that
AM's enhanced design freedom, unconventional shapes, and minimal post-processing contribute to improved
reliability, efficiency, and overall performance.

INDEX TERMS Additive Manufacturing, Magnetic properties, Nd-Fe-B permanent magnets, Permanent Magnet

assisted Synchronous Reluctance (PMaSynRel) motors, Powder bed fusion - laser beam (PBF-LB).

I. INTRODUCTION

Nd-Fe-B magnets are widely used in electro-magneto-
mechanical devices [1,2] owing to their high energy density
and good magnetic stability [1]. Traditionally, Nd-Fe-B
magnets are manufactured using conventional sintering
methods and require machining to realize their final geometry
and dimensions. Due to manufacturing constraints, the
geometries achievable for Nd-Fe-B magnets are usually
limited to rectangular or circular cross-sections. Additive
Manufacturing (AM) has previously demonstrated excellent
capabilities to manufacture net-shape parts with high degrees
of design freedom, eliminating the need for additional
machining, thus minimizing material waste. Considering the
potential use of topology optimization for next generation
electric machines [3], the design freedom of AM applied to
permanent magnets has the potential to enable more powerful
and efficient devices. Using AM also reduces waste of rare-
earth elements due to the possibility of reusing the unfused
powder in subsequent builds. This is particularly attractive
because of the environmental impact of extracting the rare-
earth elements and their availability [4]. Permanent magnet
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motors are used in e-mobility and aerospace applications
requiring high efficiency, performance, and power density [5].
Therefore, adopting AM to produce Nd-Fe-B magnets is a key
enabler for improving a motor’s performance by means of
more complex magnet geometries whilst saving precious
resources. Nd-Fe-B magnets have been produced by various AM
techniques [6-14], e.g. extrusion-based methods, electron beam
melting (PBF-EB) and powder bed fusion - laser beam (PBF-LB).
The magnetic properties of the permanent magnets produced by
PBF-LB were found to be superior to those by extrusion-based
techniques owing to the higher metallic density produced with
this process, and in comparison, to the e-beam produced sample
due to the presence of the preferable permanent magnetic phase.
Although PBF-LB was shown to produce magnets with
comparable properties to conventionally produced isotropic
magnets, there still exist some challenges that need to be
addressed. Previous studies were mainly focused on optimizing
the process parameters (e.g. laser power, scan speed, hatch
distance) that are directly related to the magnetic properties of the
produced parts [12]. For instance, Bittner et al [11,12]. reported
that remanence was improved from 0.52 T to 0.63 T through
1
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tuning the process parameters. Further improvements using this
approach were inhibited by the fact that the material started to fail
by delamination at excessive energy inputs [12,13,15]. Besides
process parameters, the integrity of the parts was also affected by
the sample’s size and geometry [13], which were limited. The
brittle material mainly suffered from micro-cracks attributed to
thermal and phase transition stresses [13]. As a result,
delamination was mainly observed at the corners while cracks
were randomly distributed across the whole sample [11,13]. On
one hand, delamination during processing inhibits successful
production of magnets with certain geometric designs necessary
for specific applications [13]. However, the mechanical
properties deteriorated with the presence of the cracks,
compromising the performance of the magnets. To better support
the notion of the application of this material, minimizing
delamination for any geometric design and inhibiting the
propagation of cracks are of great importance.

Permanent magnet assisted synchronous reluctance (PMaSynRel)
motors present a rotor structure formed by a combination of air
barriers (partially filled by PMs) and ferromagnetic iron paths to
conduct the flux through the rotor structure, and their torque
production is given by two components: the reluctance and the
permanent magnets. PMaSynRel motors are more cost-effective
with lower permanent magnet content compared to internal and
surface permanent magnet machines, in which torque production
occurs mostly owing to the presence of magnets. The introduction
of permanent magnets to pure reluctance machines can yield a
significant improvement in terms of torque and power [16]. To
create rotor slots to allow the insertion of conventional
rectangular shaped permanent magnets, it is a common practice
to modify the optimal shape of the flux barriers described by the
Joukowski function [17]. This choice is clearly not preferred and
limits the performance’s improvement. Indeed, shaping the
permanent magnets to fully fill the optimal shaped flux barriers is
expected to lead to improved performance.

In this study, in-process scan strategy during PBF-LB processing
and post-process resin infiltration were studied to produce curved
permanent magnets for a PMaSynRel machine. The performance
of the machine are analyzed by finite element analysis (FEA),
using the measured magnetic characteristics of the magnets.
Additionally, the performances of the machine equipped with the
as built and resin infiltrated magnets were compared in an
experimental setup that measures the induced voltage at no load
conditions. Experimental verifications of both the as-printed and
resin-infiltrated magnets were conducted and compared with the
simulation results.

Il. Permanent Magnet Assisted Synchronous Reluctance
Machine
The exploitation of AM techniques to produce permanent
magnets that can be integrated into an optimal SynRel structure,
with shapes that would be otherwise challenging to achieve, is
proposed, and assessed. With the aim of testing the performance
of PBF-LB Nd-Fe-B magnets, a 4-poles 24 slots SynRel machine
prototype was considered as a case study. Its design was
optimized to operate without permanent magnets, however, as
discussed earlier, the permanent magnets’ insertion can
significantly benefit the torque generation. The general
dimensions of the baseline machine are given in FIGURE 1 and
Table 1. For simplicity, and to minimize the number of permanent
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magnets to insert into the rotor, only the innermost air layers were
selected for magnet insertion (FIGURE 1 (b)). A magnetization jig
was printed with Polyamide (PLA) filament using a fused
deposition modelling (FDM) Ultimaker 3D printer (Ultimaker
B.V., Netherlands), to hold the produced magnets for
magnetization in a specific orientation using a MAGSYS
magnetizer (MAGSY'S magnet system, Germany). The magnets
were inserted into the air barriers of the rotor (as shown in FIGURE
1 (c)) to enhance the torque and power production.

FIGURE 1. Schematic of a) the geometry of the laminated rotor and b) the
magnetization orientation and dimensions of the PBF-LB Nd-Fe-B permanent
magnets to be inserted into the laminated rotor; c) photograph of the
PMaSynRel motor with the inserted as-built magnets.

TABLE 1
GENERAL DIMENSIONS OF THE PMASYNREL MACHINE.
Value Unit
Stator outer diameter 102 [mm]
Rotor outer diameter ~ 59.4 [mm]
Air gap length 0.3 [mm]
Lamination stack
length 50 (mm]
Stator and Rotor

Lamination Material M470

lll. Production of the Nd-Fe-B permanent magnets using
PBF-LB

Pre-alloyed gas atomized Nd-Fe-B powder (MQP-S-11-9-
20001) with a chemical composition of
Nd7.5Pr0.7Zr2.6Ti2.5C02.5Fe75B8.8 [18] was supplied by
Magnequench (Germany). The powder was sieved using a 75
pum sieve and dried at 65 °C for 1h prior to PBF-LB processing.
The specimens were manufactured using a Renishaw AM125
system (Renishaw, United Kingdom), equipped with an
yttrium fiber continuous wavelength laser with a maximum
power of 200W and a spot size of 40 um operating in a pulsed
mode. The feedstock material was kept in sealed bottles before
use and the processed samples were stored in vacuumed bags
to avoid oxidation. The parts were manufactured under argon
atmosphere with an oxygen level below 500 ppm, on a mild
steel build-plate, heated up and maintained at 190 °C during
processing (the highest temperature achievable on the system)
to reduce the thermal gradient during solidification to
minimize the residual stresses and warping.

A. Scan strategy study on the structural integrity

The employed parameter combination was optimized and
published in an earlier study [13], and the main ones are: a layer
thickness of 30 um, a point distance of 65 um, an exposure time
of 72 s, a hatch distance of 100 um, and a bi-directional scan
strategy with a rotation of 67° between layers. To produce the
magnets for insertion in the motor for application assessment,
each magnet with the geometry shown in Table 2 (b) was printed
on a cubic support structure. The choice of the cubic support
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structure was based on the material’s physical brittleness.
Intricate support structures with thin walls, commonly used in
other materials, were not suitable for this material. To provide
the fundamental mechanical support for the samples, yet be able
to easily remove the supports, parameters resulting in a lower
relative density were employed for the latter. The parameter
combinations used to process the parts and the supports are
displayed in Table 2, resulting in relative densities of 91% and
85%, respectively [13].
TABLE 2

PARAMETER COMBINATIONS APPLIED TO PROCESS THE PARTS AND THE SUPPORT
STRUCTURES USING THE THREE TESTED SCAN STRATEGIES.

Scan Rotation Parar’r_]etel_’
1D between  combinati
strategy |
ayers on
a) Layer n+1 U_ni- )
Part A directiona  90° Layer
| thickness:
30 um
Uni- Hatch
directiona distance:
b) | 100 pm
Part B (Perpendi  180° Laser
cular to power:
the long 100 W
edge) Point
Uni- distance:
directiona 65 pm
| Exposure
) (Perpendi  180° time: 72
Part C
cular to us
the short
edge)
Layer
thickness:
30 um
Hatch
distance:
Cubic support structure . 100 pm
Uni- Laser
> directiona  180° power:
D : [ 100 W
= Point
distance:
65 pum,
Exposure
time: 55
us

Given the peculiarity of this material when it comes to PBF-LB
processing, to cope with the geometry of the magnets, three scan
strategies were tested with the aim of minimizing delamination
during production and improving the structural integrity of the
printed parts. Strategies with variations in the scanning
directions in a layer and the rotation between layers were
designed. These strategies are schematically illustrated in Table
2 and hereafter denoted as A, B, and C. The design of the scan
strategies was guided by prior understanding of the formation of
the thermal cracks during processing [13]. Based on the
temperature gradient mechanism (TGM) applicable to PBF-LB
of an iron-based material [40], the part’s geometry (i.e. the
cross-section per layer) and time-varying parameters during the
process using different scan strategies can influence the local
temperature of the parts, resulted in varying thermal gradient
and residual stress. This Nd-Fe-B material is prone to
delamination at boundaries and sharp corners [13]. Rather than
the bi-directional scan strategy used in the previous research
[13], a unidirectional one was found to reduce defects at the
boundaries and corners of the samples. It was found that the
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parts produced with the unidirectional scan and 90° of rotation
between the layers (“A”) showed best structural integrity
without significant surface defects compared to parts “B”,
where the layers were rotated by180° from each other. In the
case of the latter, delamination was observed in the extruded
region, which was poorly mechanically restrained. This agrees
with earlier findings in the literature. The 90° rotation of scan
vectors between the layers was reported to be beneficial in
reducing the part distortion [42,43] and enhancing the
mechanical properties of the samples owing to lower
temperature gradients [44] according to the TGM. Compared to
parts “B”, parts “C” were produced using shorter scan vectors
following the shorter edge of the cross-section (as illustrated in
Table 2) and showed significantly poorer structural integrity.
Parts “C” failed prematurely during the manufacturing process,
most possibly due to the higher thermal gradient when
processed by shorter scan vectors. Based on the temperature
gradient mechanism (TGM) [40], this can be explained as
follows: at a fixed scan speed of the laser beam, each point in a
scan track will be partially re-melted sooner by the neighboring
scan track due to the shorter scan vector and therefore a higher
temperature could be reached. Consequently, a higher thermal
gradient would generate more residual stresses during cooling,
resulting in severe deformation and part distortion.

Parts “A”, “B” and “C” produced using the various scan
strategies tested in this study are shown in FIGURE 2. The
structural integrity of the parts was significantly affected by the
scan strategy (scan direction and rotations between the layers).
The impact of the thermal stresses arising during the PBF-LB
process on the quality of the printed materials is well-
established [39-41]. Both the transient and residual thermal
stresses developed in the part are associated with the process
parameters and the material’s properties. Compared to other
alloys, such as stainless steel, titanium and aluminum alloys
[13], the combination of low thermal conductivity and fracture
toughness of Nd-Fe-B makes it more prone to cracking during
processing and imposes more limitations on the achievable
geometries. The material’s low thermal conductivity leads to
high thermal gradients, resulting in elevated thermal stresses.
Additionally, the material’s low fracture toughness renders it

prone to crack propagation during processing.
| b) Part B |

a) Part A c) PartC

|
|
|
|
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|
|
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|
|
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|
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FIGURE 2. Photographs of the produced parts using the scan strategies as
shown in a) b) and c) respectively in Table 3. The cubic support structure can
be seen under the main part.

B. Effect of resin infiltration
Using the optimized scan strategy resulted in the best structural

integrity, multiple samples were printed on one build plate to
maximize productivity, as shown in FIGURE 3 (a). A sample was
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also analyzed using X-ray micro-computed tomography (UCT)
using a Xradia 500 Versa X-Ray Microscope (Zeiss,
Oberkochen, Germany) using the following setup: accelerating
voltage of the X-ray tube source 160 kV, source current 63 JA,
projections 1601, exposure time 24 s, geometric magnification
6.1X and optical magnification 0.4X. The pixel/step size
(resolution) was 5.5 um. The sample was placed 22 mm away
from the X-ray source and 113 mm from the detector. X-ray
imaging and volumetric reconstruction were performed using a
filtered back projection reconstruction algorithm. Although
samples of sufficient structural integrity were produced, micro-
cracks were observed across the whole sample in the uCT scans,
as shown in FIGURE 3 (b).

FIGURE 3. a) PBF-LB Nd-Fe-B samples with designed geometric shape
printed with the optimized scan strategy and parameter combination to be
inserted into the laminated rotor; b) The p-CT images showing micro-cracks

across the parts.

To test whether resin infiltration can be a viable route to address
this matter, epoxy resin EpoFix from Struers (Denmark) was
infiltrated to the printed samples using the vacuum chamber of
the CitoVac vacuum mounting machine (Denmark), which
ensures no presence of air for better impregnation of the
samples. EpoFix is a low viscosity epoxy system where the resin
and hardener are mixed at a volumetric ratio of 15:2, which can
cure at room temperature after 12 hours. To demonstrate the
infiltration of the resin into the samples, EpoDye from Struers
(Denmark) was added to EpoFix, which made it distinguishable
under the confocal microscope ZEISS LSM 900 (ZEISS,
Germany) equipped with fluorescent light.

The formation of cracks in this material during processing is
attributed to the high thermal gradient during cooling and
solidification due to the brittle nature of the alloy [13]. The
robustness of the as-built samples was weakened by the
presence of these interconnected cracks, as can be seen in
FIGURE 4 (a). The more significant negative impact of the
crack networks and the fragility of the samples was evident
during the insertion of the magnets in the rotor in the application
demonstration later in this paper. This was the main driving
force behind testing the feasibility of using resin infiltration to
realize consolidation and structural integrity of the printed
magnets. A representative cross-section of an infiltrated is
presented in FIGURE 4 (b) where the green regions denote the
infiltrated EpoFix resin system with the EpoDye as observed
using the optical microscope under the fluorescent light. Visual
inspection of the samples at the microscopic level confirmed
that the samples were bonded by the resin that infiltrated
through the open cracks and pores because of the low viscosity
of the resin system and the vacuum environment.
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a) White light b) Fluorescent light
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FIGURE 4. a) optical micrograph under the white light showed the cracks and
pores which would weaken the performance of the magnet in the application;

b) open cracks and pores were infiltrated and bonded by the resin.

Cylindrical samples of 10 mm diameter and 10 mm height were
produced to test the magnetic properties of the samples with and
without post-process resin infiltration. The magnetic properties
were tested using the Steingroever GmbH-Permagraph test
system (Magnik-Physik, Germany) after magnetization in a 2T
external magnetic field. To assess the structural integrity of the
printed magnets, cylindrical samples of 13 mm diameter and 26
mm height were produced for uniaxial quasistatic compression
tests. The tests were conducted using an Instron 5581 universal
testing machine equipped with a 50 kN load cell following the
ASTM E9-19 Standard [19]. The crosshead speed was set to
0.078 mm/min, resulting in a strain rate of 5x10-s. The strain
data was collected using two linear variable displacement
transducers (LVDT). The test was stopped when the sample
fractured. The mechanical properties of the as-built and resin-
infiltrated samples are listed in Table 3. The compression tests
revealed that the average compressive strength of the resin
infiltrated samples (325.8 MPa) was nearly threefold that of the
as-built samples (105.8 MPa). Nevertheless, the compressive
behavior of the magnets produced in this study in either
condition surpassed that of conventional bonded magnets (95
MPa [20]). Although the compressive strength was still
relatively low compared to conventional sintered Nd-Fe-B (780
MPa [21]), the positive effect of the low temperature infiltration
method is still a significant improvement for this application.
Compared to post-process heat-treatment, the resin infiltration
process is a low-temperature technique that avoids problems
from high temperature post processing. It aids in expanding the
range of applications where these parts can be used without the
drawback associated with high temperature post processing, in
terms of the effect on the microstructure and consequent
magnetic properties. Table 3 also lists the magnetic properties
of the magnets produced in this study, with and without resin
infiltration. The intrinsic coercivity Hg is the resistance of a
magnet to demagnetization, the remanence By is the residual
induction, and the maximum energy product (BH) max denotes
the maximum amount of magnetic energy stored in the
permanent magnetic material. The magnetic properties of the
resin infiltrated samples were comparable to the as-built
samples, whereas both were higher than the conventional
isotropic bonded magnets. This is attributed to the higher
metallic density in the samples produced by PBF-LB. However,
the presence of the polymeric resin in the infiltrated magnets
limits their thermal bearing capacity, similar to the case of
traditional bonded magnets [2]. Although metal infiltration and
conventional metallic heat-treatments are common as methods
to enhance mechanical properties of PBF-LB parts, i.e. the
structural integrity, of magnets [24-35], the high temperature
involved influences their microstructure and magnetic
properties [26,27,30,31,34-37]. Resin infiltration is also a low
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cost method compared to metal infiltration [29,32] using low
melting temperature alloys rich in the rare-earth element.
Compared to the sintered Nd-Fe-B magnets, the composition of
the PBF-LB material requires significantly less rare earth
element (Nd); this is due to the rapid solidification speed during
processing and the resultant nanocomposite microstructure [38].

Considering the above aspects, it can be concluded that resin
infiltration is more suitable at the current stage to enhance the
structural integrity of the originally crack-rich and porous PBF-
LB Nd-Fe-B and consequently the capabilities of real
applications in the motor during assembly and operation.

TABLE 3
COMPARISON OF THE MECHANICAL AND MAGNETIC PROPERTIES OF THE AS-BUILT AND RESIN INFILTRATED ND-FE-B MAGNETS PRODUCED USING PBF-LB AND THE

CONVENTIONAL MAGNETS.

Compressive

; Br H Hei (BH)max  Metallic ~ Powder
Anisotropy strength . . Ref.
(MPa) ) (KA/m) (kA/m)  (KJ/m3) density composition
As-built 105.8+2.3 0% s 603 62 NdysProsZr.
91% 6Ti25C025Fe;  This
Resin 0.6 sBss (MQP-  work
infiltrated 325.8+8.6 5 343 637 62.8 S)
5um
MQFP-12-5
(Nd17.2Pr0.
; 3Fe75.1Ce6.
Isotropic
Conventional 0.3 4B1.0) and
bonded 95 [20] 6 - 720 22 80% 50 pm MQP- [22]
S
(Nd7.5Pr0.7
Zr2.6Ti2.5C
02.5Fe75B8.
8)
05 1416 42 99.9%
Conventional . 3 i ~h Nd2s.25DY275
sintered 13 FeesrerAlo1sG  [23]
Anisotropic 780 [21] 3' - 1480 356 99.9% a01NDo1Bo.gs

IV. Analyzing and testing the PBF-LB Nd-Fe-B magnets in
the PMaSynRel machine

A. Analysis using the Finite Element Method

Finite Element Analysis (FEA) was conducted using
commercial electromagnetics software, Ansys Maxwell 2D,
to assess the performance of the SynRel motor with and
without permanent magnets. Different parts of the motor are
depicted with arrows in FIGURE 5(a). SynRel and
PMaSynRel machines were analyzed with FEA using the
obtained magnetic properties of the permanent magnets from
the previous tests to obtain their electromechanical
performance. Due to the periodic nature of the machine (4-
poles 24-slots symmetrical winding configuration) only a
quarter of the whole machine was analyzed, using planar
symmetry boundary conditions. The finite element mesh used
in the analysis is shown in FIGURE 5 (b). The resulting
magnetic flux density distribution of the PMaSynRel at no-
load condition was simulated to show the resulting magnetic
flux density distribution. After the initial analysis, current was
imposed in the windings to obtain electromagnetic torque. To
determine the contribution of the permanent magnets, various
operating points were considered and analyzed. The results
considering the no-load condition obtained for the
PMaSynRel and the resulting magnetic flux density
distribution is depicted in FIGURE 6 (a). The resulting torque
of the PMaSynRel and SynRel machines are reported in
FIGURE 6 (b).

VOLUME XX, 2017

a)

Air barriers Magnets

FIGURE 5. Schematic illustration of a) the parts of the PMaSynRel and b)
finite element mesh of the PMaSynRel model.

The electromagnetic torque of the SynRel and PMaSynRel
increased with increased current; a considerable improvement
of average torque of the PMaSynRel was observed at rated
current condition with a 12% increment; this is due to the
torque generation mechanism with the assistance of the
permanent magnets. The torque improvement increases as the
current increases; indeed, at rated current, the torque gain due
to the PM insertion is 12% while at double the rated current
becomes 17%. It is important to note that only the inner slots
of the air barriers of the rotor were populated by the
permanent magnets in this study. Introducing more
permanent magnets to a SynRel could obviously yield to a
higher improvement in terms of torque and power.
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FIGURE 6. a) Magnetic flux density distribution of the PMaSynRel motor
at no-load condition; b) Torque versus current characteristics of
PMaSynRel and SynRel machines from finite element analysis.

B. Demagnetization Analysis

During the operation of an electrical machine, the permanent
magnet can be demagnetized if there is a magnetic field that
acts against the magnetic flux of the permanent magnets.
When it occurs, the magnetic properties of the permanent
magnets are permanently reduced thus leading to a loss of
performance of the machine. Key dominant factors affecting
the resistivity against demagnetization are coercivity and
temperature. With the increasing temperature both the
remanent flux density of the magnet and the coercivity
decreases for Neodymium type magnets. BH curves of the
permanent magnet at 20°C, 50°C and 100°C are shown in
Figure 7. The demagnetization study is conducted by
considering both different temperatures and operating
conditions. The first operation is the nominal operation at 25
Apeak current amplitude and 60° phase advance angle
corresponding to maximum torque per ampere (MTPA)
point; the second one is the case where the phase advance
angle is 90°. The latter is a much worse case that might
happen during a short-circuit when the magnetic field
produced by the stator is counteracting on the permanent
magnets or in deep flux weaking operating condition.

BH Curves of the Magnet

B (kGs)

-10 -8 -6 -4 2 0
H (kOe)

Figure 7. BH curves of the magnet at different temperatures.

The following key performance index is considered to
evaluate the average demagnetization severity over the
magnet area:

KPI Demag = ( fMagnet aroa SDeMag d(MagnetArea))

MagnetArea
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where the SDemag is the severity of the demagnetization
between 0 and 1. SDemag is the ratio of recoil remanent
flux density to the reference remanent flux density. When
SDemag is 0, magnet is completely demagnetized, and
recoil remanent flux density equals to 0. Conversely when
SDemag is 1, there is no demagnetization. In general,
definition of kPI Demag naturally makes it in a scale from 0
to 100 and 0 indicates there is absolutely no demagnetization.
Results of the demagnetization analysis are presented in
TABLE | for different cases. Upon investigation, magnets
are going through a negligible amount of demagnetization up
to 100°C. To further elaborate on the demagnetization
performance SDemag is shown on the magnets in the
FIGURE 8. It is worth noting that most of the
demagnetization occurs on the lower left and lower right
corner of the magnets due to the presence of sharp corners in
the FEM model. It can be inferred that permanent magnets
will experience a negligible demagnetization during the

normal operation of the electrical machine.
TABLE 4
RESULTS OF DEMAGNETIZATION ANALYSIS

25Apeak 50° Phase Advance Angle

Index Temperature
20°C 50°C 100°C
KPI Demag : Magnet 1
[%] 2.13 3.05 4,01
KPI Demag : Magnet 2
[%] 2.11 3.03 3.98
25Apeak 90° Phase Advance Angle
KPI Demag : Magnet 1
[%] 2.34 3.4 4,69
KPI Demag : Magnet 2
[%] 2.31 3.37 4.64
SDemag SDemag
4 Max 1.00 A Max: 1.00
¢ .r 00 ¢ .1 0o
099 | 098
098 096
097 094
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a) b)

Figure 8. Demagnetization maps showing severity of the demagnetization
at 25Apeak current amplitude and 90° phase advance angle at: a) 20°C b)
100°C.
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C. Manufacturing and Test

Once the design and analysis stages were completed, the
PMaSynRel prototype was manufactured. Two sets of
magnets, as-built and resin-infiltrated conditions were
inserted into the laminated rotors. The surfaces of the
magnets started fragmenting during the insertion into the
rotor. The brittle nature of this material and the prior
knowledge of its cracking behavior indicated the necessity
for post-process treatments to improve the structural
integrity of the samples. After the magnets, the motor
prototype was installed on an instrumented test rig shown in
FIGURE 9 (a) and connected with a load motor (as shown in
FIGURE 9 (a)) via a mechanical coupling. The prototype
motor was rotated by the load motor at constant speed (1000
RPM). The induced voltage at no load condition, i.e. without
current in the windings, was captured and saved using an
oscilloscope (Agilent Technologies, MSO-X-2024A, USA)
as displayed in FIGURE 9 (b). The prototype motor with the
inserted magnets, as-built and resin-infiltrated, were tested
individually and the induced voltages were compared with
the results obtained from the FEA. The root mean square
(RMS) of the voltages at no-load condition of the machines
from FEA and experiments of the two prototypes (as-built
and with resin infiltration) are shown in FIGURE 10 and

Table .
a) | ] &

- Prototype Motor Load Motor §

FIGURE 9. a) Test rig of the prototype PMaSynRel machine; b) No-load
induced voltage of the PMaSynRel prototype machine.

TABLES
COMPARISON OF THE FEA ANALYSIS AND EXPERIMENT RESULTS.
Experiment
FEA
. Resin
As-builtPM infiltrated PM
RMS Value [V] 195 114 17.1
Difference [%] - -41.5 -12.5

As presented in

Table , the induced no-load voltage of the PMaSynRel
machine with the as-built permanent magnets was
significantly lower than the expected FE values with a
reduction of 41.5% in terms of RMS value. The large
percentage of discrepancy suggests a significant fracture of
the PMs during the assembly process.

In the other hand, the machine prototype equipped with the
resin infiltrated permanent magnets shows a much lower the
reduction of the induced voltage (12%).

Indeed, the propagation of the cracks and part fracture during
the assembly process were minimized due to the bonding
effect of the resin within the resin infiltrated parts, supported
by the enhanced mechanical properties of the resin infiltrated
samples (Table 3).

Figure 10 (b) reports the spectrum of the FE and measured
induced voltages. It can be clearly seen that in terms of first
harmonic, the experimental results obtained with the resin
infiltrated PM are very closed to the FE prediction, being the
reduction less than 1V, i.e. less than 5%.

V. Summary

This research has demonstrated the capability and
effectiveness of fabricating Nd-Fe-B permanent magnets
using laser powder bed additive manufacturing to meet the
requirements for the application of a PMaSynRel machine.
The shapes of the Nd-Fe-B magnets produced with
conventional manufacturing are usually rectangular or
circular due to the difficulty of machining the magnetic
material consisting of the predominant brittle intermetallic
phase Nd.Fe14B [47]. Additive manufacturing allowed more
complex geometries to be produced without further
machining and enabled customized and bespoke designs
without the usual cost and time overhead seen in traditional
manufacturing. After inserting only one layer of permanent
magnets into the air barriers of the rotor in this study, the
torque and power produced by the PMaSynRel machine
improved in the range of 10-15% compared to the SynRel
machine without the permanent magnets, as shown in
FIGURE 6. In previous studies that investigated the
processing of Nd-Fe-B magnets using-PBF-LB, the density
of the parts was constrained by the formation of cracks and
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delamination during the rapid heating and cooling process
upon laser irradiation [10,12,13]. In addition, defects were
significantly observed in the parts with extruded corners due
to excessive residual stresses, which weakened the strength
of design freedom and structural integrity for the application.

a L
) 50 —FEA Analysis
— Experiment (Resin Infiltrated
401 Permanent Magnets)
Experiment (As-built
30 Permanent Magnets)

N
o

Voltage [V]
S

ot |
I
101
-20 1
-30 1
40 . . . )
0 10 20 30 40
Time [ms]
b 251
) I FEA Analysis
I Experiment (Resin Infiltrated
Permanent Magnets)
207 [T Experiment (As-built
Permanent Magnets)
2'15 r
[0}
k=]
2
c
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Harmonic Order
FIGURE 10. Test results: a) voltage waveforms and b) spectrum of the

induced voltage.

The pores and micro-cracks can act as initiation sites for
crack propagation and contribute to low fracture toughness.
The low fracture toughness, due to the existence of cracks
and pores in this material, diminished the reliability during
assembly and operation to meet the requirement of the
application. Integrating the findings from the previous study
on crack formation in this material [13], it was verified
experimentally in this study that the structural integrity of the
samples with customized shape was significantly enhanced
through scan strategy optimization. Improved temperature
management through extensive parameter optimization on
this crack-prone material has the potential to further improve
the geometric design freedom, relative density, and enhanced
magnetic properties. The effectiveness of using PBF-LB to

manufacture the permanent magnets for an electrical
machine with an optimized geometric design was also
successfully demonstrated. Using the optimum combination
of parameters and scan strategy, near-net-shape samples can
be fabricated within a single build without further
machining, which is time and energy effective. Using
vacuum resin infiltration as a low-temperature and cost-
effective method significantly enhanced the mechanical
properties of the samples, whilst maintaining the permanent
magnetic properties. The magnetic properties were superior
to conventional bonded isotropic magnets owing to a lower
volumetric percentage of resin. Compared with metal (e.g.
Nd/ Pr-rich alloys) infiltration, resin-infiltrated parts cannot
bear high temperature (more than 200 °C). Developing a new
resin system with a high decomposition temperature,
solidification strength and hardness, as well as low viscosity
would be beneficial to better support wider applications.

VI. Conclusions

Using PBF-LB to additively manufacture Nd-Fe-B
permanent magnets with a customized geometry to meet the
requirement of the application has been investigated in this
study. The findings concluded the following:

1. The capability to produce Nd-Fe-B magnets using PBF-
LB has been demonstrated to meet the geometrical design
requirements for the PMaSynRel machine.

2. The integrity of the parts was affected by the scan
strategy as well as the sample’s size and geometry. The
scan strategy using unidirectional scan tracks in each
layer alongside a rotational degree of 90° between the
layers yielded the best structural integrity.

3. The brittle nature of the PBF-LB Nd-Fe-B made insertion
of the magnets into the motor difficult, where the
magnetized fractured parts also magnetically coupled
with each other and affected the overall magnetic
performance during operation. The trend of the
performance of the as-built magnets without post process
infiltration agreed with the simulation results. However,
defects were introduced in the magnets during
magnetization and insertion into the laminated rotor,
which resulted in a 41.5% reduction in voltage compared
to the simulation results.

4. Resin infiltration was shown to be effective in
permeating the open cracks and pores of the magnets,
enhancing their mechanical properties during assembly
and operation. As a result, the performance of the motor
formed by the resin-infiltrated magnets was improved
compared to the non-infiltrated magnets, where the
difference from the simulation results was reduced to
~12.5%.
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