
An overview of mnal permanent magnets with a study on their potential in
electrical machines

Downloaded from: https://research.chalmers.se, 2026-04-04 19:38 UTC

Citation for the original published paper (version of record):
Kontos, S., Ibrayeva, A., Leijon, J. et al (2020). An overview of mnal permanent magnets with a
study on their potential in electrical machines. Energies, 13(21).
http://dx.doi.org/10.3390/en13215549

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



energies

Article

An Overview of MnAl Permanent Magnets with a
Study on Their Potential in Electrical Machines

Sofia Kontos 1,*, Anar Ibrayeva 2, Jennifer Leijon 2 , Gustav Mörée 2, Anna E. Frost 2,
Linus Schönström 3, Klas Gunnarsson 1, Peter Svedlindh 1, Mats Leijon 2,4 and
Sandra Eriksson 2

1 Division of Solid State Physics, Uppsala University, 752 36 Uppsala, Sweden;
klas.gunnarsson@angstrom.uu.se (K.G.); peter.svedlindh@angstrom.uu.se (P.S.)

2 Division of Electricity, Department of Engineering Sciences, Uppsala University, 752 36 Uppsala, Sweden;
anar.ibrayeva@angstrom.uu.se (A.I.); jennifer.leijon@angstrom.uu.se (J.L.);
gustav.moree@angstrom.uu.se (G.M.); anna.frost@angstrom.uu.se (A.E.F.);
mats.leijon@angstrom.uu.se (M.L.); sandra.eriksson@angstrom.uu.se (S.E.)

3 Division of Physics and Astronomy, Uppsala University, 752 36 Uppsala, Sweden;
linus.schonstrom@physics.uu.se

4 Division of Electrical Machines and Power Electronics, Chalmers University of Technology,
412 96 Göteborg, Sweden

* Correspondence: sofia.kontos@angstrom.uu.se

Received: 8 July 2020; Accepted: 20 October 2020; Published: 23 October 2020
����������
�������

Abstract: In this paper, hard magnetic materials for future use in electrical machines are discussed.
Commercialized permanent magnets used today are presented and new magnets are reviewed
shortly. Specifically, the magnetic MnAl compound is investigated as a potential material for
future generator designs. Experimental results of synthesized MnAl, carbon-doped MnAl and
calculated values for MnAl are compared regarding their energy products. The results show that the
experimental energy products are far from the theoretically calculated values with ideal conditions
due to microstructure-related reasons. The performance of MnAl in a future permanent magnet (PM)
generator is investigated with COMSOL, assuming ideal conditions. Simplifications, such as using an
ideal hysteresis loop based on measured and calculated saturation magnetization values were done
for the COMSOL simulation. The results are compared to those for a ferrite magnet and an NdFeB
magnet. For an ideal MnAl hysteresis loop, it would be possible to replace ferrite with MnAl, with a
reduced weight compared to ferrite. In conclusion, future work for simulations with assumptions
and results closer to reality is suggested.

Keywords: rare earth-free; permanent magnets; electrical machines; renewable energy; COMSOL

1. Introduction

Upcoming technologies for a future electrified and sustainable society demand high awareness
of the materials in use. Several materials are seen as critical with regards to sustainability [1].
The environmental impact of the rare earth element (REE) industry is evident in different parts of
the process, both in the mining and the refining. In the mining industry, it may not be the impact
of the REEs themselves, but instead, of other minerals found in the same deposit sites. In refining,
there can be emissions in milling, in separation, or in later parts of processing the mineral into a useful
metal [2,3].

Another important problem with REEs is the risk around availability [4]. Indicative of this is high
and unstable price, which has been the case throughout the last few decades [5]. The situation has
been linked to dominance from actors with a strong market power, who are able to control the price
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and supply [4]. REE mining had historically been dominated by the American Mountain Pass mine,
until the 1990s. China has grown since then to become the number one producer, both in REE mining
and refining. Even though almost all production is in China, there are several other unused reserves
in other countries. There are still many reserves in the USA, and other big reserves in India, Brazil,
Australia, Vietnam and Russia, but these are not used to the same extent [6]. An alternative European
finding has also been proposed in Norra Kärr near the lake of Vättern in Sweden [7].

Many of the applications of REEs are associated with green technology such as wind power and
electric vehicles. This has caused some researchers to warn of a crisis, due to the future development
of a dependency on REEs [1,4,8]. One important usage of REEs is for permanent magnet materials
such as NdFeB and SmCo, used in generators and electric motors.

Building generators for renewable energy technologies involves making decisions on materials to
match the system requirements. Moreover, with the increasing interest in electric vehicles, new electric
motors are designed with goals such as high efficiency, low cost, and high reliability. Motors for electric
vehicles were previously reviewed in [9].

Magnetic materials made of neodymium-iron-boron (NdFeB) are often included in generators and
motors. Permanent magnets (PMs) for electrical machines should preferably have a high remanence,
high energy density, and should withstand demagnetization due to external fields and temperature.
Two groups of frequently used magnets that match these requirements are hard ferrite and rare-earth
(RE) magnets (e.g., NdFeB magnets) [9,10]. Concerns regarding performance, cost, the environment,
and social standards affect the magnet chosen for the specific application. In a report by Schlör [11],
the social footprint of RE materials for PMs was studied, and concluded that some PM production sites
caused a social risk. Thus, research on new magnetic materials has been of great interest, investigating
alternative combinations of materials which could generate the desired magnetic field and overall
performance. This is reflected in the scientific literature. For example, RE-free PMs were reviewed
by Cui et al. [12] as well as by Li et al. [13]. Wind power generators without RE magnets were
discussed by Khazdozian, Hadimani, and Jiles [14], and strategies to change to these were reviewed
in Pavel et al. [15]. Moreover, the recycling of NdFeB magnets from generators was discussed by
Kumari et al. [16]. A review on RE-free electric vehicles was presented in Riba et al. [17], and an electric
vehicle ferrite PM motor was described in Gennaro et al. [18]. Research on generators for renewable
energy with RE-free PMs is presented by Eklund, Eriksson and Sjökvist in [19–21].

It is therefore of great interest to find alternative materials for PMs without REE. The main
alternatives today are hexagonal structured ferrites, which have both a stable availability and a low
price. There is, however, a large gap between NdFeB and ferrite in key aspects, such as the energy
product (BHmax). This serves as a possibility for new hard magnetic materials that could cover this
gap [22]. Here, MnAl is seen as having potential for filling this role.

In this paper, potential hard magnetic materials for electrical machines are in focus. Specifically,
the compound MnAl [23] is evaluated as a potential magnetic material for generators. The methodology
of the work is to utilize experimentally obtained data on MnAl as an input for simulations on different
generators, and to compare the results with simulations on a generator including ferrites or NdFeB
magnets. Thus, no experiments on electrical machines are included. The paper is structured as follows:
firstly, theory and background to PM materials for electrical machines are presented. Thereafter,
the method used for the analysis of future MnAl magnets for electrical machines is presented. This is
followed by the results from the simulations. Finally, the discussion and conclusions are presented,
suggesting some future research directions for MnAl magnets for electrical machines. This initial
study on MnAl for generators is limited, for example, there are limitations due to the accuracy of
the simulations, no full experiments are included, and only a few types of generators are studied.
This suggests that more research could be performed in the future.
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2. Theory and Background

2.1. Behavior and Properties of Linear Permanent Magnets

A permanent magnet (PM) in an electrical machine will be operating at a point in the second
quadrant of the B vs. H hysteresis curve. The second quadrant is the region where the magnetization
and flux density remain positive (M > 0, B > 0), but the magnetic field is negative (H < 0). Naturally,
generator design focuses on this part of the curve. This specific section is often referred to as the
demagnetizing curve. The PM remains magnetized in the desired direction while the magnetic field
strength is working in an opposite direction. The magnetic field strength here is caused by the
currents in the electrical machine and by the impact of the demagnetizing field from the magnet itself.
The principle of electrical machines, i.e., generators and motors, is described by Faraday’s law of
induction:

U = −N
dΦ
dt

, (1)

where U is the induced voltage, N is the number of turns in the coil, and dΦ/dt is the time-varying
magnetic flux which can be induced by either electromagnets or PMs. The magnetic flux density of
hard magnetic materials with constant permeability in the operation region can be described by the
following equation:

B(H) = µ0µrH + Br , (2)

where µ0 is the permeability of free space, µr is relative permeability, and H is the applied field [17].
Magnets with non-linear permeability after reaching a critical demagnetization operate in the
demagnetizing curve and enter a reversal curve that creates a minor loop: a so-called recoil curve.
This curve is often approximated by a recoil line, i.e., a linear model of a minor loop. The trajectory
of the reversal curve or the linear model points towards a new lower residual magnetic flux density
(remanence), Br,rec or Br,new. When the magnetic field increases up to zero, it reaches a new lower
remanence flux density [24]. The linearization of the recoil line is called recoil permeability, µrec.
This permeability should not, however, be confused with the more common permeability that is used to
model soft magnetic materials. In a soft magnetic material, the hysteresis is usually neglected, and the
linear model of the permeability (µ) crosses the origin for alternating applied fields. In models of hard
magnetic materials the recoil permeability, µrec, is used in combination with an offset, the remanence
Br,rec. The model for hard non-linear magnetic materials could thereby be written as

B(H) = µ0µrecH + Br,rec. (3)

The recoil permeability would be µrec = 1 for an ideal PM with constant magnetization. The recoil
permeability is near 1, or assumed to be 1 for many common materials such as NdFeB, SmCo and
ferrites. However, some materials have a significant demagnetization, such as Alnico, with deviating
recoil curves and higher recoil permeability. In those cases, it is more complicated to conduct a
linear approximation.

The PM characteristics in Table 1 are often relevant when designing electrical machines [25,26].
Other important aspects are chemical, mechanical and thermal properties, and cost. Furthermore,
the second quadrant of the B vs. H hysteresis loop (H < 0, B > 0) is of high importance.

NdFeB (general composition Nd2Fe14B) and SmCo (which is manufactured in two compositions:
SmCo5 and Sm2Co17) are two different kinds of RE magnet alloys based on the RE metals Nd and Sm.
Sm2Co17 has higher Hci values than SmCo5 and thus offers greater inherent stability.

NdFeB was invented in the 1980s and is popular in electrical machines due to its properties
corresponding very well to those desired in electrical machines [26], which also explains the increasing
demand. However, its Curie temperature (Tc) is only about 310 ◦C and magnetocrystalline anisotropy
constant (K1) is negligible at 150 ◦C, which of course limits the operating temperature. Another major
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drawback with NdFeB is that it contains critical raw materials, which has led to large price fluctuations
since its invention.

Table 1. Some properties of permanent magnets (PMs) relevant to electrical machines.

Quantity Symbol [unit] NdFeB SmCo Ferrite Alnico Reference

Remanence Br [T] 1.08–1.49 0.87–1.19 0.20–0.46 0.55–1.37 [27]
Intrinsic coercivity Hci [kA/m] 876–2710 1350–2400 140–405 38–151 [27]

Relative permeability µr [-] 1.0–1.1 1.0–1.1 1.05–1.2 1.3–6.2 [27]
Energy product (BH)max [kJ/m3] 220–430 143–251 6.4–41.8 10.7–83.6 [27]

Density D [kg/dm3] 7.4–7.5 8.2–8.5 4.9–5.1 6.8–7.3 1, 2

Electrical resistivity ρ [nΩm] 12–16 50–60 or 530–900 107–1011 470–750 1, 3, 4, 5

Curie temperature Tc [◦C] 310 720–820 450 800 [28]
Maximal operation temperature Tmax [◦C] 150 250–350 300 500 [28]

1 Standard Specifications for Permanent Magnet Materials. https://allianceorg.com/pdfs/MMPA_0100-00.pdf.
2 Samarium Cobalt Magnets, SmCo Magnets Datasheet. http://www.eclipsemagnetics.com/. 3 Ferrite Magnets /
Ceramic Magnets Datasheet. https://www.eclipsemagnetics.com/. 4 NdFeB Magnets / Neodymium Iron Boron
Magnets Datasheet. https://www.eclipsemagnetics.com/. 5 Characteristic physical properties of sintered NdFeB
magnet material at 20 ◦C. https://neorem.fi/.

Ceramic magnets, also known as hard ferrite magnets (general composition BaO:6Fe2O3 or
SrO:6Fe2O3), have been used commercially since the 1950s thanks to their low cost. Their energy
product is low, at least six times smaller than for NdFeB magnets, therefore a larger mass is needed in
order to compensate. This limits the range of applications where they can be used.

2.2. Materials That Could Be Used in Future Electrical Machines

In the PM research field it is current interestto fill the gap, in terms of performance of the magnets,
between ferrite and RE magnets, as can be seen in Figure 1. A new magnet with an appropriate
price/performance ratio of not more than about 1 $/J is suggested to be suitably economically
efficient [22,29,30]. A material with those properties could enhance the performance and reduce the
weight of devices that currently include ferrites, and decrease the cost of devices that include RE
magnets. Currently, bonded RE magnets, i.e., composites with PM powder embedded in a plastic
matrix, can partially fill the gap but at a high cost. One approach for plugging the gap between
ferrites and NdFeB is to replace Nd with less expensive elements. Ce-substituted NdFeB and SmCo
compounds and their alloys have been investigated [31] and show promising cost-to-performance
results. Ce is regarded as an RE metal but is still relatively abundant, making up 66 ppm of the
earth’s crust, comparing to 41 ppm for Nd [32]. Materials that could be possible candidates for
filling the gap are discussed in Mohapatra [33] and Coey [22]. Among the candidates are FePt, FeNi,
Co-carbide, Fe-nitride, ZrCo11, HfCo7, Y2Fe14B and YCo5, along with Mn-based compounds such as
MnBi, Mn2Ga and MnAl.

The MnAl τ-phase [23,33,34] that was first reported by Kono [35] and Koch [36] in the late 1950s
has been suggested as a potential replacement for ferrites as a PM [37]. Mohapatra, on the other hand,
claims that in order to compete with ferrite magnets and spread their field of application, improved PM
attributes are still required [33]. In the review presented by Patel [38], it is concluded that Mn-based
magnetic alloys (MnBi, MnAl and MnGa) have shown potential as alternatives for the replacement of
RE magnetic materials, even though a lot of work and effort is still required. In the composition range
of 50–60 at. % Mn, the metastable τ-phase which is strongly ferromagnetic can be formed [33]. No other
phases in the Mn–Al system are known to be ferromagnetic. With the intrinsic properties of saturation
magnetization (Ms) of 0.62 T (493 kA/m) [33], a Curie temperature (Tc) of 285–380 ◦C [33,39], and a
magnetocrystalline anisotropy constant (K1) of 1.7 MJ/m3 [23], τ-phase MnAl has the potential for
becoming a PM with high coercivity and a high energy product at elevated temperatures. Alloying with
carbon has shown positive effects on stabilizing the τ-phase [12,23,40,41] and it has been reported
that the material was heated and kept at 200 ◦C for several weeks without significant effects on the
magnetic properties [42]. This result differs, but is not completely opposing to the results presented in

https://allianceorg.com/pdfs/MMPA_0100-00.pdf
http://www.eclipsemagnetics.com/
https://www.eclipsemagnetics.com/
https://www.eclipsemagnetics.com/
https://neorem.fi/
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the review by McCallum [43]. Fazakas et al. reported that repeated heating up to 500◦ C did not affect
the magnetic properties of MnAlC significantly [40]. MnAl has a low cost thanks to abundant raw
materials, good resistance to corrosion and a low density (5000–5100 kg/m3) [23,40].
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There are also alternatives to the addition of carbon, such as MnAl doped with Cu, Fe, Ni, Co,
Cr, Ti, Mo, B, Zn or Ga [12,44]. Some alloys among these of interest are MnAl with boron [44,45] and
MnAl with gallium [46].

3. Experimental Data for MnAl

3.1. Energy Product and Coercivity for MnAl

The energy product, (BH)max, has been the figure of merit for PMs for a long time. It is also
often used to denote the grade of the magnet. Usually, (BH)max represents the experimental or
commercial value, whereas (BH)MAX represents the theoretically calculated potential energy product,
where (BH)max < (BH)MAX. Here are some examples of how the energy product can be calculated for a
potential replacement material, MnAl. The potential energy product for an ideal rectangular hysteresis
loop with µ0Hc>µ0Ms/2 can be described by

BHMAX =
µ0M2

s
4

(4)

where Ms is the saturation magnetization in A/m [22]. MnAl and MnAlC data from Fang et al. [23]
was converted from cgs units (emu/g) to SI (A/m) through multiplication with the density 5100 kg/m3,
giving the volume magnetization, and thereby also the Ms in A/m, for all the samples. The magnetic
flux density, B, of the sample was calculated through B = µ0(Hi + M) where Hi = H – NM, where H is
the applied field, N is the demagnetization factor of the sample and M is the magnetization. N was
estimated to be 0.5, approximating a spherical shape for the non-compacted powder particles. The field
terms were converted to SI units through the relationship 1 G ≈ 1 Oe = 1000/(4π) A/m. The experimental
energy product BHi was plotted vs. B for values in the second quadrant of the measured B:H loops,
giving the experimental BHmax values of all samples.

A true PM can be made in any desired shape, which means that coercivity must exceed the
saturation magnetization: Hc > Ms [22]. However, this is not even the case for the best magnets today
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and there is always a need for compromises. The results coming out of this simplified case will be
optimistic but aim to show the upper limits for the material’s potential.

In order to study how the material would work in a realistic situation, a sample with relatively high
magnetization and coercivity should have been chosen for this study. However, the experimental energy
products are still very low, making the modelling somewhat difficult. Instead, some simplifications
have been made, and focus is put on the best possible scenario of MnAl, assuming ideal conditions
with square hysteresis loops and µr = 1.

The maximum coercivity, Hc,MAX, can be calculated through

Hc,MAX =
2K1

µ0Ms
, (5)

where K1 is the magnetocrystalline anisotropy constant of the material. Experimentally, materials always
show Hc << Hc,MAX. The difference between theory and experiment is attributed to the effect of
magnetic inhomogeneities and explained by Brown’s paradox [47].

3.2. Calculations on MnAl

The magnetization data published in [23,48] obtained by the authors at Uppsala University have
been analyzed and some of the results are presented in Table 2 and Figures 2 and 3. In Table 2,
the experimental results have also taken non-magnetic phases into account to show the properties of
the pure τ–phase.

Table 2. Magnetic properties of calculated MnAl and experimental MnAl with an addition of carbon
and boron.

Ms Mr Hc BHMAX

µ0Ms
2/4 µ0Mr

2/4 Exp. Info

emu/g emu/g Oe kJ/m3 kJ/m3 kJ/m3

137 N.A. N.A. 153 N.A. N.A MnAl, calculated by [48]
Chosen as CASE 1.

123 16.9 672 124 2.3 2.0
Drop synth. MnAlC by [23],

Only tauphase considered. 10% weight from
nonmagnetic phases removed.

111 15.2 672 101 1.9 1.6 Drop synth. MnAlC by [23], highest exp. Ms.
Chosen as CASE 2.

123 52.0 1658 124 22 18.6
MnAlC

2 h ball-milled and relaxed from [23], 24% weight from
nonmagnetic phases removed

75.8* 42.0 3010 47 14 12.3
MnAlB

90 min ball-milled and relaxed,
highest exp. (BH)max

115 47.1 2757 108 18.1 15.6 MnAlC, drop synth., 4 h milled and relaxed
from [23], 28% weight from nonmagnetic phases removed

83 34 2757 56 9.4 8.3 Drop synth, 4 h milling and relaxed from [23]
Best result according to first author in [23].

The calculated Ms was slightly lower than that presented by Park [34], and resulted in a theoretical
energy product of 153 kJ/m3. The samples with the same doping and treatment were compared to each
other and the highest energy product results of each sample group are presented in Figure 2. The sample
groups have different optimal milling times and relaxation temperatures, since the optimal parameters
are shown together with the sample name in the label. The best theoretical energy product was found
for the as-prepared MnAlB sample with Ms = 75.8 emu/g = 387 kA/m and Mr = 42.0 emu/g = 214 kA/m,
giving theoretical energy products of 47 kJ/m3 and 14 kJ/m3, respectively, in comparison to its
experimental value of 12.3 kJ/m3. Considering nonmagnetic phases, the magnetization of the magnetic
τ-phase was 123 emu/g, giving a theoretical energy product of 124 kJ/m3. However, this non-treated
sample has almost no coercivity, and thus a value of the experimental energy product too low for
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commercial use. The sample with the highest coercivity, 5 251 Oe, is the 4 h ball-milled MnAl
(cf. [23]). However, this sample has a quite low magnetization, 22.5 emu/g comparing to 88 emu/g
(449 kA/m) and 111 emu/g (546 kA/m) for the non-treated MnAl and MnAlC, respectively. The high
coercivity result is comparable to that presented by Rial [49] despite different process routes. According
to Edström et al. [48], calculations showed that magnetocrystalline anisotropy constant K1 was at
least 1.7 MJ/m3 and Ms equalled about 800 kA/m, giving an Hc,max of 338 kA/m for MnAl, according to
Equation (4). This result is not surprising; it has been discussed in the literature that it is hard to achieve
high coercivity for RE-free PMs while keeping high magnetization [12]. Furthermore, the results
showed that the best experimental energy product was 11 kJ/m3 for the MnAlC sample that was milled
for 2 h and then relaxed, compared to its theoretical energy product 72 kJ/m3 for Ms = 93.8 emu/g
= 478 kA/m or 13 kJ/m3 for Mr = 39.5 emu/g = 201 kA/m. This can be compared to the commercial
values of ferrite (Y40-grade) which only reach up to 42 kJ/m3, and NdFeB (N52-grade), that reaches up
to 422 kJ/m3, respectively, where their theoretical values are 92 kJ/m3 (for Ms = 108 emu/g = 0.67 T [50])
and 510 kJ/m3 (for Js = 1.6 T), respectively.
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(BH)MAX for the pure τ-phase reaches 153 kJ/m3 for calculated Ms = 137 emu/g = 698 700 A/m [48],
but so far only 31.8–58.9 kJ/m3 has been achieved experimentally by other researchers [33,39,51,52].
Many of the best results were produced in the 1990s or much earlier and it is hard to find new results
matching them, probably due to different processing routes, but also due to a lack of production of full
density bulk products [38]. The difference in (BH)MAX for MnAl bulk (40–70 kJ/m3) and nanoparticles
(38 kJ/m3) was presented by Jimenez-Villacorta and Lewis in 2013 [53]. There is a need for data of bulk
samples of new PMs such as MnAl to be produced in order to generate good simulations.

For the simulation, the theoretically calculated value of Ms for MnAl (presented as case 1 in
Section 4) and the experimental Ms value of MnAlC (presented as case 2 in Section 4) were chosen due to a
superior Ms. The ideal hysteresis curves are explained in Section 3. In Figure 3, the experimental B vs. Hi
hysteresis curve is shown, specifically of the MnAl samples of the highest saturation magnetization,
highest coercivity, and the highest energy product reached in the experiments.

4. Simulations of Generators with Different PMs

In the following section, results from simulations of four generators with different PMs and
the same geometry are presented and compared. The simulations were computed in COMSOL
Multiphysics 5.4 software (https://www.comsol.com/). COMSOL Multiphysics uses the finite element
method (FEM) to solve Maxwell’s equations by finding the magnetic potential. A 2D-model which
simulated 45 degrees of the generator, i.e., 4 out of 32 poles, was used for computational efficiency.
In the air gap, a moving boundary was added so that the machine did not need to be re-meshed for
every time step due to the movement of the rotor. The PMs were simulated by setting the value and
direction of Br, as well as µrec, as input parameters. For the iron in the stator and rotor, the non-linear
BH curves were used in the simulations.

A permanent-magnet synchronous generator (PMSG) with MnAl magnets for case 1 and case 2
(see Table 2) was simulated to see if MnAl magnets could potentially be used as an alternative to
NdFeB and ferrite magnets. Two main topologies (shown in Figure 4) were used for the modelling:
a spoke-type generator with tangentially magnetized PMs [20] and a surface-mounted generator
with radially magnetized PMs [54]. According to Eklund [27], the most optimal topology of the
generator with MnAl PMs, with remanence below 0.9, for the chosen application was spoke-type
(See Figure 4a,b), while for NdFeB the optimal topology was surface-mounted PMs. A spoke-type
topology of the rotor has better protection from demagnetization of the PMs from the stator magnetic
field due to the magnetization direction of the magnets. Magnetic flux in a spoke-type electrical
machine is concentrated in poles, making it possible to use PMs with lower energy product without
increasing the rotor diameter. Simulation of the electrical machine with a rotor topology that is not
suggested for its PM type could decrease the performance of the machine. The simulated PMSG has
previously been studied both through simulations and experiments with a spoke-type rotor with ferrite
(Y40) magnets (See Figure 5c) [20,55] and surface-mounted NdFeB (N40) magnets (See Figure 5d) [54].
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The magnet height and the air gap height for the generator with NdFeB magnets [54] have both
been decreased to have the same air gap as the other generators. All four cases had the same stator
parameters as stated in Table 3, and all of the PMSGs had a rated speed of 127 rpm and an electrical
frequency of 33.867 Hz to simplify the further comparison of the generators. The internal resistance of
the generator was 0.15 ohms per phase and the load resistance was 3.5975 Ohm. More information
about the stator and other aspects of the generator can be found in [20,55].

Table 3. Stator parameters of the permanent-magnet synchronous generator (PMSG).

Parameter Value

Stator inner diameter [mm] 760
Air gap height [mm] 6.6

Length of the generator [mm] 224
Number of slots per phase per pole [-] 5/4

Rotational speed [rpm] 127

The heights and widths of the PMs were chosen such that the output voltage with no load was
the same for all the simulated generators, so the generators would have different rotor geometry,
PM volume, and PM weight. The aim for all generators was to have a no-load voltage of approximately
220 V. Output voltages, with and without a load, as well as output power for all four generators (cases)
are presented in Table 4. The inner part of the rotor was assumed to be from non-magnetic material,



Energies 2020, 13, 5549 10 of 14

and it was simulated as air in the model. In spoke-type generators, iron between permanent magnets
is added to create a path for magnetic flux, to form rotor poles and to hold magnets.

Table 4. Rotor parameters of the PMSG.

Parameter MnAl
(Case 1)

MnAlC
(Case 2)

Y40 Ferrite
(Case 3)

N40 NdFeB
(Case 4)

Rotor type [-] Spoke type Spoke type Spoke type Surface-mounted
Number of poles [-] 32 32 32 32

PM height [mm] 16.76 20.14 38 7.3
PM width [mm] 54.02 64.93 122.5 40

Remanence Br [T] 0.878 0.712 0.38 1.26
Recoil permeability µrec [-] 1 1 1.0772 1.05

Density [kg/m3] 5100 5100 4900 7500
No-load RMS voltage [V] 219.6 219.2 220.42 219.9

Load RMS voltage [V] 207.2 207.6 209.8 208.9
Output power [W] 11 933 11 977 12 135 12 233
Weight of PMs [kg] 33.1 47.8 163.5 15.7

In Figure 5a,d, the simulated topology is presented for the four different cases. Figure 5a–c are
spoke-type generators and (d) is surface-mounted. Note the different size of the PMs due to the
different values of the (BH)max. The density, volume and weight of PMs affects the size and inertia of
the generator and can be of great importance for a structure. The rotors with MnAl are heavier than
the rotor with NdFeB, but much lighter than the rotor with ferrite PMs, as stated in Table 4. Figure 5
shows the size difference of the PMs, and that the magnetic flux is quite similar on the stator side.

5. Discussion

After analyzing and comparing all magnetization data and energy products for all samples,
it can be concluded that the highest experimental energy product (BH)max, 11 kJ/m3 was achieved
for the MnAlC sample that was milled for 2 h and then relaxed. This powder sample has not
been oriented or compacted to a bulk magnet and the final value of its energy product has not yet
been confirmed. Deformation of the crystal grains and where texture is induced, e.g., through hot
compaction, could result in anisotropy and higher remanence and energy product. The process of
making a bulk magnet from powder is not straight-forward, and requires dedicated and synergic
interdisciplinary research carried out by experienced teams of metallurgists, computational experts and
material engineers and researchers, especially when it comes to obtaining PMs from non-equilibrium
synthesis and processing techniques. To the authors’ knowledge, and what was also concluded by
Cui [12], the early achievements of the 1960s and 1970s have still not been surpassed. Our samples
have not been further alloyed with other constituents that could enhance the magnetic properties.
However, there is reason to believe that an increased energy product could be achieved by such
production steps [12,53]. For the higher energy product (BH)max, a smaller volume of the magnet is
needed. In this work, the point for (BH)max was selected as a fixed working point for the material,
which is a simplification. For simplicity, the curve was considered to be linear at this point and the
recoil permeability was the permeability at (BH)max. Mr gives an estimation of the (BH)max that is
closer to the achieved experimental results, while Ms shows the potential (BH)max including many
assumptions of a perfect material. In other words, the results are not supposed to predict the near
future performance of the material. This is a preliminary study to show the potential of the material
for a given design. The potential energy product of the pure τ-phase reaches 153 kJ/m3, but so far only
about 30% of that value has been achieved.

The validity of the results greatly depends on the difference in data from small grains of MnAl to a
full bulk size of the magnet. There are still uncertainties around the difference in magnetic properties of
small and large magnetic materials. Furthermore, material scientists tend to present data in cgs-units,
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which complicates calculations for electrical machines. If there is also a lack of necessary conversion
factors, such as density, this can lead to inaccurate results in subsequent work. Frequently, the results
are presented in tables or text instead of in full hysteresis curves, which would facilitate the simulation
process. Furthermore, it is not always declared if (BH)max is calculated from Ms (Equation (3)) or taken
from the hysteresis curve, resulting in possible misinterpretation of the results.

However, in order to calculate magnet performance in electrical machines, it is important to
present not only intrinsic values but also values of Br and Hci. In order for interdisciplinary cooperation
between researchers, the density of the materials should be presented for conversion from cgs to SI
units. Of course, SI units would be preferred.

New magnets may have different strengths in different material properties. Besides magnetism,
those properties which are most valuable for certain industrial purposes are still not fully described,
and new materials are not always investigated regarding such properties.

Thus, there is a need to collaborate between different research fields. There may be benefits in
investigating opportunities for new PMs in applications even at an early stage, to develop a better idea
of which properties are desirable, and also to justify the research for future applications. It would save
time, if the designs and models are ready when future PMs reach the proper levels for applications.
In the case of MnAl, the metallurgy and magnetism of the τ-phase are remarkably complex. It took
nearly two decades of research for MnAl magnets to achieve only half of the theoretical energy product
and a modest coercivity [12,51].

It was decided not to simulate the third case of MnAl with Ms = Hc,max, since the characteristics
of that case would give almost the same results as the ferrite case due to similar values of Br: 0.38 T for
ferrite and 0.42 T for MnAl; µr = 1.08 for ferrite and 1 for MnAl; and finally, a density of 4900 kg/m3

and 5100 kg/m3 for MnAl. The higher Br for MnAl would be compensated by its lower µr and higher
density compared to the ferrite. However, it is not impossible that in the future MnAl samples of
higher remanence could be produced keeping the same coercivity, or that another material with better
properties (higher Br, higher Hc or lower density) will be discovered. Better MnAl results have been
presented in the past, hopefully, they can be reproduced or even surpassed, resulting in machine
simulation results somewhere between the ferrite and the results for MnAl in this study.

6. Conclusions and Future Work

Ongoing electrification in many different fields requires new magnetic materials, with properties
that compete with ferrites, when it comes to both performance and weight. This study indicates that
other magnetic materials, such as MnAl, could be interesting for further investigation for their use
in electrical machines, such as motors in electric vehicles or in generators. The results show that the
replacement of ferrites with, for example, MnAl, could lead to substantial weight reduction. For the
potential (BH)MAX of MnAl, the weight could be reduced to 20% compared to ferrite. The lower
weight could be important, especially for motors in electric vehicles, noting that a future study
could include simulations with motors. There is still a long way to go to achieve a high coercivity
and a temperature-stable bulk magnet for this specific material. Future studies could also include
experimental work to evaluate the potential opportunity to use MnAl in motors or generators.

In order for more detailed studies of MnAl performance in electrical machines, high energy
product materials are needed with complete hysteresis curve graphs, either from calculations or
experiments. Future work could include optimizing the simulation models for non-linear behavior
and µr ,1. It was considered that the working point was fixed in this work. In a more detailed study,
it could be possible to take into consideration that the working point might be moving.

Many more aspects of the electrical machine should also be examined in future studies. Important
factors which have not been included in these initial simulations are thermal properties, mechanical
stability, and demagnetization. Before an eventual experimental verification, all of these properties
should be simulated. This paper focuses on MnAl, but future research could provide a broader and
deeper presentation on the current usefulness of different PM materials in electrical machines.
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Other materials that were suggested earlier in the paper would be likely candidates in this study.
By showing the potential of MnAl in future electrical machines, the authors intend to motivate further
research on RE-free PM materials, not yet reaching the levels of commercial use, and to encourage
more detailed interdisciplinary studies on the subject.
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