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Additive manufacturing (AM) or 3D printing is well known for producing arbitrary shaped parts without any
tooling required, offering a promising alternative to the conventional injection molding method to fabricate
near-net-shaped magnets. In this viewpoint, we compare two 3D printing technologies, namely binder jetting
and material extrusion, to determine their applicability in the fabrication of Nd-Fe-B bondedmagnets. Prospects
and challenges of these state-of-the-art technologies for large-scale industrial applications will be discussed.
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1. Introduction

Permanent magnets (PM) refer to materials with a broad hysteresis
loop; they are widely used in areas in which an energy conversion, usu-
ally from electrical to mechanical energy, is required, such as in motors
and hard disk drives [1]. Another fact about permanent magnet is that
they consist of a large amount of rare-earth (RE) elements such as Nd,
Dy and Tb, majority of which are mined and separated in China, and
US is experiencing a “rare earth crisis”. As the strongest PM, Nd2Fe14B
based magnets occupy 2/3 of the PM market even though they cost 25
times as that of the hard ferrites (BaFe12O19). In response to address
this RE criticality, considerable research efforts have been made to de-
velop heavy RE free and/or reduced RE permanentmagnets [2–4]. How-
ever, this approach involves screening tremendous number of
compositions resulting in slow progress.

One of the alternative strategies to diversify the critical materials
supply and lower the PM cost is to reduce thematerial waste associated
with the manufacturing (e.g., cutting, machining, etc.) which cannot be
readily re-used. The state-of-the-art technology additivemanufacturing
(AM) is well-suited to fabricate magnets which frequently involve the
expensive and critical RE elements. As opposed to conventional subtrac-
tivemanufacturing, AMproduces complex shaped objects through join-
ingmaterials in a layer-upon-layer fashion based on a computer-aided-
design (CAD). Owing to this unique fabrication method, AM exhibits
thaman).
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significant advantages such as reducedmaterials waste and energy con-
sumption, no machining/tooling required and low labor cost, etc. To
date, themajority of the additive efforts have been focused on structural
materials such as fiber-reinforced composites [5] and alloys [6–8], etc.,
whereas AM of functional materials such as magnets is still in its infan-
cy. Laser metal printing has been utilized to rapidly synthesize Fe-Co
magnets with varying compositions, enabling fast assessment of mag-
netic properties of this binary system [9]. Nevertheless, metal printing
of NdFeB magnets is more challenging owing to the high melting tem-
perature, different evaporation rates of each elements and the complex-
ity in the ternary phase diagram. Very recently, extrusion printing of
NdFeB bondedmagnets have been explored [10,11]. Huber et al., report-
ed the fabrication of Nylon bonded NdFeB magnet with a commercial
3D printer [10]. The magnetic powder loading fraction is 54 vol.%, and
the density of the printed magnet is 3.6 g/cm3, which is lower than
that of the injection molded samples, indicating a higher level of poros-
ity in the 3D printed samples [10]. Compton et al. fabricated NdFeB
bonded magnets with a direct-write 3D-printer via an epoxy-based
thermoset ink composed of 40 vol.% anisotropic MQA powder and
60 vol.% epoxy [11]. ASTM F42 committee classified AM into seven cat-
egories including directed energy deposition, powder bed fusion, binder
jetting, and material extrusion, etc. [12]. In this viewpoint, we compare
the feasibility of two of these technologies, namely binder jetting and
material extrusion, for fabricating near-net-shape NdFeB bonded mag-
nets. In particular, we demonstrate that the material extrusion method
using the Big Area Additive Manufacturing (BAAM) system is superior
in fabricating bonded magnets with magnetic and mechanical
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properties comparable to those produced by conventional injection
molding method. The prospects and challenges of permanent magnets
AM being adopted for industrial production will be evaluated.

2. Bonded magnets

Bondedmagnets are fabricated bymixing themagnet powder with a
polymer binder (e.g. nylon, epoxy, etc.), thenmolded into desired shapes
via, conventionally, injection molding, compression molding, extrusion
etc. [13]. The volume fraction of magnetic powder in injection and com-
pression molding is typically 65% and 80%, respectively [13]. Compared
to sintered magnets, bonded magnets have enhanced freedom in terms
of geometry, and are more cost effective but at the expense of reduced
energy product BHmax due to the incorporation of the non-ferromagnetic
polymer binder [14]. In terms ofmechanical properties, bondedmagnets
present a better ductilitywhile lower tensile strength. The shape flexibil-
ity of bonded magnets enables innovative designs for motor magnets,
which can potentially increase the torque output.

3. Binder jetting with ExOne X1-Lab

Binder jetting involves a liquid binder which is selectively deposited
into a powder bed to bind materials to form complex shaped parts. It is
suited to printmagnets as it does not employ heat during the build pro-
cess. Upon printing completion, the printed magnet is then placed in an
oven at 100–150 °C to cure the thermoset binder. A detailed description
of the set up andworking principle of the ExOne X1-Lab printer is avail-
able in Ref. [15,16]. This AM technique has been shown to fabricate
various metals [17], ceramics [18,19], and functional solid oxide fuel
cells [16], etc. In this work, we printed NdFeB bonded magnets
using two kinds of magnet powders - isotropic MQP-B-20173-070
(Magnequench) and anisotropic magfine powder MF18P (Aichi Steel),
respectively. Fig. 1(a) shows some images of the printed magnets with
a horseshoe, square, and ring shape. Fig. 1(b) presents the demagnetiza-
tion curves of the parts printed with the isotropic powder MQP-B. The
printing process did not degrade the intrinsic coercivity Hci at all.
Fig. 1. (a) Images of the binder jet printed NdFeB magnets with different shapes; (b)
magnetic properties of the binder jet printed NdFeB magnets using MQP-B powder.
(reprinted with permission from Ref. [15]).
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Density of themagnetic phase is essential to ensure magnet functional-
ity as it determines howmuchmagneticflux themagnet can generate in
a given space. Here, themeasured density of the printedMQP-Bmagnet
is 3.3 g/cm3, which is nearly 43% dense compared to the theoretical
magnet crystal density. The low density is related to the low volume
fraction of themagnet powder aswell as the inter layer and/or inter par-
ticle porosity. In fact, the commercially available thermoset binder from
the ExOne company needs some improvement in terms of binding abil-
ity, and efforts are beingmade to apply stronger polymer binders to this
3D printing system.

Densification is a long-term challenge for binder jetting. Bimodal
powders with varying particle sizes can be introduced during printing
to improve the packing density. Furthermore, post-processing steps
such as infiltration with nano-particles are frequently carried out to
fill the voids and enhance mechanical strength [20]. For example,
bronze was diffused into binder jetted stainless steel at 1050 °C to
achieve full density. In the research community of permanent magnet,
grain boundary diffusion process (GBDP) using low-melting point
alloy (e.g., Nd-Cu) is a well-known method to effectively enhance coer-
civity throughmodifying the intergranular phase between themagnetic
Nd2Fe14B grains [21]. Thus, it is of interest to apply this technique, opti-
mally, with the application of expansion constraint to minimize the loss
of remanence [22], to the binder jetted magnets to achieve densifica-
tion, and meanwhile, improve coercivity.

With thedownsizing of electronics, bondedmagnetswith higher en-
ergy product BHmax are strongly desirable. This can be achieved through
magnetically aligning anisotropic powder during the manufacturing
process to increase the remanence Br as well as the density of the final
part [23]. Dy free magfine powder MF18P with Hci = 14.2 kOe was
used to explore the feasibility of in-situ alignment during the printing
process. However, in-situ alignment remains amajor challenge for bind-
er jetting as the distance between the print head and the powder bed is
very small; once the powder is aligned, it interferes with the print head
directly, which could damage the print head. Alternatively, in this study,
alignment with a sintered NdFeB magnet which was placed at the bot-
tom of the printed part was carried out during the post-curing stage in
an oven at 100 °C. The magnetic field generated by the sintered magnet
for the alignment is approximately 1 T. The density and magnetic char-
acteristics of the printedmagnets without andwith alignment are sum-
marized in Table 1. It can be seen that the alignment enhanced the
density and remanence Br, resulting in a BHmax enhancement from 2.4
to 3.8 MGOe. Further efforts are under way to realize in-situ alignment.

4. Material extrusion with the Big Area Additive Manufacturing
(BAAM) system

BAAM is a system developed by a team of researchers from ORNL's
Manufacturing Demonstration Facility and Cincinnati Inc. to fabricate
large-scale parts via a material extrusion method [24]. BAAM deposits
molten thermoplastics in a layer-upon-layer fashion – the materials
are extruded from the nozzle and solidify rapidly [25]. Fig. 2 shows a
schematic of the BAAM process for fabricating NdFeB bonded magnets.
Magnequench isotropic MQP B+ powder (65 vol.%) was mixed uni-
formlywith Nylon-12 (35 vol.%), and extruded first to obtain composite
pellets,whichwere then used as feedstockmaterials in BAAM. Note that
BAAM does not require pre-fabrication of filament. The temperature at
the orifice exit of the extruder was approximately 270 °C, and the
printed magnet was then polished and coated with a polyurethane
polymer by TruDesign LLC.
Table 1
Characteristics of binder jetted NdFeB bonded magnets with anisotropic MF18P powder.

Sample Density (g/cm3) Hci (kOe) Br (kG) BHmax (MGOe)

Without alignment 3.54 14.2 3.3 2.4
Aligned during curing 3.86 14.2 4.2 3.8
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Fig. 2. Schematic of fabricating NdFeB bonded magnet in which the magnet powder is mixed with nylon-12, and extruded to obtain composite pellets, which are used as feedstock
materials for BAAM printing. The picture on the right shows a hollow cylinder magnet with an OD × ID of ~5.7 × 4.5 in. and height of 6.5 in. Note that the printed magnet was coated
by TruDesign, LLC using a clear polyurethane polymer. The inner wall of the cylinder shows the layer-upon-layer structure of the printed magnet.
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Table 2 shows a comparison of the characteristics of BAAM and the
conventionally injection molded (IM) magnets made from the same
startingmaterials (65 vol.%MQP B+ and 35 vol.% Nylon-12) byMagnet
Application Inc. Note that the primary magnetic characteristics of per-
manent magnets are intrinsic coercivity Hci (the ability to resist demag-
netization), remanence Br (residue magnetization upon the removal of
magneticfield), and energy productBHmax (themaximummagnetostat-
ic energy a magnet can store). It was mentioned that the density of the
printed part is essential as it determines the magnetic flux the magnet
can generate in a given space, assuming the same starting materials
and that the magnetic properties are not degraded during the fabrica-
tion process. In some sense, printing stronger bonded magnets means
increasing the packing density of themagnetic particles. Here, themea-
sured densities of BAAM and IM magnets are very close, namely
~4.9 g/cm3. However, this value is 8% lower than the theoretical limit
of 5.3 g/cm3 which can be calculated from the starting nominal compo-
sition of 65 vol.% loading fraction of magnetic particles in a polymer. For
comparison, the densities of 3D printed magnet and IMmagnet report-
ed by Huber et al. are 3.6 g/cm3 and 4.4 g/cm3, which are 22% and 4%
lower than the theoretical limit of 4.6 g/cm3 calculated from the starting
nominal composition of 54 vol.% loading fraction, respectively, indicat-
ing a higher level of porosity in 3D printed magnets. Both BAAM and
IM magnets show a slight deterioration in Hci as compared to the
starting pellets which have a Hci = 8.9 kOe. These deteriorations can
be attributed to the grain growth/microstructure change caused by
the heating during the melting process. It is possible that the IM ma-
chinemay have gone through a slightly higher temperature and/or res-
idence time during printing compared to the BAAM extruder.
Consequently, the IMmagnetsmayhave a lower coercivity as compared
to BAAMmagnets. The small variation in Br between BAAMand IMmag-
nets possibly results from the different geometries of themagnetization
sample, as themagnetizationwasmeasuredwith an “open loop” vibrat-
ing samplemagnetometer, and the demagnetization correctionwas not
performed. On the other hand, the rapid cooling feature of 3D printing
creates internal residual stress, possibly causing mechanical property
degradations and structure deformations. Note that the ultimate tensile
strength (UTS) and ultimate strain for IM magnets in Table 2 are taken
from Ref. [26] for magnets made from 60 vol.% melt-spun irregular
Table 2
Characteristics of the BAAMmagnet vs. IMmagnet. Note that themagnetic properties andmech
erties of the IM magnets are taken from Ref. [26].

Method Density (g/cm3) Hci (kOe) Hc (kOe) Br (kG) BHmax (MGOe)

BAAM 4.9 8.7 4.1 5.0 5.3
IM 4.8 8.0 3.6 4.8 4.6
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shaped powders. The UTS of the 3D printed magnets is significantly di-
rection dependent, with the z direction (part growth direction) being
the weakest. This directional dependence is typical for all layered addi-
tivemanufacturing techniques. The z-direction strength typically repre-
sents process dependent interface properties between layers, rather
than the properties of the underlying material. Here, the tensile testing
on the BAAMmagnets was done along x axis which is perpendicular to
the printing direction [25]. It can be seen from Table 2 that the IMmag-
nets exhibit higher UTS but lower ductility. It was suggested that the
separation of themagnetic particles from the nylon binder is the prima-
ry failure mechanism during the tensile test for bonded magnets [25,
26]. SEM images of the BAAM magnets [25] revealed some voids, pri-
marily located at the interface between the magnetic particle and the
binder, which could account for the lower UTS. One well-known draw-
back of NdFeB magnets is the rapid reduction in intrinsic coercivity Hci

and energy product BHmax with rising temperature, limiting its high
temperature operation. The temperature coefficient of BHmax is −0.26
and −0.32%/°C for BAAM and IM magnets, which indicate that when
the temperature is increased from 25 to 125 °C, the BAAM and IMmag-
nets will experience a BHmax loss of 26% and 32%, respectively. Thus the
BAAMmagnet has a slightly better thermal stability. In fact, coatingwith
a polymer protective layer is usually required to improve thermal stabil-
ity and corrosion resistance, which is outside the scope of this
viewpoint.

The magnetic powder volume fraction (f) is very important for
bonded magnets as the energy product is proportional to f2. It was
shown that the UTS also increases with f [26]. Volume fraction of mag-
netic powder in commercial injectionmolded and compression bonded
magnets is typically 65% and 80%, respectively. Our next effort is to in-
crease f to beyond 65 vol.% for BAAM 3D printing, with an ultimate
goal of achieving the same energy productBHmax as that of the compres-
sionmoldedmagnets. In addition, BAAMprintingwith anisotropic pow-
der is also underway.

5. Outlook

AM has been commercially used in various areas, including aero-
space, automotive, energy, and lightweight, highly efficient structures
anical properties of the BAAMmagnets are taken from Ref. [25], and themechanical prop-

Temperature coefficient of BHmax [%/°C] UTS (MPa) Ultimate strain [%]

−0.26 6.6 4.2
−0.32 18.4 0.4

shape bonded magnets: Prospects and challenges, Scripta Materialia
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for the transportation sector. A detailed evaluation of the competitive-
ness of AM for producing parts with varying geometric complexity, cus-
tomization, and production volume is given in Ref. [27]. In general, AM
is suited for low to medium volume production especially when cus-
tomized design is desired. Nevertheless, AM suffers from accuracy is-
sues due to the distortion and residual stress buildup during the
layering process [28]. A direct link between the property of the feed-
stock material, extrusion nozzle diameters, printing parameters, and
the mechanical and functional properties of the resulting parts needs
to be built to ensure repeatability. Significant advancements are neces-
sary for AM to replace the conventional techniques for fabricating high
volume parts with a relatively simple shape. Nevertheless, to the least
extent, AM can be employed as a tool in the design and development
of innovative motor magnets, whereby a better motor design that en-
ables fullest use of the magnetic flux would in turn save RE consump-
tion. What's more, the motor which consists of non-magnetic frames
(e.g., stator, rotator, etc.) and permanent magnets, can be printed as a
single part, enabling higher accuracy and shorter design-to-part time.
BAAM is more prominent compared to binder jetting in terms of pro-
ducing mechanically and magnetically useful parts. Injection molding
is the commercial method that BAAM can outperform, with an ultimate
goal of rivaling compression molding.

Fig. 3 shows a spiderweb chart comparing different characteristics
(i.e., BHmax, UTS, ultimate strain, reduced critical material waste, and re-
ducedweight × cost) for sintered, injectionmolded (IM), and additively
printed (AM) bonded magnets. IM and AM have similar capabilities,
with AM showing a slight advantage in terms of reducing material
waste and reducingweight × cost, andmechanically, lower UTS and su-
perior ductility. Sintered magnets have much higher energy product,
higher tensile strength, and on the other hand, much higher critical RE
waste and therefore higher weight × cost. Note that the estimated
weight × cost for sintered and injection molded magnets is resourced
from Aichi Steel Inc. Currently, permanentmagnet synchronous motors
generally employ sintered NdFeBmagnets owing to their highest resid-
ual flux density. However, the high electrical conductivity of sintered
magnets results in severe eddy current loss, which reduces the motor
efficiency [29]. It was demonstrated by both simulation and experimen-
tal results that the axial gap motor employing NdFeB bonded magnets
can attain both higher torque and higher efficiency compared with the
radial gap motor incorporating NdFeB sintered magnets with the same
weight of magnets [30]. This inspiring work further validates the moti-
vation to develop advanced manufacturing technologies like 3D print-
ing to fabricate bonded magnets. It is important to note that the 3D
printing methods discussed in this viewpoint are not exclusive to
NdFeB-based magnets, but can be applied to the fabrication of a wide
range of magnetic materials and compositions.
Fig. 3. A spider chart comparing different characteristics between sintered, injection
molded, and additively printed magnets.
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In summary, AM offers an economical method to fabricate RE-based
bonded magnets with no limitations in geometry and quantities. How-
ever, the following challenges remain to be addressed to facilitate in-
dustrial applications:

1) A detailed microstructural and/or residual stress study is needed to
optimize the printing parameter.

2) Optimization of the extrusion nozzle diameters, extrusion tempera-
tures and residence time and starting magnet particle size are also
necessary.

3) A mature system for in-situ magnetic field alignment of the aniso-
tropic powder during the printing process needs to be designed
and implemented.

4) Techno-economic analysis of the AM in order to compete with tradi-
tional IM techniques.

6. Concluding remarks

Demand formagnets is expected to experience a substantial increase
with the maturation of clean energy technologies, which has already
opposed a concern regarding the supply of RE elements.With the signif-
icant advantage of minimum material waste and no tooling require-
ment, AM offers an economical method to fabricate near-net-shape
magnets with no quantity restrictions. The shape flexibility of AMmag-
nets unleashes opportunities for motor designers, and is also beneficial
in sensor technology. Nevertheless, AM printing of magnets is still in its
infancy.Whilewe demonstrate thatmaterial extrusion is capable of fab-
ricating bonded magnets with magnetic and mechanical properties
comparable to those of conventionally injection molded magnets, ex-
tensive research needs to be done to acquire a thorough understanding
of the correlation between the property of the feedstock materials,
printing parameters, and the mechanical and magnetic properties of
the resulting bonded magnets, to ensure repeatability and consistency
in the printed parts.
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