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Three-dimensional printing enables building objects shaped with a large degree of freedom. Additional
functionalities can be included by modifying the printing material, e.g., by embedding nanoparticles in the molten
polymer feedstock, the resin, or the solution used for printing, respectively. Such composite materials may be

stronger or more flexible, conductive, magnetic, etc.

3D-printed FDM magnetic composites

| 1. Three-Dimensional Printing Techniques

Generally, the feedstock for 3D printing can take the form of a filament/wire (e.g., FDM printing), a powder (e.g.,
selective laser sintering, SLS), or a fluid (e.g., SLA, PolyJet Matrix ), in addition to two- or more-component
methods in which a binder and a powder or other components are combined (e.g., binder jetting [2). Depending on

the exact way of processing the feedstock, several technologies can be defined.

FDM is most common in inexpensive printers used at home or in school or university. A polymer filament of defined
diameter is pulled into a hot-end, molten, and pressed through a nozzle. The molten polymer is placed along

defined paths to form an object layer by layer B4, For metals, a similar process is wire arc additive manufacturing
&,

SLS works by fusing subsequent layers in a powder bed and can not only be used to process polymers, but also
metals or ceramics 87, Other powder-bed-based techniques are, e.g., selective laser melting, direct metal laser

sintering, and electron beam melting [&l.

Among the photopolymerization techniques, SLA is the oldest and probably the most common one. In this
technique, the printing bed is lowered into a basin filled with resin, and the highest layer is polymerized by laser
light, before the printing bed is lifted by one layer height, and the next layer is polymerized (. Digital light
processing (DLP) uses a digital micro-mirror device in the light path, enabling light exposure of a full layer at the
same time (29, |n the PIM technology, objects are created on top of a printing bed, where a liquid polymer resin is
sprayed on desired positions and cured by UV light [X. Even more exact shapes can be reached by two-photon or
multi-photon polymerization, where a strongly focused laser enables absorbing two or more photons

simultaneously, in this way strictly limiting the area where polymerization can take place 111122
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| 2. Magnetic Composites for Fused Deposition Modeling

Generally, many magnetic materials can be embedded in a polymeric feedstock for FDM printing, from
nanoparticles to microflakes or fibers in different dimensions, and from soft to hard magnetic materials. Similarly,
diverse polymers can be applied, most of them typical for FDM printing. Common soft magnetic materials used,
e.g., in electric machines to guide magnetic fields, are Si-Fe alloys (also printable without a polymer matrix 131), Ni-
Fe alloys (e.g., permalloy 24, nickel 28 magnetite 281 Nizn ferrites 819 Mnzn ferrites 2%, etc. Hard
magnetic materials, characterized by large coercivity and ideally also large remanence, are used for technical
permanent magnets and often include rare-earth elements, such as neodymium-iron-boron (NdFeB)-based
magnets (21 or magnetic ceramics such as barium hexaferrite 22 or strontium hexaferrite, while manganese-based
alloys such as MnBi, MnAl, or MnGa, alnico magnets, and iron nitride (Fe;gN>,) are less often used in 3D-printed

polymer/magnetic composites.

Due to the interest in 3D printing freeform magnets with different magnetic properties, several research groups
developed a magnetic feedstock for FDM printing, often based on polymer/ferrite composites 231, Palmero et al.
described the preparation of a polyethylene (PE)/MnAIC composite filament [24]. For this, they prepared a magnetic
MnAIC powder by gas-atomization, resulting in spherical particles of diameters below 36 pum, which were
embedded in a PE matrix by dispersing/dissolving both materials in toluene, so that a polymeric matrix was formed
around the MnAIC particles. The resulting pellets were extruded into a magnetic filament with a diameter of 1.75
mm, suitable for standard FDM printing, and showed coercive fields around 1.5 kOe 241, The filament and its inner
structure are depicted in Figure 1. The research group showed in a subsequent paper a filling factor of even 80
wt%, which they attributed to an optimum ratio of fine to coarse particles, enabling the production of freeform

permanent magnets without rare earth materials 23,
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Figure 1. (a) Extruded MnAIC—PE magnetic filament (with a 20 cm ruler for scale comparison); SEM images of (b)
the circular cross-section of the MnAIC-PE filament, and internal filament morphology for filling factors (c) 72.3%
and (d) 52.1%. From 24, originally published under a CC-BY license.

The production of a magnetic FDM feedstock containing polyethylene was also reported by Arbaoui et al. who used
permalloy, or more exactly, Nig;Fe;q, as magnetic particles (28, These commercially available spherical particles
had diameters of a few microns, i.e., smaller than those used by Palmero et al. (24][25] Composite materials were
prepared by propeller mixing in a molten state as well as by using a twin screw extruder, with filler volume fractions
between 10% and 40%. From the composite with 30 vol% permalloy, an FDM filament with a diameter of 3 mm

was prepared and used to print a small parallelepiped, which was not further investigated 28,

Another polymer often used to prepare magnetic FDM feedstock is acryl butadiene styrene (ABS). Hanemann et
al., e.g., prepared a composite feedstock from ABS and barium ferrite (BaFe;,019), Which is a ferrimagnetic
material [27. The commercially available barium ferrite had an average particle size of 500 nm, i.e., much smaller
than the previously discussed MnAIC or permalloy microparticles. The composite material was produced in a
mixer-kneader unit by adding a surfactant to improve the surface coverage of the nanoparticles, before a filament
extruder was used to prepare the final FDM filament with a diameter of 1.75 mm. Among these filaments (Figure

2), those with up to 30 vol% barium ferrite could be used to print samples with sufficient quality on a commercial
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FDM printer. Coercivities were found in the range of 11 kA/m for 10 vol% barium ferrite up to 29 kA/m for 35 vol%

barium ferrite.
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Figure 2. Microscopic images of (a) extruded filaments with different solid loadings; (b) polished cross-sections
with increasing filler content. Upper row: Pure acryl butadiene styrene (ABS), 10 vol.% and 20 vol.% ferrite; lower

row: 30 vol.%, 35 vol.%, and 40 vol.% ferrite. From [2—7], originally published under a CC-BY license.

Gas-atomized stainless-steel alloy particles of diameters around 25 pm were also mixed with ABS to prepare a
composite feedstock 28] For this, ABS pellets were dissolved in acetone, before the metallic particles were added
under stirring, and stirring was continued until the acetone was fully evaporated. The resulting composites had
stainless-steel volume ratios of 50-90% and were further extruded to filaments with a diameter of 1.75 mm. The
filaments showed small coercive fields around 52-55 Oe, with the values of the printed objects being very similar to
those of the original stainless-steel powder. While FDM printing from these filaments was successful, the authors

nevertheless mentioned future approaches to improve the resolution of the 3D-printed objects.

A similar study with stainless-steel micropowder with an average diameter of 6 um, compounded in ABS, was
performed by heated kneading of ABS and the steel micropowder, followed by extrusion of FDM filaments with a
diameter of 1.75 mm 22, The authors report printing with these filaments for magnetic fillers up to 40 vol%.

Coercivities were found around 1.5-4.3 kA/m in this investigation.

Other combinations of polymers and magnetic nano- or microparticles are also reported in the literature. Amongst
them, poly(lactic acid) (PLA) was blended with magnetite (Fes04) and partly with additional poly(vinyl chloride)
(PVC) and wood powder BUBLEZ From the feedstock prepared by twin screw extrusion, filaments with 20 wt%
magnetite were prepared and investigated in terms of mechanical and magnetic properties. They showed coercive

fields around 84 Oe for PLA as the matrix and of approx. 75 Oe for the hybrid matrix.

While the aforementioned coercive fields are relatively small, much larger values can be found for rare-earth
magnetic alloys, such as NdFeB. Pigliaru et al. mixed the high-temperature polymer poly(ether ether ketone)
(PEEK) with NdFeB flakes of average thickness 35 um and coercive fields of 440-496 kA/m after magnetization

23] Filaments with a diameter of 1.75 mm were prepared by mixing both components in a planetary mixer, followed
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by single-screw extrusion at 340 °C. The filaments contained 25-75 wt% of NdFeB. For FDM printing, a special
high-temperature printer from Indmatec was used to reach the necessary nozzle temperature of 100 °C. The
authors reported that while 25 wt% of NdFeB was still printable with the common nozzle diameter of 0.4 mm, this
had to be changed to a nozzle with a diameter of 0.8 mm for the filament containing 50 wt% NdFeB due to the high
viscosity of this melt, and the filament with 75 wt% NdFeB could not be printed successfully. Interestingly, while the
printed samples with 25 wt% NdFeB had a similar coercive field as the original powder of 413 kA/m, the sample
with 50 wt% NdFeB had a significantly reduced coercive field of approx. 167 kA/m, which the authors attributed to

a reduced orientation of the magnetic flakes, in this case, due to the larger nozzle.

As these examples show, different combinations of polymer and magnetic nano-/microparticles were shown to be
suitable as a feedstock for magnetic FDM filaments. However, while FDM printing has a broad area of applications,
the finer structures available by photopolymerization may be more suitable for well-defined magnetic object
shapes. The next section, thus, introduces possibilities to prepare magnetic photopolymers, but also other

feedstock for different 3D printing techniques.
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