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Abstract

Permanent Magnets (PMs) are employed in many modern devices, thanks to their unique properties. Electrical
machines, i.e., motors and generators, are a major application of PMs, which produce the required magnetic field.
When there are severe constraints on the weight and dimensions of the device (e.g. in hybrid electric vehicles or
wind turbines), using high-energy PMs would be of crucial importance. Currently, PMs which contain Rare-Earth
Elements (REEs), e.g. Sm-Co and Nd-Fe-B, are the most commonly used and the most powerful practical PMs.
However, the monopolized supply of the raw materials required for the production of these PMs as well as the
recent rise in their global price, have encouraged researchers to investigate some methods for reducing the
consumption of REEs or substituting other PMs for those with REEs. This paper studies the state of the art advances

in developing PMs with less or no REEs and the corresponding achievements.
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1. INTRODUCTION

Permanent Magnets (PMs) are hard magnetic
materials utilized in a broad range of applications
such as magnetic storage devices [l], magnetic
sensors [2], loudspeakers and microphones [3],
Magnetic Resonance Imaging (MRI) devices [4] and
industrial cranes [5]. Another application of PMs is in
electromechanical energy conversion devices
including wind turbine generators [6,7], electric
motors applied in Electric Vehicles (EV) and Hybrid
Electric Vehicles (HEV) [8], fluid pumps [9],
compressors [10], and so on. The optimal
performance of the PM devices is proportionally
related to the high energy product, high operating
temperature, as well as mechanical and chemical
stability of PMs. Furthermore, low price, easy to
produce, light weight, and non-toxicity of PMs
should also be considered when a PM is selected in a
particular application [11, 12]. Early PMs were
developed from lodestone containing magnetite
mineral (Fe;O4). Afterwards high-carbon steel,
hardened by the rapid cooling of the melt
(quenching) was used as a PM [11]. By 1885, a steel
containing ~5% tungsten was used as PM, and
chromium steel was substitute for it during World
War 1. However, none of them had coercivity of more
than 8 kA/m (100 Oc) [13]. In 1917, it was shown

that steel with 30%-40% cobalt along with tungsten
and Chromium has a coercivity of 230 O, with a
maximum energy-product of 8 kJ/m”3 (I MG.Oc)
[13]. During the 1930s, Alnico PMs were used in
place of steel PMs [14]. Despite being brittle, Alnico
PMs were of high remanence and relatively high
Curie temperature (e.g. 900 °C for grade 5) which
were the main advantages of Alnico over the
previously developed PMs [13]. In addition, its
maximum energy-product was much higher than that
of its previously developed counterparts (e.g. 73.6
k]/m3 (9.2 MG.O.) for grade 9) [5]. The most
promising PMs after Alnico were ceramic ferrite
magnets especially strontium and barium ferrites
which were developed in 1950s [14]. In fact,
minimum price of ferrites in comparison to other
PMs, made them as widely used magnets with
approximately 88% of the total weight of the
produced PMs in the globe [15], [16]. The maximum
energy-product of wet pressed and sintered barium
hexaferrite is 30 kJ/m3 (3.77 MG.Oe), and it has a
lower Curie temperature compared with Alnico [17-
19]. The invention of rare-earth (RE) PMs in 1960s
attracted the global attention towards manufacturing
of high-performance electrical machines [11]. In fact,
thanks to high energy-product in RE PMs, smaller
magnets with high efficiency and high torque density
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can be used in electrical machines (Fig. 1) [20].
There are three principal types of RE PMs. Each of
them has a much higher maximum energy-product
(BHmax) compared to non-rare-earth (non-RE) PMs.
They are SmCos, SmyCoi7, and Nd>FeisB (or
concisely Nd-Fe-B) [13].
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Fig. 1: The effect of the PM type on the design of DC motors and
loudspeakers [20]
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The values of BHmax for SmCos and SmyCoy; are
about 18 MGOe (143.2 KJ/m?) and 22-32 MGOe
(175-255 KJ/m?), respectively (the exact values
depend on the composition). Furthermore, their Curie
temperatures are 700 and 750 °C, correspondingly.
Currently, Nd-Fe-B magnets are the most powerful
PMs, which possess the maximum energy of 56
MG.Oe (445.7 KJ/m®) and Curie temperature of
about 360 °C [11]. Classification of PMs and
development trend of their maximum energy-product
are shown in Fig. 2 and Fig. 3, respectively.
Furthermore, Second quadrant of B-H Curves of
common PMs are compared in Fig. 4. In 2014, about
67% of all Nd-Fe-B PMs have been consumed for
construction of electric motors. The amount of Nd-
Fe-B PMs used in some electric motors and
generators in 2015 are tabulated in Table 1.

The rare-earth elements (REEs) which are used for
the production of RE PMs are in the category of
strategic materials. According to the report of the
United States Geological Survey (USGS), most of the
REEs resources are located in China [22]. This
country is also the biggest producer of RE PMs. In
2009, China put some restrictions on the production
and exports of REEs [11]. As a result, the price of Nd
was increased and reached to its maximum value in
the second half of 2011 (see Fig. 5). This
dramatically reduced the global production of Nd-Fe-
B PMs in the second half of 2011 and early 2012 (see
Fig. 6). However, following the reduction of the price
of RE elements, the production of these PMs was
increased again [16]. The price falling was continued
with more intensity in 2015, which has been reported
to be the consequence of illegal production of these
elements in China. In October 2015, China exported
26800 tons of REEs, which shows a 20% increase
compared to the same period in 2014 [22]. According
to Table 2, it is observed that the production of REEs
has been raised in some countries in 2015 comparing
to 2012. However, the price fluctuations implies sort
of inconstancy in the market of REEs and PMs
containing these elements.
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Fig. 4: Comparison of second —quadrant B-H curves for common
PMs [21]
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In 2018, prices stabilized at 70 USD/kg for Nd and
280 USD/kg for Dy. In 2019 cobalt price was 70
USD/kg, but remains volatile and has fluctuated
between 20 and 110 USD/kg over the past 10 years
[23]. Fig. 7 shows the amount of supplied REEs as
well as the required amount for the production of Nd-
Fe-B PMs until 2016. It is clear that after 2006, there
has been always a gap between the supply and the
demand.

The increased and fluctuating prices of REEs, also
regarding their supply monopoly, have encouraged
the researchers to seek solutions for reducing the
demand for these elements. Among them, the
recycling of RE PMs has gained attention recently
[24]-[26], which disused PMs are converted to new
PMs by direct recycling. In the indirect approach, the
REEs of the disused PMs are first extracted by
chemical methods and then are used for the
production of new PMs [24], [26]. Unfortunately, the
recycling process is costly and time consuming, in
addition to the fact that the recycling rate may not be
very high [25], [26]. In this regard, currently the best
solution for the problem is reducing the REEs
required for PMs or finding appropriate alternatives
for RE PMs. Many studies have been conducted in
recent years to find these alternatives. The published
report by United States Department of Energy (DOE)
in 2011 is explanatory of its investments for finding
these substitutes [27]. It should be noted, however,
that removing the REEs from PMs implies the
deterioration of their excellent magnetic properties.
Therefore, it is necessary to adopt special techniques
in order to improve the properties of substituted PMs.
These techniques are broadly divided into two
categories:

e Improving the nano/micro structure of
nanocomposite PMs (including exchange
bias and exchange spring PMs)

e Improving the crystalline structure to
increase the anisotropy (including the FisN;
PMs, magnets with L1y structure, etc.)

e There is no comprehensive study on
different methods to reduce REEs
consumption or production of new non-RE
PMs. These are addressed in this paper in
order to identify the compounds with highest
potential for competition with RE PMs.

The improvement of maximum energy-product for
Sm-Co and Nd-Fe-B PMs is one of the approaches
for reducing the consumption of REEs. Hence,
methods of improving this quantity are first
described. Then, new PM generations with less or no
REEs are introduced and the relevant works are
reviewed. These PMs include exchange bias and

exchange spring magnets, nitrogen martensite
(F16N2), compounds with L1y structure ( L1y Fe-Pt,
L1y FePd, L1y CoPt, L1o FeNi, L1o MnAl), MnBi and
MnGa compounds, carbide-cobalt nano-blades,
serum-based compounds, Hf-Co and Zr-Co magnets,
and Sm-Fe-N magnets.

TABLE 1: THE AMOUNT OF ND-FE-B PMS USAGE IN 2015 [16].

Application Consumption in 2015 (Tons)
electric and hybrid vehicles 7000
Wind generators 8500

Electric bicycles (mainly in

Asian countries ) 6000
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Fig. 5: Variations in the price of some REEs from 2001 to 2016
[16]
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Fig. 6: The mount of Nd-Fe-B PM production in different years
[16]

TABLE 2: THE AMOUNT OF PRODUCED ND-FE-B PMS IN
DIFFERENT PLACES FOR 2012 AND 2015 [16]

Electromechanical Energy Conversion Systems (EECS)

Country/Region Production in 2012 Production in 2015
(tonsx1000) (tonsx1000)

China 50 65
Europe 1 1
Japan 10 8
The USA 0 2
Other countries 2 2
Total 63 78
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Fig. 7: The mount of supplied REEs versus the demand of these
elements for the production of Nd-Fe-B PMs until 2016 [16].

2. EFFECTIVE FACTORS ON THE MAXIMUM
ENERGY PRODUCT (BH)MAX

Fig. 8 shows the demagnetization curve of a PM and
its energy product as a function of flux density.
Generally, effective factors on remanence B; and
coercivity H. could also affect the (BH)max. The
following technique could be employed in order to
reduce the amount of REEs consumption in RE-PMs
and improving their performance:
e Improving the
anisotropy [28], [29]
e Reducing the size of particles [30]

e  Domain wall pinning [13], [30], [31]

magnetocrystalline

These techniques are usual for new generation of
PMs.

2.1. Magnetocrystalline anisotropy

The magnetocrystalline anisotropy is an intrinsic
property, based on which the magnetization vectors
inside a magnetic material tend to align in
preferential directions. These are referred as the easy
directions of magnetization [14]. Materials with
single-axis anisotropy have only one easy direction of
magnetization. Bringing the magnetization vectors
out of the easy direction requires high energy.
Therefore, the PMs, which their particles are
arranged and magnetized in the easy direction,
possess high B; [32].

Fig. 9 illustrates the different behavior of materials
with axial anisotropy in two cases: 1) when the
material is magnetized in the easy direction and 2)
when the magnetization and easy direction build an
angle. It is obvious that the first case results in a
higher (BH)max [32].

H ‘0 o = BH

Fig. 8: the demagnetization and (BH)-B curves for a typical PM [13].
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Fig. 9: The behavior of a single-domain material with single-axis
anisotropy in two different conditions (a) the material is magnetized
in the easy direction (b) the magnetization vector and easy direction

build an angle [14], [32].

2.2. Size of Particles

The wvariation of coercivity with the size of
constituent particles of a PM is plotted in Fig. 10. It is
obvious that by reducing the size of particle, the
coercivity first increased and after a maximum value,
it falls. This maximum value is different for materials
with various magnetocrystalline anisotropies. This
critical size, which is measured in nm, is called the
critical single domain size. It implies that the smaller
particles only contain one magnetic domain. Since
the magnetization vectors in the wall of magnetic
domains are not exactly parallel and they show
gradual changing direction, their rotation due to the
application of an external field requires less energy
compared to magnetization vectors inside domains.
In fact, when an external field is applied, the
direction of magnetic moments inside domains
should be changed suddenly, which requires more
energy. Therefore, it is expected that the coercive
field (H.) is increased by removing these walls [33],
[34]. The reduction of coercive field for very small
sized particles is due to the reduction of anisotropy
energy. This energy, which lines up the
magnetization vectors in the easy direction, decreases
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with the reduction of particle volume and the thermal
energy dominates it. Accordingly, the magnetization
vectors moves from one easy direction to the other
[33]. Therefore, in order to achieving the maximum
Hc, the size of particles should only be reduced to the
critical single domain size, if possible.

2.3. Domain wall pinning

When the field in the second quadrant of M-H curve
is reversed, new magnetic domains start to form in
the applied field direction. The domain wall may
encounter some barriers while moving, which could
result the blocked wall (Fig. 11). These factors could
be intrinsic (e.g. dislocations in crystalline structure)
or external (e.g. secondary phases and impurities).
The wall should have enough energy to pass these
barriers. In this regard more energy should be
supplied to the system, which increases the H. [20],
[35]. In 2022, Zhongwu Liu et al. [36] proposed an
annealed Al-Cr coating to simultaneously enhance
the coercivity by grain boundary diffusion process
and improve the anticorrosion properties by surface
protection. Al62.5Cr37.5 coating was deposited on
the Nd-Fe-B substrate followed by an annealing
treatment at 550 °C. Al element mainly segregates at
the grain boundary region. This results in Hcj and
(BH)max increments of 89 kA/m and 3.4 kJ/m3,
respectively.
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Fig. 10: Coercivity as a function of the size of small particles [33].
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3. IMPROVING THE PROPERTIES OF RE-BASED
PMS FOR REDUCING THEIR CONSUMPTION

Some research have been conducted on improving
the magnetic properties of Sm PMs by changing in
their synthesis method, as well as modifying their
chemical composition. Table 3 summarizes some of
the obtained results.

In the case of Nd-Fe-B PMs, employing the fast
cooling (melt spinning), which is known as
magnequench, has improved the properties. In this
method, the Nd-Fe-B alloy is melted and by the
pressure of argon gas (Ar) is spread on the surface of
a water cooled wheal through a tiny slit. This cools
the molten material very fast (rate of 10*-107 K/s) and
hence, thin strips of the alloy are formed [11], [14].
Each grain in the flake like particles is of single-
domain type, which increases the coercively of the
PM [30]. Finally, the obtained sheets are shaped as
bulk pieces [14].

The other manufacturing method of single-domain
particles in order to increase the (BH)max of the PM is
Hydrogenation-Disproportionation Desorption-
Recombination (HDDR) By using this process it is
possible to achieve a fine microstructure such as the
melt spinning method. For this purpose, it is
necessary to heat up the PM powder at the hydrogen
atmosphere to 750 °C. This converts the Nd,Fe 4B
composition inside the grains into a fine mixture of
NdH:,, Fe, and Fe;B. In the next step, the material is
evacuated and after the hydrogen removal, the
aforementioned compositions are reconverted to
NdyFei4B. Accordingly, the size of each particle
would be about 0.3 um, which is very close to the
single domain critical size (0.26 pum [32]) [30]. This
process is schematically shown in Fig. 12.
Furthermore, several atomic substitutes have been
proposed for improving the magnetic properties of
Nd-Fe-B PMs, which include:

TABLE 3: SOME OF THE MODIFICATIONS IN THE MIXTURE AND
THE SYNTHESIS METHOD OF SM PMS FOR IMPROVING

IMagnetization MAGNETIC PROPERTIES
D s Modification Result Reference
magnetization Inserting nitrogen atom Increased magnetization,
Blochval in the interstitial sites of anisotropy, and Curie [13]
Sm,Co7 structure temperature
Eﬂ,,?f,‘;,';;‘,‘f,',, Adding Fe Increased M 30]
E] Adding Zr Improved Hei [30]
Pinning centers
. . Increased (BH)max up to 59
Adding nitrogen and MGOe (470 KJ/m’) in theory
. . . . creating the SmoFe17N3 N [11]
Fig. 11: Reversing the magnetization vectors in the second composition and 20 MGOe (470 KJ/m’) in
quadrant. The B domain is faced with the domain wall blocking practice
factors [20]. Synthesis of Sm2Co17 by
ball milling the SmCos Increased Hc up to 8.3 KOe [37]
with high energy
56
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Fig. 12: The schematic of HDDR process [38].

e  Substituting other REEs for Nd,

o  Substituting other metals or non-metals for
Fe,

e  Substituting other non-metal elements for B.

In this regard, various types of these PMs have been
produced, which were discussed with details in [39].

4. NEW GENERATION OF PMs

4.1. Exchange bias and exchange spring PMs

These PMs are constituted from at least two magnetic
phases with desirable properties, which have been
mixed with other in nanometric scale. In this manner,
it is possible to use their advantages at the same time
[5]. This is due to existence of quantum mechanical
exchange force (exchange interaction) between the
two magnetic nanomaterials. Exchange forces are the
source of other anisotropy in materials, which are
called the exchange anisotropy. This factor, besides
the other sources of anisotropy and coercivity
improving factors, results in higher Hc and hence
higher (BH)max. These nanocomposite PMs are
divided into exchange bias and exchange spring
categories [11], which are described in the following.

4.1.1. Exchange bias PMs

In these PMs, which are also known as
nanocomposite PMs, a ferromagnetic (FM) phase and
an antiferromagnetic (AFM) phase with high
magnetic anisotropy constant (high K;) are mixed
together in nanometric scale. The first spin layer of
AFM is parallel to FM spines and the next spin layers
are arranged parallel to each other, but with opposite
directions [40]. When the magnetic field is reversed,
the FM spins start to turn. However, if AFM possess
considerable anisotropy (high Karwm), its spines stay
at their place. Therefore, due to the exchange
coupling phenomenon, an additional torque is applied
to the FM spines, which tend to preserve their

direction (Fig. 13(b)). Accordingly, the required field
for reversing the FM magnetization is higher
compared to the non-coupled case, which implies a
high H. in negative direction (Fig. 13(c)). When the
field is reversed again and becomes positive, the
rotation of FM spines would be easier than the non-
coupled case, because of the interaction with AFM
spines (Fig. 13(d)). This reduces the coercivity in
positive direction. The final result is a shift in the
hysteresis loop to the left side of vertical axis.
Therefore, the (BH)max is increased for the second
quadrant [38]. The shifted loop has been compared
with the original loop of the ferromagnetic material
in Fig. 14 (right side).

For the improvement of exchange bias, it is desired
that the nanometric particles have the largest possible
contact surface. In this regard, particle with the high
surface to volume ratio are more appropriate. The
best result is obtained when the diameter of
ferromagnetic material is twice the antiferromagnetic
material domain wall width. Much thicker
ferromagnetic material makes the exchange coupling
phenomenon to be not effective [11].
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Fig. 13: The arrangement of FM/AFM couple spines in exchange
bias PMs with the field variations [40]
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Fig. 14: the change in hysteresis loops of exchange bias and
exchange spring PMs [11]
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Mn-based alloys are suitable choices for producing
exchange bias PMs. Recent efforts have been focused
on the synthesis of nanocomposits, which their
ferromagnetic phase is based on Fe and their
antiferromagnetic phase are CuMn, AgMn, CoMn,
and IrMn. Non-equilibrium methods, such as melt
spinning and mechanical milling, are required for
creation of semi stable phases and increasing the
solid dissolution of Mn in the alloy.

Another example of these PMs is the nanocomposite
obtained by fast cooling of Fe-Co-Mnalloy, where a
ferromagnetic  phase of a-FeCo and an
antiferromagnetic phase enriched with y-Mn are
produced. The H. of this system is raised to 350 Oe,
which is considerably higher than the H. of a-FeCo
phase. It is expected that lengthening the
ferromagnetic sediments through the application of
external field during heat treatment process would
result to an increased shape anisotropy and improved

(BH)max [S][11].

4.1.2. Exchange spring PMs

In these PMs, one of the nanophases is a soft
ferromagnetic material and the other is a hard
ferromagnetic material. This results to a wide
hysteresis loop (the left side of Fig. (14)). At the
beginning, the magnetic moments of both phases are
in the same direction. When the magnetic field is
reversed, the spines of soft phase tend to rotate, as
shown in Fig. 15. However, their coupling with hard
phase spines opposes this rotation. Therefore, an
additional energy is required for rotating them, which
implies a raised coercive force. When the reverse
field is high enough, the moments of the hard phase
also arrange in the reverse direction. When the
applied field becomes positive, a similar behavior is
observed. This makes the hysteresis loop to be wider
[40].

The ideal structure for exchange spring composites is
that a large amount of soft magnetic nanoparticles are
distributed in a matrix of the hard magnetic material.
The geometry of soft magnetic phase affects the final
properties. If the soft phase has a cylindrical shape
and is distributed in a substrate of the hard magnetic
material, the maximum value for (BH)max is obtained.
When the soft phase has a spherical shape, this
quantity is minimized [41].

The magnetic energy of these PMs is calculated by
(1). Because of factors such as impurities and
homogenity of phases and their crystalline
orientation, actual values are a bit different with the
theoretical ones.

1 #O(Ms B Mh)Ms

1
BH =—poM2|1-= , 1
( )max 4:“0 N 2 Kh ( )

Where, My, and M are the magnetizations of soft and
hard phases, respectively. Also, Ky is the anisotropy
constant of the hard magnetic phase.

Another microstructure used for producing soft/hard
magnetic composites is the core-shell structure,
which is shown in Fig. 16. In this microstructure, a
nanoparticle of one of the soft or hard phases is
placed at the center and the other phase covers it [42].
The exchange spring phenomenon could also be
exploited for reducing the amount REEs consumption
in PMs with high (BH)max. By combining Nd>Fe 4B
with soft magnetic phase a-Fe, it is possible to
simultaneously benefit from the high magnetization
of iron phase and the high magnetocrystalline
anisotropy of Nd>Fe;4B phase [11]. Ideally, these
PMs with high degree of crystal orientation would
have triple the magnetic energy compared to the
commercial Nd-Fe-B PMs and, at the same time,
more resistance to corrosion and lower price. For
producing such PMs, iron particles smaller than 10
nm should be dispersed inside a matrix of hard
magnetic phase containing REEs. Manufacturing
anisotropic PMs from these materials is still a
challenge [5]. Many researches have been conducted
on producing exchange spring nanocomposite PMs
with high (BH)max in order to reduce the amount of
REEs. Table 4 summarizes the important result of
these studies.

The exchange spring made of L10 type MnAl(C)/a-
FeCo could also be a good alternative for RE PMs.
This PM is expected to have a Curie temperature of
277 °C and coercivity of 200-300 kA/m [5][52].

o N 2 i
LI GRS S T
pt 7 i 111‘1 ”11
A L LAt
Fig. 15: the change in direction of magnetization vectors of soft
magnetic material (red) and hard magnetic material (blue) for
exchange spring PM

HARD/SOFT SOFT/HARD
3

g L

Fig. 16: the core-shell structure for soft/hard magnetic composite
[42].
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TABLE 4: EXCHANGE SPRING PMS AND THEIR MAGNETIC PROPERTIES

Nanocomposite (BH)max (MGOe, KJ/m®) | Improvement comparing to the base composition (%) | Reference
Anisotropic Multi-layer films of ~63 MGOe ) [43]
[Nd2F614B/T3/F667C033/Ta]n ~500 kJ/m3
Multi-layer film of 50 MGOe (actual) ~233% 44
L1, FePt/FeysCoss 85.1 MGOe (theoritical) ((BH)max FeP ~15 MGOe) [44]
50.25 MGOe 74%
Fe/SmCoS 400 Kj/m? ((BH)pax SmC05=230 Kij/m?) [43]
a-Fe/Smy(Fe,Si);7Cx 25 MGOe . [46]
(synthesized at pressure of 3 GPa) 199 Kj/m?
1 ic FePt/Fe;P 20 MGOe 33% 47], [48
sotropic FePtke;Pt 160 Kj/m’ ((BH)pax FePt=13 MGOe) [47], [48]
20 MGOe
FePt/Fe i - [49]
160 Kj/m?
19.5 MGOe 17.5%
Zr,Con/FeCo 156 KJ/m? (BH)max Z1>C011=16.6 MGOe) [50]
0.226 MGOe 37%
SrFe12015/Fe;04 1.8 Kj/m? ((BH)pax SrFe;,015=0.165 MGOe) (511
L1, type MnAl(C)/a-FeCo [52]
CO() (ZH() 4F6204/STF610 501( 75 1253 Oe emu/g >3% [53]
6410, 516! ((BH)max SrFe05016.75=817 Oe emu/g)
3.7 MGOe
CoFe;04/FeCo 29.4 kj/m? >0% [54]
: ((BH)pax CoFe20,=19.5 Kj/m?)

4.2. Ordered Nitrogen Martensite PM (a- -
Fel6N2)

This material, which was introduced in 1972, has a
considerabily high magnetic moment (3 pp/atom).
a* -FeisNo is usually obtained through the fast
cooling of nitrogen austenite phase (y-FeN) followed
by the heat treatment at low temperature (127-202
°C). In this composition, nitrogen atoms are inserted
in the iron structure. This phase is one of the best
substitutes for RE PMs. However, lack of a* -Fe;sN»
stable phase has been the main challenge during the
previous years, since this material is semi stable and
decomposes into a-Fe and FesN at 200-300 °C. This
compound gained attention in 2011 after the
publication a report on successful and repeatable
synthesis of this phase with the purity of 91%. For
this synthesized PM, M, is 221 emu/g at room
temperature. Obtaining the pure phase of a* -FeisN»
was impossible until 2012, due to low dissolution of

nitrogen atom in austenite structure [11]. In 2013, the
pure single-phase of this compound was made, with
the reproduction capability at gram scale, through the
iron oxide reduction method and then, its nitridation
at a low humidity atmosphere with low oxygen. High
saturation magnetization (M=234 emu/g at
temperature of 5 K) and  considerable
magnetocrystalline anisotropy constant (K;=9.6x10°
erg/cm®) have made it appropriate for replacing RE
PMs [28]. Other studies on its synthesis have been
also conducted [55], [56], [57], [58].

Calculations and experiments have shown that adding
manganese impurity could increase the thermal
stability of a- -Fei¢N, phase. It was reported in a
patent published in 2011 that (BH)max of this phase
could reach to 135 MGOe (1074.5 KJ/m?), which is
twice the corresponding value of Nd-Fe-B PM [60].
However, the actual (BH)max of this compound is
lower. In 2016, the bulk piece of a* -FeisN» prepared
by the strained-wire method showed a (BH)max of 9
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MGOe (71.64 KJ/m?®) [56] and this quantity for
FeisN, foil made by nitrogen ion-implantation
technique was 20 MGOe (160 KJ/m?) [55]. The a* -
FeisN> compound which is synthesized by reduction
and nitridation of y-Fe,O3 has also the semi hard
magnetic property with (BH)max of 3.5 MGOe (28
KJ/m?) and 361 °C Curie temperature [57].

4.3. Compounds with L10 Structure

The L1y structure is a crystalline structure which is
formed in many equiatomic compounds. In this
structure, there are variable layers of the two
constituent elements of the composition, which are
arranged parallel to the C-axis of the tetragonal
structure. Therefor a natural superlattice is created
(right side of Fig. 17). In fact, the ordered Llo
structure is obtained from the atomic arrangement of
a disordered face centered cubic (fcc), which is called
A1 (left side of Fig. 17). Fe-Pt, Fe-Pd, Co-Pt, Fe-Ni,
and MnAl have such a structure and are good
alternatives for RE PM. Although these materials
have high magnetization and considerable
magnetocrystalline anisotropy, they have not been
commercialized yet due to technological problems,
such as difficulty in converting the disordered Al
phase to the stable ordered L1, phase. If the chemical
order could be achieved in this structures, they would
be advanced PMs with no REEs and high thermal
stability [11]. The various members of this family are
discussed in the following.

4.3.1. L10 CoPt, L10 FePd, L10 Fe-Pt PMs

This PMs have high magnetization and considerable
magnetocrystalline anisotropy. The (BH)max of the
FessPts; nanoparticles is 14.7 MGOe (117 KJ/m®)
[11]. Llo FePt with high uniaxial anisotropy
(Ku=3x107 erg/cm?®) has also been synthesized. It has
shown a proper rectangular hysteresis loop [29]. It
should be noted that this materials have been studied
only in film shape and for magnetic recording
applications [11] [29] [61]. The reason is the high
price of Pt and Pd, which limits the employment of
these PMs in motors and generators [11].

4.3.2. L10 FeNi

The Llo crystalline structure of iron-nickel
compound, which is also called tetrataenite (Fig. 18),
was first discovered in 1960. In general, Fe-Ni
compounds are known as soft magnetic materials, but
the establishment of L1y structure with tetragonal
lattice in this equiatomic system results in
considerable increase in the magnetocrystalline
anisotropy [11], [62]. The transformation temperature
of disordered Al structure to ordered L1, structure

for FeNi compounds is 320 °C [52]. Since tetrataenite
has relatively high magnetocrystalline anisotropy
energy (3.2x10° ergs/cm® [11] to 7x10° ergs/cm?
[63]) and also possess a magnetization equal to
Nd>FeisB [52], it is expected as an excellent
candidate for RE PMs replacement. The maximum
calculated theoretical energy for this compound is 42
MGOe [64]. Table 5 compares some of its magnetic
properties with Nd>Fe4B. In contrast with Nd-Fe-B
magnets, the hard magnetic properties of tetrataenite
show very small variations with the temperature [65].
It should be stated that the magnetic properties of this
material depend on the stoichiometry, structural
order, and its tetragonal lattice parameters (a, b, and
c) [63].

An important point about L1, FeNi is that this
structure could not be obtained in usual laboratory
conditions, but it requires the super slow cosmic
cooling speeds (in range of million years), which is
often provided in meteorites. Therefore, this
compound is naturally found in stony, stony-iron, and
iron meteorites. The dimensions of tetrataenite phase
in stone-iron meteorites, which have been cooled
lowly is 10um [11], [52]. 95% of the volume of
NWA 6259 meteorite, which is in North West of
Africa, is composed of tetrataenite [65].

A1l structure L1, structure

Fig. 17: the schematic of crystalline structure of A1 and L1o[11].

2%

Fig. 18: the crystalline structure of tetrataenite (L1o FeNi) [52]

TABLE 5: COMPARISON OF SOME MAGNETIC PROPERTIES OF
TETRATAENITE (L1, FENI) WITH ND:FE 4B [63].

Electromechanical Energy Conversion Systems (EECS)

uniaxial
magnetic Curie
compounds My(emu/cm®) anisotropy temperature
energy (°C)
(107erg/cm’)
L1, FeNi 1270 13 >550
Nd,FE 4B 1280 4.9 315
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Many researches have been done for extracting this
compound from this meteorite [64], [65], [66] and its
theoretical (BH)max has been obtained about 40
MGOe [65]. Enrichment of the Fe-Ni phase with iron
results in an increase in its  uniaxial
magnetocrystalline anisotropy (Ku) [63]. In this
regard, iron enriched tetrataenite (FessNiss), which is
extracted from NWA 6259 meteorite, possess the
theoretical magnetic energy of 42 MGOe (355
KJ/m®) [64].

It should be noted that tetrataenite has been
synthesized in special laboratory conditions by using
some techniques, including: magnetron sputtering
[67], neutron bombardment of FeNi compound
(Ky=3.2x10° J/m?=3.2x10° ergs/cm’®) [68], and
alternate monatomic layer (ML) deposition of Ni and
Fe (K,=6.3x10° ergs/cm® [69] and K, =1x10°
ergs/cm’ [70]). However, these techniques are not so
much adequate for producing practical PMs. The
enrichment of this phase of iron in these techniques is
also effective in improving the properties, so that M
and K, values for FesoN4o have been reported to be
1470 emu/cm® and 9.3x10° erg/cm?, respectively

4.3.3. L10-MnAl

The manganese-aluminum compound with Ll
crystalline structure (Fig. 19) was discovered in
1950s by Kono as well as Koch et al. this compound
and MnAIC, which contain some interstitial carbon,
have high H. and (BH)max (theoretical value of 12
MGOe [52]), high corrosion resistance, and low
price. Accordingly, they are suitable to be used as
advanced PMs. The L10 t-AlMn tetragonal phase is
the only ferromagnetic phase of this compound [11].
This phase possesses a relatively high
magnetocrystalline anisotropy constant (K;=1.7x10°
J/m? [5]), but its My is 40% of the corresponding
value for Nd,Fe 4B [52]. The ferromagnetic nature of
this material originates from Mn Atoms [11].

The ordered Llp MnAl compound is obtained
through the heat treatment of the high-temperature &-
MnAl at 427-627 °C [5]. The cooling rate should be
higher than 10 °C/s in order to achieve the hexagonal
phase [72]. Nonequilibrium synthesis techniques
could provide such conditions.

Adding carbon in interstitial sites of MnAl Crystal
structure reduces the Curie temperature and
magnetocrystalline anisotropy, but it raises the
saturation magnetization (M) and increases stability
of tetragonal L1, structure [11]. For instance, adding
0.5 wt. % of carbon atom to 1-MnAl decreases the
anisotropy field from 55 kOe to 39 kOe and the Curie
temperature from 380 °C to 285 °C [52].

This material has been synthesized by the following
methods:

e melt spinning: H. in the range of 1500-2000
Oe and (BH)max approximately 4-7 MGOe
(37-56 kl/m?) [11],

e mechanical milling: results in the reduction
of MnAI(C) grains size and raises H. Using
this method, H. has increased from 1000 Oe
to 4800 Oe (79.58 kA/m to 382 kA/m) [73],

e  gas atomization process [74],

e fast cooling process [74],

e  Spark Plasma Sintering (SPS) [75],

e Mechanical alloying by planetary high-
energy ball mill [76].

Although MnAl PMs have acceptable performance
and low price, but their properties should be
improved in order to compete with existing PMs. One
approach is to create exchange spring PMs by their
composition with a-Fe or FeCo soft magnetic
materials. In this way it is possible to produce PMs
with (BH)max in the range of 10-15 MGOe (80-120
kJ/m3), which could be alternatives of low grade Nd-
Fe-B magnet (isotropic one). It is expected that in
optimal conditions, the Curie temperature of this
exchange spring PM is about 300 °C and its magnetic
properties are satisfactorily preserved up to 127°C
[11].

In addition to MnAl compounds with LO crystalline
structure, some of the other manganese alloys have
also shown proper properties for replacing RE PMs.
They are discussed in the following.

4.4. MnBi

The low temperature phase of manganese-bismuth is
crystallized in hexagonal structure as shown in Fig.
20. It has a high magnetocrystalline anisotropy field
(K;=1.2x10% J/m?®, at room temperature) [52]. The
theoretical (BH)max for this material has been
mentioned to be more than 17 MGOe (135.3 kJ/m®)
[77], [78]. This value is close to the reported (BH)max
in a 1988 patent, where the MnBi magnet has been
synthesized by directional solidification technique
and with particles of the single domain dimensions,
equal to 250 nm [79], [80].

Fig. 19: two unit cells of the L1, MnAl tetragonal structure [71].
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Fig. 20: The crystalline structure of MnBi

An important point about this compound is that its H.
is increased with raising the temperature (K; at room
temperature and 400 °K is equal to 1.2x10° and
2.2x10% J/m?, respectively. Also, poH:is 5 Tand 9 T
for room temperature and 450 °K) [81], [82].
However, Mn reacts with oxygen when the
temperature is high, and formation of MnO weakens
the magnetization. Therefore, the temperature rise
eventually results in (BH)max reduction [83]. The
MnBi phase decomposes at 360 °C, which limits its
Curie temperature [71].

The low melting point of Bi on one hand and the high
vapor pressure of Mn and Bi on the other hand, have
caused some challenges in synthesis and processing
of this compound. MnBi could be synthesized by the
rapid quenching techniques, but this makes the grain
orientation to be isotropic and hence, lowers the
(BH)max [52]. The B: and (BH)max values for MnBi
nanostructured powder are 0.25 T and 14 kJ/m3 (1.76
MGOe), respectively [5].

Spark Plasma Sintering (SPS) is the other synthesis
method for this material. The increase of bismuth in
the compound results in better formation of the
intended phase and improves M and M,, but has a
negative effect on H. (Mnioo-Bix (x=40, 45, and 52))
[84]. The nanostructured MnBi has also been
synthesized with grain size of 20-30 nm by melt
spinning method [80]. Also, its (BH)max is 7.1 MGOe
(56.5 kJ/m3)after combining with epoxy resin and
orienting in an applied field [71].

Generally, the (BH)max of MnBi magnet is not high
compared to SmCo and NdFeB, and even some other
types of PMs. However, thanks to a high
magnetocrystalline anisotropy, it is a good candidate
for producing exchange spring PMs. It is expected
that the MnBi nanocomposite possess a
(BH)maxwhich is theoretically higher than the
corresponding value for NdFeB PM containing Dy
[85].

It should be noted that the raw materials cost of
MnBi is more than MnAl. In 2014, the cost of these
materials was reported to be 15 $/kg and 4 $/kg for
MnBi and MnAl, respectively [71].

4.5. MnGa

The other manganese-based compound, which could
be employed as a permanent magnet is the

manganese-gallium.  Although  the  magnetic
properties of this material could not compete with
Nd-Fe-B and Sm-Co PMs, it has superior
performance compared to some grades of Alnico
magnets and some of its parameters are comparable
with hexaferrite [86]. If a square hysteresis loop
could be attained, the (BH)max of this material would
be 25.12 MGOe (200 kJ/m?®) [87]. MnGa is
crystallized in three tetragonal crystalline phases:
L1o-MnGa (ferromagnetic), D02:-Mn3;Ga
(ferrimagnetic), and D0,,-Mn,Ga [88], [71]. Among
them, L1o-MnGa possesses a higher (BH)max and
more suitable properties for producing PMs [88],
[89]. Theoretically, this structure shows a M of 845
emu/cm® and a (BH)max of 28 MGOe (222.88 kJ/m?)
[90]. However, the DO0», structure, e.g. D0,>-Mn;3Ga,
has a higher H. due to domain wall pinning
mechanism and hence, is a better choice for creating
exchange spring PMs [31]. When MnGa compound
are synthesized as films, possess higher H. compared
to bulk form [91]. In general, the magnetic properties
of MnGa compound strongly depend on the Mn:Ga
ratio and the substrate substance on which the film
has been formed [31]. Among the various substrate,
Si/Si0; is more suitable for constituting MnGa with
high H., since this material grows on it as separate
islands [91], [92].

The crystalline structure of L1oMnyGa (1<x<l1.8) is
depicted in Fig. 21. The (BH)max value for
L1oMn; sGa film, which has been synthesized at 300
°C on a gallium-arsenic substrate, is equal to 2.6
MGOe (20.7 kJ/m?) [86].

The Mn2Ga with DO (Fig. 22) has a Curie
temperature of more than 497 °C, M, of 0.47 MA/m,
and K, of 2.35 MJ/m’. Table 6 compares some
properties of this compound with MnAl and MnBi
[71].

Fig. 22: The crystalline structure of D0»; Mn,Ga (the green and red
spheres shows Mn atoms with different magnetic directions) [71].
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TABLE 6: COMPARISON OF SOME PROPERTIES OF MNAL, MNBI,
AND MN>GA COMPOSITIONS [71], [88], [31].

MnAl MnGa
MnBi Mn:Ga (D022)
(L1o) (L1o)
Curie 360 (phase phase
temperature 377 transformation 356 transformation
°C temperature) temperature>497
M(MA/m) | 0.60 0.58 0.61 0.47
Ki(MJ/m?) 1.7 0.9 - 2.35
raw
material 4 15 - 120
cost ($/kg)

4.6. Other compounds Based on Cobalt

4.6.1. Cobalt Nanorods and Cobalt-carbide
Nanoparticles

Polyol processed cobalt nanorods have an almost
square hysteresis loop. The (BH)max of this material
has been reported to be 20.73 MGOe (165 kJ/m3)
and hence, it could be a good substitute for RE PMs
[93].

The magnetocrystalline anisotropy of cobalt is
increased by adding carbon [94]. The carbide cobalt
phases synthesized by polyol reduction chemistry
method have a H. of 4.3 kOe at room temperature
and a (BH)max higher than 2.5 MGOe (20 kJ/m®).
These particles are constituted from Co,C and Cos;C
nanophases and their Currie temperature is 273 °C.
The high H. of these compounds roots in the dipolar
and magnetocrystalline anisotropies of carbide
phases. Their production is at early stages [95], [96].

4.6.2. Hf-Co and Zr-Co Magnets

Recently, some researches have been done on the
possibility of replacing magnetic materials containing
REEs with the cobalt-enriched transition metal
alloys, e.g. HfCo; and Zr,Coi1, The magnetization of
these materials is comparable to Sm-Co. these
compounds are crystallized in non-cubic structure
with high anisotropy, but their anisotropy is lower
than Sm-Co [97]. Instability and the requirement of a
high temperature in the range of 1050-1230 °C for
HfCo; production, implies that accurate control of
chemical composition and fast cooling process after
the alloy formation are necessary to obtain the pure
phase. In case of Zr,Coi1, which is formed at 300-
1254 °C temperature range, the annealing process at
high temperature followed by fast cooling is required

to obtain the crystalline structure with considerable
anisotropy. It seems that melt spinning and gas-
aggregation-type cluster deposition, in which non-
equilibrium conditions are established, could be
promising techniques for synthesis of HfCo; and
Zr;Coi;  nanostructures [98]. Some magnetic
properties of HfCo; and Zr;Co;; compounds are
given in Table 7.

The (BH)max of Zr2Cor1 is 16.6 MGOe (132 kJ/m®). It
has been observed that by making exchange spring
composite PMs using Zr;Coi1/FeCo, the (BH)max 18
raised to 19.5 MGOe (156 kJ/m?) [50].

4.7. Cerium-Based PMs

Among the REEs, cerium, lanthanum, and to some
degree, praseodymium (pr) are more available than
others. In fact, cerium has a portion of 40% of REEs
existing in the earth's crust. The concentration of
cerium in light-REEs deposits reaches to 50%. In
contrast, Dy, which is used for manufacturing Nd-Fe-
B PMs, contributes to just 2% of REEs resources and
is only found in specific areas. The development of
PMs, in which Ce is used instead of Nd and Dy,
could be a good advancement in this field [52].
Enormous investments and research collaborations of
U.S. Department of Energy (DOE) on cerium-based
PMs from 2011 expresses the importance of these
materials [27], [99], [100]. However, researches have
revealed that replacing Nd in Nd-Fe-B PMs entirely
by cerium causes sharp decline of magnetocrystalline
anisotropy, Curie temperature reduction, and 15%
decrease in the saturation magnetization [99], [101],
[102]. Cei2FexsBs has a (BH)max of 5.57 MGOe
(44.33 kJ/m?), which shows a 73.56% reduction in
comparison with Ndi>Fes:Bs produced by the same
method. By increasing the cerium to iron ratio in this
compound (CeissFexsBs), the (BH)max value
approaches to 6.8 MGOe (54.13 kJ/m?) and the
hysteresis loop is almost square (0.85% squareness)
[101], [102].

TABLE 7: SOME MAGNETIC PROPERTIES OF HFCO7 AND ZR2CO1;
[5]

. BH)max (x10°
material BA(T) /4(12?)' ( H.)I/mJ()><
Zr2C0_11 isotropic 0.6 0.2 42
ribbons
ZrCo11 al_1gned 0.84 | 044 132
nanoparticles
HfCo7 isotropic ribbons | 0.7 0.2 35
HfCoy aligned 09 | 045 100
nanoparticles
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Sintering a mixture of Ce,Fe 4B and Nd-Fe-B PMs is
one way for improving the magnetic properties of
Ce-Fe-B magnet [103], [104]. By doing this, due to
the formation of a layer with high anisotropy on the
surface of CeyFei4sB grains, the anisotropy is
considerably increased and (BH)max reaches to 10.8
MGOe (86 kJ/m?) [103]. The corrosion tendency and
the corrosion speed of Nd-Fe-B PM decrease by
alloying [105].

Partial substitution of Ce for Nd in Nd>Fei4B is
another approach for improving the cerium PM
properties [99], [100], [104]. The maximum amount
of this substitution which does not dramatically
attenuate the magnetic properties is 38%. In this
manner, the 586 K Curie temperature of Nd>FesB
gets to 543 K for (Ndo.s2Ceo.33).Fe1sB [100].

For cerium magnet, replacing a portion of iron with
Co results into the increase of Curie temperature and
(BH)max. The maximum magnetic energy of
(NdosCeo2)24Fe12Co.B produced by die upsetting
technique has been reported to be 31.2 MGOe
(248.35 kJ/m?) at room temperature [99].
Simultaneous substitution of Ce and Y (yttrium) for
Nd increases the thermal stability of the PM, yet the
magnetic properties are not deteriorated. In case of
replacing 9%wt Ce-Y (4.2%w Y), the (BH)max value
decreases from 47.6 MGOe to 45.6 MGOe, but the
temperature coefficient of H. would be 0.9% lower
comparing with Nd-Fe-B (its reduction with
temperature is smaller) [102]. Table 8 presents
different compositions of Ce-Nd-Fe-B PM and their
magnetic properties.

4.8. Sm-Fe-N PM

The SmoFe;sN; PM, which is obtained by
nitrogenation of SmoFes;, could be considered as
another substitute of RE PMs [38]. Although this less
studied magnet shows a lower magnetization than the
NdyFei4B PM, but its magnetocrystalline anisotropy
and Curie temperature are higher [106] (The Curie
temperature of SmyFe;7N; is 477 °C [107]). The
powder of this magnet has been synthesized by low-
temperature ball milling [107], high-energy ball
milling [108], and reduction-diffusion [38], [109]
techniques. The latter has resulted in a (BH)max of
40.58 MGOe (323 kJ/m?), but forming the obtained
powder as bulk pieces reduces the (BH)max (17.58
MGOe (140 kJ/m%)) [38].

5. COMPARING SOME MAGNETIC PROPERTIES
OF VARIOUS PMSs

The highest reported values of (BH)max for different
PMs are given in Fig. 23.

TABLE 8: MAGNETIC PROPERTIES OF VARIOUS CE-ND-FE-B PM
COMPOUNDS [99], [101], [102], [103], [104].

(BH)max
Compound

MGOe kJ/m®
Celeeng(, 5.57 4433
CeissFegosBe 6.8 54.12
Nd2F614B/C62F614B alloy 10.8 86
(NdosCeq.2)24Fe1,Co,B 31.2 248.35
9%wt Y-Ce Co-substituted Nd magnet 45.6 363

It is observed that except Cei3sFegosBs, other new-
generation magnets possess higher (BH)max compared
to ferrite and alnico PMs. Furthermore, in
comparison with SmCos, exchange spring (Nd-Fe-B,
Fe-Co) PM, FeisN2, Lly Fe-Ni, MnGa, cobalt
nanorods, (NdogCeo2)24Fei2Co:B cerium PM, and
SmyFe;7N; show higher magnetic energy. The
highest practically calculated magnetic energy
belongs to the exchange spring PM (Nd-Fe-B, Fe-
Co). However, theoretically, Fe;¢N» exhibits a good
potential for producing high-energy magnets.

6. CONCLUSIONS

Various compounds of PMs with diverse
magnetizations and working temperatures have been
investigated for several different applications
heretofore. Among them, Alnico, ferrite, samarium-
cobalt, and Nd-Fe-B PMs have been manufactured
industrially and have been used in electric machines.
Alnico and ferrite magnets, due to relatively poor
magnetic properties compared to other types, are
rarely utilized in applications, which require high
magnetization or high magnetic energy. However,
PMs containing rare earth elements, i.e. Sm-Co and
Nd-Fe-B, thanks to their superb magnetic
characteristics (e.g. high (BH)max), have been
abundantly studied and employed. Currently, many
studies on improving the properties of these magnets
are carried out. Unfortunately, the resources of REEs
are exclusive and there has been a global rise in their
prices. Accordingly, researchers have sought some
approaches for reducing the consumption of these
elements or replacing RE PMs by other types of PMs,
while preserving their magnetic properties. The
studied magnet types for this purpose include
exchange bias, exchange spring, nitrogen martensite
(o= -FeieN2), compounds with L1 structure, Fe-Ni,
MnGa, and other compounds, which are addressed as
new-generation PMs. The review of previous works
revealed that among new- generation PMs, exchange
spring, a* -FeisN>, L1o Fe-Ni, and MnGa magnets
possess proper theoretical and practical magnetic
properties. They have a very good potential for
replacing RE PMs, if their stable phase in bulk pieces
could be produced by affordable techniques.
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Fig. 23: The highest reported (BH)max for various PMs
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