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Abstract: With the rapid development of intelligent manufacturing, modern components are acceler-
ating toward being light weight, miniaturized, and complex, which provides a broad space for the
application of rare earth permanent magnet materials. As an emerging near-net-shape manufacturing
process, additive manufacturing (AM) has a short process flow and significantly reduces material
loss and energy consumption, which brings new possibilities and impetus to the development of rare
earth permanent magnetic materials. Here, the applications of AM technology in the field of rare
earth permanent magnets in recent years are reviewed and prospected, including laser powder bed
fusion (LPBF), fused deposition modeling (FDM), and binder jetting (BJ) techniques. Research has
found that the magnetic properties of AM Nd-Fe-B magnets can reach or even exceed the traditional
bonded magnets. In addition, in situ magnetic field alignment, in situ grain boundary infiltration,
and post-processing methods are effective in enhancing the magnetic properties of AM magnets.
These results have laid a good foundation for the development of AM rare earth permanent magnets.
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1. Introduction

With the rapid development of electromagnetic drive and control technology, perma-
nent magnetic materials are used in many electric motors, sensors, and microwave devices,
which are the key components of vehicles, aircraft, mechanical and electric equipment, etc.
The development of permanent magnet materials can be divided into three stages. The first
stage was the casting of permanent magnet materials, which appeared in the 1930s, and
the typical material was an Al-Ni-Co permanent magnet material. The Curie temperature
(T¢) of casting permanent magnetic materials is very high but with low coercivity (H,). The
demand for Co and Ni in magnets is large and expensive, and the production costs increase.
The second stage involved the ferrite permanent magnetic material. Although the raw
materials required for preparation are relatively abundant and the preparation cost is rela-
tively low, its magnetic properties are poor. The third stage was the rare earth permanent
magnetic material [1-7]. Rare earth permanent magnetic materials were developed in the
1960s, and there have been three generations so far. Its magneto crystalline anisotropy and
saturation magnetization are superior to that of non-rare earth magnetic materials [8-13].
In 1966, Strnat et al. [14] used the powder metallurgy method to prepare YCos and SmCos
permanent magnets with higher saturation magnetization ((Ms), He, Tc) and maximum
magnetic energy product ((BH);ay) than the traditional Al-Ni-Co permanent magnets. In
1968, Buschow et al. [15] used the isostatic pressing process to make the (BH)ax of SmCos
magnets reach 147.3 k] /m?. At this point, it formally opened a chapter in rare earth perma-
nent magnetic materials, but its relatively low M; restricted its further development [15-17].
In 1977, Ojima et al. [18] prepared second-generation Sm(CoFeCuZr), magnets with a
H of 796 kA/m and (BH)ax in the range of 238-263 k] /m? by the powder metallurgy
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method. The magnets exhibited better high-temperature performance, and the working
temperature usually reached 500 °C. However, due to the high cost of raw materials, its
application is mainly concentrated in the aerospace and military fields [19]. In 1984, Sagawa
et al. [20] prepared sintered Nd-Fe-B magnets with Nd,Fe14B as the main phase, in which
(BH) jax reached 288.9 kJ/m3. This marked the birth of the third generation of rare earth
permanent magnets. On this basis, the Sumitomo Special Metals Research Institute in
Japan [21] developed an Nd-Fe-B magnet with a (BH)ax of 474 kJ/ m3, which was 93.4% of
the theoretical value. However, recent studies have found that it is very difficult to improve
the magnetic properties of Nd-Fe-B magnets significantly [22,23]. At the same time, the
poor mechanical properties of Nd-Fe-B magnets prepared by traditional technologies limit
the design of the manufacturing process of magnets, making it difficult to realize complex
design solutions. There are four main traditional preparation technologies for Nd-Fe-B
magnets: sintering, bonding, hot-pressing, and thermal deformation [24-26]. Although
the traditional sintering technology can obtain magnets with better magnetic properties,
the magnets prepared by the sintering process generally have poor mechanical properties
and cannot form magnets with complex structures. The bonding technology can produce
magnets with slightly complex shapes, but due to the addition of binders, the magnetic
properties of the bonded magnets are poor.

Therefore, to meet the current high market requirements for the performance and
shape diversification of rare earth permanent magnetic materials, innovative explorations
of new preparation technology for rare earth permanent magnetic materials have been ini-
tiated. Additive manufacturing (AM), as a near-net-shaped manufacturing technology, can
provide a higher degree of freedom in the design of materials and opens new possibilities
in the design and application of rare earth permanent magnet materials [27-30]. AM tech-
nology can easily make complex geometric structures such as multi-layered, micro-channel
structures. Compared with traditional processing methods, it is suitable for a small number
of diverse and personalized designs due to its higher efficiency, lower energy consumption,
and higher utilization rate of materials [31-35]. Fim R et al. [30,34,36—43] explored the
freedom of shape of rare earth permanent magnets by AM technology and successfully
prepared magnets with complex geometric structures, as shown in Figure 1. A magnetic
gearbox with a helical teeth profile prepared by AM technology is shown in Figure 1b.
Magnetic gears were designed so that the rotation of gears was achieved via an external
magnetic field rather than a mechanical system. A complex AM magnet with a cooling
channel is shown in Figure 1f. It can provide a new strategy to decrease the temperature
of motors. Moreover, AM technology enables the customization of magnetic materials
with tailored magnetic field distributions or specific magnetic and mechanical properties in
distinct regions within the material, presenting a transformative potential in the domain
of magnetic materials research and application [44—47]. Nevertheless, the utilization of
AM technology in magnet production is still in its nascent stage compared to structural
materials like steel and titanium alloys. The exploration of AM technology for rare earth
permanent magnets commenced in 2016, initially focusing on the fabrication of bonded
magnets. Consequently, there exists a discernible disparity in magnetic properties between
AM magnets and those produced through traditional sintering methods. Many researchers
are actively engaged in endeavors to enhance the magnetic properties of AM magnets
across various permanent magnetic material systems. In this paper, the recent progress
of AM technology in different rare earth permanent magnetic materials is summarized,
including Nd-Fe-B, Sm-Co, and Sm-Fe systems, the magnetic properties of AM magnets
and traditional technologies magnets are compared, the methods to enhance the magnetic
properties of AM magnets are investigated, and the future development direction of AM
technology of rare earth permanent magnetic materials is also examined.
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Figure 1. The photograph of AM rare earth permanent magnets with various shapes. (a) Irregularly

2.5 mm 2.5mm

shaped AM magnets. (b) AM gearbox with a helical teeth profile. (c) Multilayer AM magnet.
(d) Eiffel Tower AM magnet. (e) Two AM magnets with perpendicular magnetization to their axis.
(f) The photograph of printed magnets which have channels. Adapted with permission from Ref. [30].
Copyright© 2020 Elsevier. Adapted with permission from Ref. [37]. Copyright© 2017 AIP publishing.
From Ref. [42], originally published under a CC-BY license. Adapted with permission from Ref. [43].
Copyright© 2017 John Wiley and Sons.

2. Additive Manufacturing of Nd-Fe-B Rare Earth Permanent Magnet Materials

The main processes of AM Nd-Fe-B magnets fall into two categories: one is based
on laser powder bed fusion (LPBF), and the others are laser-free techniques, including
fused deposition modeling (FDM) and binder jetting (BJ) [40,48-52]. The main phase of the
Nd-Fe-B magnet is NdFe14B. The crystal structure of Nd,Fe4B is quadrangular, and each
cell is composed of four Nd,Fe 4B molecules, which are uniaxial anisotropic crystals. The
AM technology mainly uses magnetic powders with shapes that are spherical or flake-like.
Among them, spherical magnetic powders are mostly used in the LPBF process due to their
good flowability. Different process methods lead to large differences in Nd-Fe-B magnet
performance due to the variation of raw materials and energy inputs. The recent progress
of magnets manufactured by LPBF, FDM, and BJ are reviewed below.

2.1. Laser Powder Bed Fusion (LPBF) Nd-Fe-B Magnets

The LPBF technology is mainly divided into selective laser melting (SLM) and selective
laser sintering (SLS). SLM technology is a technique that utilizes metal powders that are
completely melted under the heat of a laser beam and solidified by cooling [53]. The SLM
technology produces three-dimensional solids by accumulating layers and does not require
a binder. In the SLM process, the peritectic reaction of the melt pool at a high cooling rate is
the key to the formation of the Nd,Fe;4B intermetallic phase and small grain size, which
contributes to the improvement in H,. The printing parameters of SLM technology mainly
consist of laser power (LP), laser focusing (LF), point distance of laser movement (PD),
time of laser radiation of powder (ET), thickness of deposited fresh powder layer (LT),
and horizontal movement of the laser—hatching distance (HD). The schematic diagram of
SLM technology is shown in Figure 2a [54]. Because the magnetic properties are sensitive
to the intergranular phase of NdyFej4B and the grain size, the process of SLM Nd-Fe-
B magnets is harder to control compared with that of SLM structure materials such as



Metals 2024, 14, 446

4of 16

(a) 2 axis Galvo

scanning mirrnrs\ “

Solidified mesh
structure

steels and titanium alloys. Recently, researchers have explored the printing parameters
for phase formation and grain size control of SLM magnets, as well as the microstructural
changes during the SLM process. J. Ja¢imovi¢ et al. [40] accomplished the parameter tuning
through systematic variations of six independent printing parameters. A very concentrated
micron-sized melting volume was ensured by a unique combination of parameters, which
could be cooled quickly (10*~10° K/s). The grain size of the printed Nd,Fe14B phase was
only 1 pm, which was an order of magnitude smaller than that of sintered magnets. This
resulted in very good magnetic properties of the additively manufactured samples without
additional post-heat treatment. The AM samples reached remanence (B,) of 0.59 T, H. of
695 kA /m, and (BH)yuqx of 45 k] /m3. And they proposed a complex AM magnet with a
cooling channel, as shown in Figure 1f, which can provide a new strategy to decrease the
temperature of motors. Bittner F et al. [49] used the SLM technology to prepare a Nd-Fe-
B magnet with H. of 921 kA/m, B, of 0.63 T, and (BH)x of 63 kJ/ m? without further
additions of Nd-rich, low-melting-point alloys or other post-treatments. Julan Wu et al. [55]
presented an in-depth analysis of the AM magnet’s grain structure for the first time in
terms of morphology, size distribution, and texture. They investigated the formation and
transformation mechanisms of complex phases and the development of nanocrystalline
microstructures during the SLM process and found that remelting during processing leads
to the transformation of coarse grains in the solidified layer into fine grains, which is shown
in Figure 2b, and it is favorable for the improvement of magnet properties. The B;, H,
and (BH)x of the Nd-Fe-B magnet are 0.65 T, 603 kA /m, and 62 kJ/ m?, respectively.
Tosoni, O et al. [52] presented a method for screening Nd—Fe-B alloy compositions for
LPBF using monorail scanning and suction casting. AM Nd-Fe-B magnets with high H,
were prepared by SLM. The B, of the magnet after the annealing process was 0.62 T, H,
was 1790 kA /m, and (BH)uax was 65 kJ/m3. This is the highest H, reported thus far for
AM Nd-Fe-B magnets. Although a lot of work to improve the AM process parameters
has been undertaken, it is hard to make the magnetic properties like (BH);qx close to the
sintered ones due to its non-uniform grain sizes during the SLM process, which leads to
the deterioration in properties.
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Figure 2. (a) Schematic diagram of SLM technology. (b) Magnet microstructure morphology during
SLM technology. From Ref. [55], originally published under a CC-BY license.
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SLS technology represents another facet of LPBF methodologies, facilitating the cre-
ation of additively manufactured components through the selective partial melting of
consecutive material layers via laser beam interaction within a powder bed. The schematic
diagram of SLS technology is shown in Figure 3a. The raw materials for the prepara-
tion of magnets by the SLS process are mainly mixtures of Nd-Fe-B magnetic powder
with low-melting-point alloys or polyamides. In the SLS process, magnets are shaped by
partially melting a low-melting-point alloy or polyamide as a binder. P. P. Wendhausen
et al. [56] prepared bonded Nd-Fe-B magnets with SLS technology. A mixture of spherical
isotropic powder of NdFeB-based alloy and polyamide-12 (6 wt.%) was used as the process
feedstock. The mechanical resistance and magnetic properties were optimized by varying
the amount of binder. It was found that magnetic properties can be improved by reducing
hatching space and layer thickness, with an average value of 0.33 T for B, 696 kA /m for H,,
and 17.1 kJ/m?3 for (BH),ax. Martin Mapley et al. [57] compared the geometries, densities,
and magnetic properties of magnets produced by mixing isotropic Nd-Fe-B powders in
both spherical and flake forms with polyamide-12 powder (40 vol.%) binders. The H, of
SLS magnets prepared from spherical and flake magnetic powders were 735 kA /m and
661 kA /m, the B, were 0.36 T and 0.30 T, the morphology and demagnetization curves of
flake and spherical magnets prepared by SLS technology were shown in Figure 3b. Schéfer
Ket al. [51] prepared AM magnets with binder (PA12) content ranging from 2.5 to 30 wt.%
by SLS technology. It was found that the B, decreased with the increase of additive content
(0.338 T to 0.172 T). But the H, increased from 670 kA /m to 750 kA /m. This observed
improvement of the coercivity for high additive content can be explained by the decreased
ability of the magnetic particles to rotate during the demagnetization process. Huber C
et al. [58] increased the H. of magnets from 520 kA /m to 1200 kA /m by using low melting
point Nd-Cu, Nd-Al-Ni-Cu, and Nd-Tb-Cu alloys added to SLS Nd-Fe-B magnets during
grain boundary infiltration. The presence of the magnet’s Nd-rich grain boundary phases
and a Tb-rich shell layer encapsulating the surface of the Nd,Fe4B grains, as well as the
preservation of grain size at the nanoscale grain size magnets, are responsible for the H,
enhancement. A.S. Volegov et al. [59] demonstrated the feasibility of single-step additive
manufacturing of heavy rare earth-free high-coercivity Nd-Fe-B magnets with H. up to
1280 kA /m. This is due to the integration of in situ grain boundaries (GBs) infiltration
of low-melting-point paramagnetic alloys (20 wt.%) into the SLS process. Maltseva V.E.
et al. [60] incorporated 20 wt.% Pr-Cu-Co alloy into Nd-Fe-B magnetic powders to achieve
grain boundary infiltration through the SLS process. The high H. PrCos phase was formed
in the process, which effectively enhanced the H. of AM magnets, reaching 1552.2 kA /m.
Schifer, K et al. [61] proposed the use of in situ mechanical arrangement of anisotropic
particles in a single step to achieve magnetic field orientation of magnets without the need
for an applied magnetic field source. A mixture of anisotropic Nd-Fe-B powder and PA12
was used to prepare anisotropic bonded magnets by the SLS process. The B, of the magnet
is 0.38 T, and the (BH)uax is 28.6 kJ/m3. In SLS magnets, the presence of non-magnetic
substances, such as polyamides, results in a degradation of magnetic properties. However,
when low-melting-point alloys are added for grain boundary infiltration, demagnetization
can be effectively prevented, thereby enhancing H..
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Figure 3. (a) Schematic diagram of SLS technology. (b) The morphology and demagnetization curves
of flake and spherical magnets were prepared using SLS technology. Adapted with permission from
Ref. [57]. Copyright© 2019 Elsevier.

2.2. Fused Deposition Modeling (FDM) Nd-Fe-B Magnets

The principle of FDM is that the prepared precursor (filament) melts into a liquid
through the heater extrusion head. Then, the melted material filament is extruded through
the nozzle. From the extrusion head, it then moves along the contour of each cross-section
of the part. Then, the semi-fluid thermoplastic material deposition curing covered in the
constructed parts above is extruded, and within 0.1 s of rapid solidification, each layer of
molding in the table will drop the layer height, the nozzle, and then the next layer of the
cross-section scanning spray wire. And repeatedly, layer-by-layer deposition will occur
until it reaches the last layer so that the accumulation of a solid model or part is formed
from the bottom to the top in each layer. The schematic diagram of FDM technology is
shown in Figure 4a. In FDM technology, the presence of binders such as PA reduces the
content of Nd-Fe-B magnetic powder, thus leading to a decrease in magnetic properties.
How to reduce the content of the binder while ensuring the magnet shaping is a key issue in
the preparation of Nd-Fe-B magnets by FDM technology. Huber C et al. [47] prepared Nd-
Fe-B, and PA mixed magnets using FDM technology and compared them with traditional
injection molding process magnets. The H; and B, of the FDM magnet were 740 kA /m and
0.31 T. This is due to the lower density of the FDM sample (3.57 g/cm?) than that of the
injection molded sample (4.35 g/cm?). Li L et al. [40] prepared high-density isotropic Nd-Fe-
B PA-bonded magnets by using FDM technology. The original Nd-Fe-B magnetic powder
content of the magnet reached 70 vol.%, and the density of the magnet was 5.2 g/ cmbB.
The B, of the Nd-Fe-B magnet was 0.58 T, the H. was 708.2 kA /m, and the (BH);ax was
58.1 kJ]/m3. The demagnetization curve and morphology of the magnet are shown in
Figure 4b. Gandha K et al. [29] added an applied magnetic field to the FDM process to
achieve magnetic alignment during the printing process; the schematic experimental set-up
for post-alignment of printed bonded magnets in an electromagnet is shown in Figure 4c.
The results showed that the (BH);uqx of the FDM magnet (65 vol.% Nd-Fe-B + Sm-Fe-N)
under a 2 T magnetic field reached 89.9 kJ/ m3, and the H, and B, of the magnet are 811.7
kA /m and 0.73 T; the hysteresis loops of magnets under different magnetic fields are shown
in Figure 4d. In addition to improving the AM magnet performance by increasing the
magnetic powder content, it is also possible to integrate a magnetic field source into FDM
equipment, which can achieve in situ magnetic alignment of anisotropic magnetic powders
during the printing process while retaining the other advantages of FDM technology.
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Figure 4. (a) The schematic diagram of FDM technology. (b) The demagnetization curve and
morphology of 70 vol.% Nd-Fe-B magnet. (c) The schematic experimental set-up for post-alignment
of printed bonded magnets in an electromagnet. (d) Hysteresis loops of magnets under different
magnetic fields. Adapted with permission from Refs. [29,40]. Copyright© 2018 Elsevier.

2.3. Binder Jetting (B]) Nd-Fe-B Magnets

The BJ process refers to the way that each layer of magnetic powders is coated with a
layer of liquid thermosetting binder, and then the print body is cured in an oven [62]. The
BJ process consists of a powder bed for the build area, a roller, an inkjet print head, and a
powder hopper or feed bin to supply the powder, as Figure 5a shows. The process begins by
reducing the build volume to the desired layer thickness and then using the roller to spread
a thin layer of powder over the build area. The print head then passes over the build area
and selectively deposits the adhesive into the two-dimensional cross-sectional shape of the
current pattern [63,64]. Paranthaman et al. [65] successfully prepared near-net-shape binder
jet-bonded magnets; since the surface of the magnets prepared by the BJ process was rough
and porous, the magnets were dip-coated in a clear polyurethane to increase the mechanical
strength and improve the surface quality. Binder jet magnets with a measured density
of nearly 46% were achieved. The B, of the binder jet magnet samples was about 0.3 T,
which is not yet up to the B, of conventional injection molding and compression-bonded
isotropic Nd-Fe-B magnets of 0.5 T and 0.65 T, respectively. Based on the BJ process, Li
et al. [63] used a low-melting-point alloy (Nd-Cu-Co, Pr-Cu-Co) infiltration process to
improve the performance of Nd-Fe-B magnets and successfully increased the H. of magnets
from 732 kA /m to 1345 kA /m. The elemental infiltrating distribution and demagnetization
curves are shown in Figure 5b. The densities of magnets permeated by low-melting-point
alloys are increased, with densities raised from 3.3 g/cm? to 4.3 g/cm3. The BJ technology
incorporating the alloy infiltration process delays the formation of antimagnetic domains
by enhancing the anisotropic field on the grain surface, thus increasing the H, of the whole
magnet. However, the addition of paramagnetic material in Nd-Fe-B material leads to a
decrease in the magnetization of the magnet.
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Figure 5. (a) Schematic diagram of BJ technology. (b(i)) TEM image of the Nd-Cu-Co-infiltrated
magnet. (ii-iv) EDS elemental mapping images of Nd, Fe, and Cu, respectively. (v) Demagnetization
carves of B] magnets and infiltrated magnets. Adapted with permission from Ref. [63]. Copyright©
2017 Elsevier.

The distribution of B, and H, of Nd-Fe-B permanent magnet materials prepared by
four typical AM techniques and two traditional techniques is shown in Figure 6. Among
them, the blue area is the Nd-Fe-B magnet prepared by SLM technology. The overall B,
is higher (from 0.59 T to 0.9 T), and the H, distribution is from 659 kA /m to 1025 kA /m,
which may be related to the solidification rate during the printing process. The pink area is
the Nd-Fe-B magnet prepared by SLS technology; the B, is low (from 0.33 T to 0.44 T), and
the H, distribution is from 520 kA /m to 1200 kA /m. The high H, is due to the addition of
grain boundary infiltration in the SLS process, which inhibits the formation of reversed
magnetic domains. The green area is the Nd-Fe-B magnet prepared by FDM technology,
with average H. and large B, difference (from 0.31 T to 0.73 T). In the FDM process, when
the non-magnetic phase, such as binder content, is high, the magnet density decreases,
and the magnet B, is weakened. The orange region is the Nd-Fe-B magnet prepared by BJ
technology, and the B, is the lowest level among the several methods, possibly because of
the presence of the binder. The purple and yellow region is the Nd-Fe-B magnet prepared
by traditional sintering and traditional bonded techniques. AM technology has even
exceeded the performance level of traditional bonded magnets, but there is still a big gap
between the performance of traditional sintered magnets. Researchers have explored the
improvement of H. of magnets prepared by AM technology, but the problem of low B, is the
key to restricting the improvement of the overall performance of magnets. For bonded AM
magnets, the B, can be improved by increasing the density of the magnet while ensuring its
shape. But for full-density AM magnets, improving H, is the key to further development.
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Figure 6. Magnetic performance distribution of AM Nd-Fe-B magnets prepared by four kinds of
methods and traditional sintering /bonded Nd-Fe-B magnets. Adapted from Refs. [29,34,43,47,49,55,
56,58,60-62,64,66,67].

3. Additive Manufacturing of Sm-Co Rare Earth Permanent Magnet Materials

SmCos and SmyCoyy are first- and second-generation rare earth permanent magnetic
materials with high T; and thermal stability and are often used in high-temperature envi-
ronments. One of the disadvantages of these magnets is that they are oxidized very easily
and contain high amounts of cobalt and samarium, resulting in high costs [68]. Since the
Sm-Co magnets are mostly used in high-temperature environments, it is not common to
manufacture bonded Sm-Co magnets with low operating temperatures due to the presence
of binders. Generally, the recovered Sm-Co magnetic powder is used to prepare bonded
Sm-Co magnets, which can save costs and recover rare earth elements. Full-density Sm-Co
magnets are usually manufactured using LPBF technology.

3.1. Additive Manufacturing of SmCos Rare Earth Permanent Magnet Materials

On the AM technology side of Bonded SmCos magnets, Khazdozian H A et al. [69]
investigated the preparation of magnetic wires by extrusion molding of recycled Sm-Co
powder in PLA binder. Improvement in magnetic properties was observed when recycled
Sm-Co powder was added to PLA as compared to pristine powder, probably due to
minimization of particle rotation. The H, of the obtained magnetic wires was 714 kA /m,
and B, was 0.088 T (0.88 kG), which is shown in Figure 7a. Huang J et al. [70] successfully
prepared SmCos cylindrical specimens using laser sintering technology and investigated
the effect of the laser sintering process on the phase structure and magnetic properties
of the magnets. It was found that the higher laser power makes the energy distribution
in the sample uniform while enhancing the crystallization and magnetic properties of
the sample. The effect of scanning speed on crystal structure and magnetic properties is
opposite to that of laser power. The increase in the number of sintering times also seriously
affects the crystal structure and has a negative impact. A slight increase in laser power
caused an increase in coercivity owing to the increase in inter-particle dipole interaction,
resulting in improved crystallization in the (101) and (110) phases. A faster laser speed
causes a negative effect on the crystal structure, owing to the low laser duration causing
rapid cooling, which in turn results in poorer crystallization. Increasing the laser-sintering
time significantly weakened the crystallization of the materials, resulting in a decrease in
the saturation magnetization. So, the optimum process parameters for laser sintering of
SmCos materials were established as 0.254 mm laser scanning distance, 150 W laser power,
1270 mm/min scanning speed, and one sintering. The H, of the obtained magnets was
126 kA /m. Due to the fluctuation of the particle size distribution of the magnetic powders,
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some magnetic powders are agglomerated, which has an impact on the performance of the
Sm-Co magnets prepared by AM technology.
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Figure 7. (a) Hysteresis loop of the 20 vol.% recycled Sm-Co in PLA. (b) Hysteresis loop of
(CoCuFeZr)17Sm; magnets after AM process. (c,d) High-resolution SEM images of the microstructure
of SLM (CoCuFeZr);7Sm; in the annealed state and a reference isotropic sintered magnet. From
Refs. [69,71], originally published under a CC-BY license.

3.2. Additive Manufacturing of SmCoq; Rare Earth Permanent Magnet Materials

The annealing process can improve the squareness and B, of AM Sm-Co magnets and
refine the grain structure of the magnets. Goll D et al. [71] prepared (CoCuFeZr);;Sm,
magnets using LPBF technology. The prepared magnets were treated by a three-step
annealing process (homogenization, isothermal thermal treatment, and slow cooling), and
the obtained magnets had a H; of 2204 kA/m, B, of 0.78 T, and (BH)u.x of 109.4 kJ/ mS.
The comparison of the hysteresis line of AM magnets treated by the annealing process
with that of the printed state and the conventional isotropic sintered magnets is shown in
Figure 7b. As expected, in the as-built state, the printed part exhibited low H,. A three-step
annealing process was necessary to increase H.. Under the annealed condition, the samples
exhibited good magnetic properties. It can be found that the B, of the annealed magnet
was slightly higher than that of the conventional isotropic sintered magnet, but the H. was
relatively weaker. The microstructure of SLM (CoCuFeZr);75my; in the annealed state and a
reference isotropic sintered magnet are shown in Figure 7c,d. And the domain structure of
the annealed magnet was obviously refined and very similar to that of the sintered magnet.
This reflects that the whole AM magnet formed a relatively uniform nanostructure.

4. Additive Manufacturing of Sm-Fe Rare Earth Permanent Magnet Materials

The theoretical (BH)qx of Sm-Fe magnets reaches a level approximating that of Nd-
Fe-B magnets. And its H. and T, are much higher than that of Nd-Fe-B, which can be
more widely used in high-temperature environments such as electric motors. Meanwhile,
Sm-Fe magnets do not require the addition of heavy rare earth elements and strategic metal
elements, making them a strong candidate for the new generation of rare earth permanent
magnet materials.
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4.1. Additive Manufacturing of Sm(Fe, T)1, Rare Earth Permanent Magnet Materials

Sm(Fe, T)1, compounds (where T = Ti, V, Cr, Mo, Si, Zr, etc.) discovered by Ohashi
et al. [43] were considered promising compounds for new types of permanent magnets.
These compounds have higher intrinsic magnetic properties (H; and M;) than Nd.Fe.B
in the temperature range of 100—400 °C. Moreover, the essential advantage of Sm(Fe, T)»
compounds is that they have the lowest rare earth metal content compared to other rare
earth compounds considered for permanent magnet fabrication. The magnetic properties
of Sm(Fe, T)1, can be effectively enhanced by elemental substitution. A proof of concept for
additive manufacturing of (Sm, Zr)Fe;; Ti permanent magnets was presented by Neznakhin
et al. [72]. The permanent magnets were prepared by a selective laser melting method
using (Sm, Zr)Feq1Ti powder and its mixtures with a low-melting-point additive Smy5(Cu,
Co)z5. The additive facilitates liquid-phase sintering of the main alloy particles without
causing drastic changes in the microstructure of the alloy. During the SLM, the additive was
fully melted, the main fraction remained solid, and the low-melting additive reacted with
the surface of the main powder particles. The photograph of the SLM-prepared sample
on the substrate and a schematic of the laser beam scanning strategy and the magnetic
hysteresis loops measured at 300 K are shown in Figure 8a,b. The laser beam moved from
the left to the right side of the sample in one direction. Then, when the laser was turned
off, the focus moved to a new scan line. The low-melting-point additives ensured that the
phase composition and core structure of the powder particles remained unchanged. The H,
reached 256 kA /m in the sample with SmsFe;7 main phase and 240 kA /m in the case of
(Sm,Zr)Feq11 Ti.
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Figure 8. (a) Image of samples after SLM and scheme of printing strategy. (b) Magnetic hysteresis
loops of SLM (Smj.4Zry)Feq;Ti magnet measured at 300 K. (c) Magnetic hysteresis loops of SLS
SmjFe;7N3 magnet. (d) Diagram of external magnetic field of SLS. Adapted with permission from
Ref. [72]. Copyright© 2022 Elsevier. From Ref. [73], originally published under a CC-BY license.

4.2. Additive Manufacturing of Sm-Fe-N Rare Earth Permanent Magnet Materials

Sm-Fe-N-based materials emerge as an option for isotropic and anisotropic magnets
due to their high B,, H, and corrosion resistance [38,74,75]. ]J.A.B. Engerroff et al. [67]
prepared isotropic Sm-Fe-N bonded magnets using LPBF technology from Sm-Fe-N and
polyamide-12 particles. Higher interparticle porosity was found in the samples during
LPBF melting but did not affect the main phase of the samples. Thus, interparticle porosity
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was likely to be regions that underwent lower local energy density during processing.
The higher interparticle porosity led to the degradation of the magnetic properties of the
samples, and it was proposed that the combination of cold isostatic pressing (CIP) technique
after the LPBF process effectively improves the magnetic properties of the samples. Through
the CIP process, the magnetic properties of AM magnets had been effectively improved,
and the B, was mainly increased greatly, from 0.24 T to 0.4 T. Suppan et al. [73] reported
the first in situ weaving development method for fused filament fabrication (FFF) of
strontium hexaferrite (SrFe;,019) and SmyFe yN3 anisotropic bonded magnets. In their
work, filaments of the two magnetic fillers were extruded on the surface of a Sm;Coyy
permanent magnet that provided an external magnetic field (Figure 8d), which allowed the
adjustment of the particle magnetic field orientation during the additive manufacturing
process. For SmyFe 7N3 + PA12, the normalized magnetization (M, /M;) along the easy axis
was 0.65 and 0.55 in the direction of the hard axis, the H. was 957.6 kA /m, which is shown
in Figure 8c. This is an efficient method to obtain anisotropic AM-bonded magnets. The
grain refinement is one way to enhance magnetic properties, but a magnetic powder that is
too fine is unsuitable for AM. To avoid this apparent contradiction, Rohrig, M et al. [76]
refined the microstructure of the grains by Hydrogenation-Disproportionation-Desorption—
Recombination (HDDR) to increase the H. rather than reducing the powder size. The
obtained Sm-Fe-N magnetic powders had H, values in the range of 683-777 kA/m. AM
magnets prepared using this powder have densities of up to 4.2 g/cm?3.

The magnetic properties of some rare earth permanent magnets prepared by different
AM methods are shown in Table 1. The current research progress is mainly based on
the additive manufacturing technology of Nd-Fe-B magnets, among which bonded Nd-
Fe-B magnets have poor performance due to the existence of binders of non-magnetic
materials. Researchers have explored ways to improve the performance of AM process
magnets. For example, through the penetration process of low-melting-point alloy, the
low-melting-point alloy is dispersed around the magnetic phase grain boundary, and the
H, of the magnet is significantly increased. At the same time, the introduction of a magnetic
field source in the AM process is also an effective way to prepare anisotropic magnets.
Similarly, the magnetic properties of AM magnets can also be effectively improved through
post-treatment processes, such as CIP and annealing. At the same time, owing to the
unique high design freedom of AM technology, researchers have also attempted to take
advantage of AM technology by designing custom shapes, such as microscopic cooling
channels. However, because there is no suitable method to regulate the magnetic field of a
special-shaped magnet, its magnetic properties need to be improved.

Table 1. Magnetic properties of rare earth permanent magnets prepared by different additive
manufacturing methods.

Material Method B, (T)  H,(kA/m)  (BH);u (kJ/m3) Auxiliary Method Refs.
Nd-Fe-B SLM 0.59 659 45 - [43]
Nd-Fe-B SLM 0.9 1025 - - [67]
Nd-Fe-B SLM 0.65 603 62 - [34]
Nd-Fe-B SLM 0.62 1790 65 - [49]
Nd-Fe-B SLM 0.62 1790 65 Annealing progress [60]
Nd-Fe-B SLS - 1280 - In situ grain boundary [55]
infiltration
Nd-Fe-B + PA SLS 0.33 696 17.1 - [56]
Nd-Fe-B SLS 0.44 520 - - [58]
Nd-Fe-B SLS 0.39 1200 - Grain boundary infiltration [58]
Nd-Fe-B SLS - 1552 - Grain boundary infiltration [61]
Nd-Fe-B + PA FDM 0.31 740 - - [47]
Nd-Fe-B + PA FDM 0.58 708.2 58.1 - [40]
Nd-Fe-B + EVA FDM 0.62 994.7 75.6 In situ magnetic field [66]
Nd-Fe-B + Sm-Fe-N + PA FDM 0.73 811.7 89.9 In situ magnetic field [29]
]

Nd-Fe-B + Binder

BJ 0.3 716.2 - - [64
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Table 1. Cont.
Material Method B, (T) H,; (kA/m) (BH) 0 (KJ/m3) Auxiliary Method Refs.
Nd-Fe-B + DEG BJ 0.35 732 - - [62]
SmCos SLS - 126 - - [69]
(CoCuFeZr)17Sm; SLM 0.78 2204 109.4 Annealing process [70]
(Sm,Zr)Feq1Ti + SmCuCo SLM - 240 - - [71]
Sm-Fe-N + PA SLS 0.25 616 - - [74]
Sm-Fe-N + PA SLS 0.4 642 - CIP [74]

5. Summary and Overlook

Overall, the research on AM technology of rare earth permanent magnet materials is
still in its early stages. The AM technology for rare earth permanent magnetic materials
mainly includes selective laser melting and selective laser sintering based on laser powder
bed melting, laser-free fused deposition modeling, and binder jetting. In the literature on
AM Nd-Fe-B magnets, most of the research results reported so far are isotropic bonded
magnets whose performance has reached the standard of traditional bonded Nd-Fe-B
magnets. However, the magnetic properties of fully dense AM Nd-Fe-B magnets prepared
based on laser powder bed melting are not yet satisfactory. Due to the high cost, less
research has been conducted on the AM technology of Sm-Co magnets. Sm-Fe magnets
without the strategic element Co have gradually been emphasized by researchers due to
their potentially high magnetic properties, and its AM technology is of great significance to
future research on the forming process of Sm-Fe magnets. At present, the largest challenge
of AM magnets is to improve their magnetic properties, and the following aspects need to
be focused on:

(1) Optimize AM process parameters. By investigating the mechanism of the influence
of powder melting, solidification, or bonding process on magnetic properties, a correlation
between the AM process parameters and the microstructure of magnets in different AM
types, including LPBF, FDM, and BJ, should be established. Therefore, data-driven opti-
mizing methods like machine learning could be used to improve the magnetic properties,
and external processing methods like in situ magnetic field alignment, in situ grain bound-
ary infiltration, and post-processing could focus on enhancing the magnetic properties of
AM magnets.

(2) Introduce external processing methods. In addition to regulating the process
parameters of the AM process, external processing methods like in situ magnetic field align-
ment, in situ grain boundary infiltration, and post-processing could focus on enhancing the
magnetic properties of AM magnets.

(3) Utilize the designability of AM technology. Due to its high design freedom for rare
earth permanent magnets in terms of size, shape, and magnetic field distribution in AM
technology, we can reasonably allocate the deposition location of expensive raw materials
like heavy rare earth elements, which can reduce the loss of raw materials and energy loss
during the preparation process and achieve cost savings. Therefore, the same focus should
be placed on the research and development of special structures and special stray field
magnets in the future.
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