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Abstract: Three-dimensional printing is one of the most promising areas of additive manufacturing
with a constantly growing range of applications. One of the current tasks is the development of new
functional materials that would allow the manufacture of objects with defined magnetic, electrical,
and other properties. In this work, composite magnetic filaments for 3D printing with tunable
magnetic properties were produced from polylactic acid thermoplastic polymer with the addition of
magnetic ferrite particles of different size and chemical composition. The used magnetic particles
were cobalt ferrite CoFe;O4 nanoparticles, a mixture of CoFe,O,4 and zinc-substituted cobalt ferrite
Zn 3Cog 7Fe;O4 nanoparticles (~20 nm), and barium hexaferrite BaFe 5019 microparticles (<40 pm).
The maximum coercivity field Hc = 1.6 & 0.1 kOe was found for the filament sample with the
inclusion of 5 wt.% barium hexaferrite microparticles, and the minimum H¢ was for a filament with
a mixture of cobalt and zinc—cobalt spinel ferrites. Capabilities of the FDM 3D printing method to
produce parts having simple (ring) and complex geometric shapes (honeycomb structures) with the

magnetic composite filament were demonstrated.

Keywords: magnetic nanoparticles; spinel ferrites; hexaferrites; polymer composites; magnetic
composites; additive technologies; filament; extrusion; FDM printing

1. Introduction

Three-dimensional printing technology has been growing with an impressive speed
over the past few years; it offers an economical use of resources (raw material), as well
as a wide range of possibilities for varying geometric shapes and functional properties of
printed objects [1-3]. Among the methods related to additive manufacturing technologies,
the simplest and the most common is the FDM (fused deposition melting) method also
known as FFF (fused filament fabrication), in which a 3D object is created via layer-by-layer
extrusion of a thermoplastic polymer [4]. This method is one of the most promising for
the 3D printing of composites with various additives to extend the functionality of the
material [5,6]. The types of additives depend on the required final parameters for a product
and require the development of new technologies to produce composite filaments suitable
for the FDM printing method.

A common and the most readily available filament used for FDM printing is poly-
lactide (PLA), whose monomer is lactic acid. PLA is biodegradable, biocompatible, and
thermoplastic, which makes it promising for use in biomedical applications [7]. Currently
available filaments for FDM printing are limited to commercially available polymeric
plastics (e.g., PLA, ABS, HIPS, and BFlex) and their modifications. However, composite
filaments based on polymers with metallic additives, which have increased mechanical
strength and provide magnetic properties, are presented on the market in limited quan-
tities [8]. On the other hand, an important challenge is to obtain a composite filament
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with additives of magnetic particles having specific functional characteristics (giant magne-
tostriction, magnetic anisotropy, and selective absorption of electromagnetic waves), which
allows printing objects for narrowly focused practical applications [9-11]. Such fillers pro-
viding materials with functional properties can be magnetic nano- and microparticles [12].
Opportunities that are enabled by the 3D printing of magnetic materials are huge due to
the possibility of fabricating objects with predetermined magnetic properties (soft or hard
magnetic) that can be controlled, e.g., by the inclusion of certain fillers [13]. This will allow
complex geometric structures with certain magnetic properties to be manufactured for
applications in electronics, sensors, soft robotics, biomedicine, etc. [14-20].

Among magnetic materials, spinel ferrites and hexaferrites (oxides based on transition
metals that can be obtained in the form of nano- and microparticles) are of particular interest
because of their chemical stability, as well as good mechanical, strong magnetic, and tunable
electrical properties [21]. Cobalt ferrite has the highest magnetocrystalline anisotropy value
(2 x 106 erg/cm?® [22]) among spinel ferrites. It has been shown that a small content of zinc
in the structure of cobalt ferrite increases the saturation magnetization, but the coercivity
associated with the magnetic anisotropy decreases [23-25]. Hexaferrites, such as barium
hexaferrite, have a large magnetocrystalline anisotropy constant (3.3 x 10° erg/cm? [26]),
but they are difficult to produce in the form of nanoparticles because of the need for high-
temperature annealing and quite complicated synthesis method [27,28]. Thus, magnetic
properties of particles depend on structure, chemical composition, particle size, and other
factors that can be tuned during the particle synthesis to meet the requirements of a target
application. In this study, we implemented two synthesis approaches to produce magnetic
particles: a top-down approach of ball milling to obtain barium hexaferrite microparticles
and a bottom-up sol-gel chemical synthesis of spinel ferrite nanoparticles [28-30]. Nanopar-
ticles are preferable for composites because they can be easily homogeneously distributed
in the polymer matrix, thereby minimizing disturbance of the polymer structure; however,
with the decrease in size, magnetic properties degrade due to the increasing fraction of the
surface characterized by a magnetic disorder [31,32].

This work aims to develop the technology for the fabrication of filament composite
based on PLA with the inclusion of ferrite particles with various magnetic properties and
sizes, namely, cobalt ferrite nanoparticles, a mixture of pure and zinc-substituted cobalt
ferrite particles, and barium hexaferrite microparticles. The magnetic properties of the
produced filaments were studied, and the possibility to use these filaments for 3D printing
was demonstrated.

2. Materials and Methods
2.1. Filler Particles

Three types of fitter particles were used to produce composite filaments:

(1) Cobalt ferrite CoFe,O4 (CFO);
(2) Mixture (1:1) of CoFe,Oy4 and zinc-substituted cobalt ferrite Zng 3Cog 7Fe,O4 (CFO/ZCFO);
(3) Barium hexaferrite BaFe 1,019 (BaFO).

Magnetic CoFe,O4 and Zng3Cog yFe;O4 nanoparticles with a spinel ferrite crystal
structure were synthesized using the sol-gel self-combustion approach [29]. For this,
Zn(NO3),-6H0O (>98%; LenReactiv, St. Petersburg, Russia), Co(NO3)2-6Hy0 (>98%; Vek-
ton, St. Petersburg, Russia), and Fe(NO3)3-6HyO (>98%; LenReactiv, St. Petersburg, Russia),
aqueous ammonia solution (NHs(aq) > 25%; SIGMATEK LLC, Khimki, Russia), citric acid
CsHgO7-HyO (>99.8%; LenReactiv, St. Petersburg, Russia), and distilled water were used.
The metal salts were taken in the molar ratio of cations Co?*:Fe>* = 1:2 and Zn?*:Co?*:Fe3*
= 0.3:0.7:2 to maintain the stoichiometry of CoFe,O4 and Zn(3Coq 7Fe;O4, respectively. In
atypical synthesis, 1 M citric acid solution was added to 1 M aqueous solutions of metal
nitrates of the same volume. The pH was adjusted by adding aqueous ammonia until a
neutral level of ~7 was reached. The resulting solutions were left on a heating plate at
150 °C and stirred vigorously until the gel was reached. The nanopowders were obtained
by increasing the temperature to 300 °C, thus initiating a self-combustion reaction. The
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reaction product was ground in an agate mortar and washed several times with distilled
water and acetone. The average size of the obtained crystallites did not exceed 20 nm.
A detailed characterization of magnetic and structural properties of the nanopowders is
described in [24].

BaFO microparticles were obtained by the ball milling of the commercial barium hexa-
ferrite permanent magnet. The preliminarily demagnetized sample of barium hexaferrite
in the form of a cylinder was crushed to large granules with the average diameter of 3 mm
and then ground in the agate mortar to a fine-grained powder. The resulting powder was
then milled in the ball mill (E-Max, Retsch GmbH, Haan, Germany) in two stages for 1.5 h
(stage I) and 30 min (stage II) with the addition of isopropyl alcohol (~25 mL) at 500 rpm.
The resulting powder was dried and sieved using a 40 um sieve after the first and the
second stages. The resulting powder was dried at 80 °C for 12 h.

2.2. Fabrication of Filaments

A tabletop Twin Tech Screw extruder (TwinTech Extrusion, Ltd., Stoke-on-Trent, UK)
with five heating zones was used to produce the filament composite. Printing of test objects
from a composite filament was performed using a 3D FDM printer AnyCYBIC Mega-S
(Shenzhen Anycubic Technology Co., Ltd., Guangdong, China). Figure 1 shows the process
flowchart of a composite filament fabrication with magnetic additives for FDM printing.
The protocol for obtaining a magnetic composite filament for FDM printing consisted of
the sequential steps described below.

(@) (b) (c)

PLA granules magnetic fillers e
&

extruder

Figure 1. Schematic representation of a PLA-based composite magnetic filament preparation for FDM
printing: (a) preparation of the PLA solution; (b) filler addition; (c¢) homogenization; (d) composite
film preparation; (e) drying; (f) pelletizing; (g) extrusion; (h) FDM printing of the object; (i) final object.
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1. Preparation of the PLA solution (Figure 1a)

At this stage, PLA pellets were cut from the filament and dried in a drying oven for
12 h at 40 °C to remove excess moisture. Then, PLA pellets were diluted in methylene
chloride (DCM) in the mass ratio of 1:20. Complete dissolution of the PLA and obtention of
a homogeneous solution were achieved by placing the solution in an ultrasonic bath for
90 min at room temperature with intermediate mechanical mixing using a glass rod.

2. Adding the filler (Figure 1b)

Next, magnetic particles were added to the prepared PLA solution and mixed for
at least 60 min using an ultrasonic bath. The calculated mass fraction of the magnetic
additives was 5% and 10% of the composite total mass. Table 1 shows the composition
and concentrations of the magnetic filler particles used in the preparation of composite
filaments.

Table 1. Types and concentrations of magnetic particle fillers in composite filaments.

Type of Fillers Mass Fraction, % Designation

CFO 5 5CFO/PLA

CFO 10 10CFO/PLA
CFO/ZCFO 5 5CFO/ZCFO/PLA

BaFO 5 5BaFO/PLA

3. Homogenization (Figure 1c)

The obtained PLA solutions with the magnetic particles were mixed before the final
pouring using a vortex mixer.

4. Composite film preparation (Figure 1d)

Composite films were obtained via solvent casting assisted by a doctor blade technique
to control the film thickness. The resulting solution was poured onto a glass mold and
smoothed with a sharp blade to obtain homogeneous composite films [33,34].

5. Drying (Figure 1e)

In this step, composites were prepared by evaporating the solvent in an oven at the
temperature of 30 °C for 60 min. It should be noted that the boiling temperature of DCM
solvent is about 40 °C, and the selected drying protocol contributed to decreasing the
sedimentation of the magnetic fillers, due to faster evaporation than at room temperature
and an increase in the viscosity of the basic solution. The final drying took place for 12 h at
room temperature in a fume hood. The thickness of the samples obtained after final drying
was about 0.4 mm.

6.  Pelletizing (Figure 1f)

The obtained composite sheets were cut into 5 mm wide thin strips and mechanically
crushed using a granulator. The obtained composite flakes had an average linear size of
about3 x 4 x 1 mm.

7. Extrusion (Figure 1g)

The obtained pellets were extruded into the composite filament at 185 °C. The rotation
speed of the extruder was 15 rpm. The extruded composite filament was cooled in the air
at room temperature. The filament diameter was studied with a laser thickness gauge. The
diameter of a nozzle used for the extrusion process was about 1.78 mm.

8.  FDM printing of the objects (Figure 1h)

Digital 3D models of test objects were made using the Autodesk Fusion 360 platform
(Autodesk, Inc., San Francisco, CA, USA). The slicing of 3D models for 3D printing was
performed with Cura 3D slicer software (Ultimaker B.V., Utrecht, The Netherlands), which
slices a 3D model into layers and creates a G-code file for a 3D printer.
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2.3. Characterization of Structural and Magnetic Properties of Samples

Magnetic properties of the composite filament samples were studied using a LakeShore
7400 vibrating magnetometer (Lake Shore Cryotronics, Inc., Westerville, OH, USA) at room
temperature (~295 K). The measurements were performed on segments of the filament
with a length of about 4 mm fixed perpendicularly to the magnetic field lines.

High-resolution X-ray computed tomography (XCT) YXLON (Cheetah, Hamburg,
Germany) was used to visualize the internal microstructure of printed objects with a spatial
resolution of no less than 1 um.

3. Results and Discussion
3.1. Characterization of the Filaments

Figure 2 shows a picture of the CFO/PLA magnetic composite filament with a 10 wt.%
concentration of cobalt ferrite filler. One of the main physical parameters of the filament,
required for the FDM printing, is its diameter, which was determined during the extrusion
process with a laser thickness gauge. The average filament diameter was 1.75 mm. For all
composite filament samples, control measurements were performed on the 1 m filament
length; the deviation of the diameter from the average value did not exceed £0.05 mm.

e 7 8
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Figure 2. Photo of the 10CFO/PLA magnetic composite filament.

It was found that the optimal concentration of the magnetic additives, required to
obtain the homogeneous filament with minimal diameter deviation, was below 10%. A
further increase in the concentration led to the significant diameter deviation of the fila-
ment (£0.25 mm) from the standard value due to the heterogeneity of the melted flow in
the extruder.

3.2. Magnetic Properties

Magnetic hysteresis loops for all magnetic filament samples are plotted in Figure 3.
All studied samples exhibit ferromagnetic behavior with significant coercive force (Hc) and
magnetization (M) values. Since the maximum field of 12 kOe that could be generated with
the used magnetometer was not sufficient to saturate the sample, the saturation magnetiza-
tion (Ms) was obtained by extrapolating the M—H curves with the following function:

A B
M(H) = Mg x (1_H_H2>’ 1
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where A and B are free parameters related to the magnetic anisotropy of the particles [25,35].
Using Equation (1), a fitting of the M—H dependencies in the range of magnetic 8-12 kOe
was performed. The resulting Mg values are reported in Table 1.

64 ——5BaFO/PLA 604 ——5BaFO/PLA
5CFO/ZCFO/PLA 5CFO/ZCFO/PLA P e
4] ——5CFOPLA B 40 ——5CFOPLA
AE - = -10CFO/PLA m e "‘% - = =-10CFO/PLA
E 24 - S 204
o @
= Q
20 2 9
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€
2 -2 9 -204
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-6 -60 -
15 -0 -5 0 5 10 15 15 10 -5 0 5 10 15
(a) H (kOe) (b) H (kOe)

Figure 3. Room-temperature field-dependent magnetization curves measured for all samples of
magnetic filaments. The magnetization is normalized to (a) the mass of the filament, and (b) the

nominal content of the magnetic filler.

Measured magnetic characteristics of the composites are given in Table 2. The M
values were normalized to the filament’s masses and corresponding masses of the mag-
netic inclusions. The magnetization value of a filament is proportional to the mass
content of the magnetic inclusions. According to measurements, the maximum value
Mg =5.4 £ 0.5 emu/g(filament) was achieved for the sample with the maximum concentra-
tion of magnetic particles 10CFO/PLA. However, from the samples with the same concen-
tration of the magnetic nanoparticles, the sample with the inclusion of the barium hexafer-
rite microparticles 5BaFO/PLA showed a maximal Mg value of 4.3 & 0.4 emu/g(filament).
In samples with ZCFO and CFO nanoparticles, this parameter decreased due to the increase
in the fraction of surface atoms [31]. The saturation magnetization ~53-54 emu/g (particles)
of CFO particles was slightly lower compared with Mg = 69 + 2 emu/g of CFO particles
prepared using the same method [24].

Table 2. Magnetic properties of the filament measured at room temperature: magnetization measured
in the 12 kOe field (My10,); saturation magnetization was obtained by extrapolation of the M—-H
dependences (M;), residual magnetization (Mg /Ms), and coercivity field (H¢). The magnetization
values were normalized to the mass of the filament and the mass of the particles contained in the

filament according to the nominal particle concentration.

M12k0e M MRg/Ms Hc
Sample
emu/gﬁlament emu/ Sparticles emu/ Bfilament emu/ Sparticles % kOe
5CFO/PLA 21+02 43 +4 27+£03 53+5 29+5 1.3+£01
10CFO/PLA 444+04 44 +4 54+0.5 54+5 32+5 14+01
5CFO/ZCFO/PLA 26+03 52+5 3.0£03 60 £ 6 32+5 0.55 £ 0.02
5BaFO/PLA 3.0+£03 60 £6 43+£04 85+ 8 32+5 1.6 £0.1

The sample with zinc-substituted cobalt ferrite had a higher magnetization value but
a lower coercivity value, which is in agreement with the behavior of nanoparticles with
similar chemical composition [23-25]. Thus, the mixing of CFO and ZCFO particles made
it possible to obtain a filament, on the one hand, with an increased value of saturation
magnetization and, on the other hand, with a coercive field, which could be established
simply by selecting the ratio between the hard and soft fractions. The 1:1 ratio chosen in this
work allowed us to increase the saturation magnetization from 2.1 + 0.2 t0 2.6 &= 0.3 emu/g
and reduce the coercivity by about half. The residual magnetization (Mg /Ms) for all the
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samples was on the order of 30%, which is lower than the expected value for noninteracting
single-domain particles according to the Stoner—-Wohlfarth model [36]. The maximum
value of the coercivity field Hc = 1.6 & 0.1 kOe was found for the sample with the inclu-
sion of the barium hexaferrite microparticles, and the minimum value was found for the
sample with a mixture of cobalt and zinc—cobalt ferrites, as expected according to the bulk
magnetocrystalline anisotropy of these materials [22,26].

3.3. 3D Printing

One of the main problems in FDM printing using a composite filament with mag-
netic fillers is nozzle clogging, irregular flow, and particles sticking to parts with residual
magnetization, which ultimately leads to a poor print quality and printing of parts with
imperfect geometric dimensions relative to the original digital model [37]. To demonstrate
the FDM printing capabilities of the obtained composite filament, samples with magnetic
additives and 3D printer with the nozzle diameter of 0.4 mm were used. For adjustment of
the printing parameters, the original PLA filament with the declared printing temperature
of 205-235 °C was used. The presence of the magnetic fillers in the composite led to small
deviations in the extrusion speed and melting temperature compared to the original fila-
ment. Thus, the extruder and stage temperatures, filament flow rate in the extruder, fill
format, and other parameters were selected during the printing process to prevent clogging
of the 3D printer’s extruder. The extruder and bed temperatures suitable for printing with
the composite filaments were 235 °C and 40 °C, respectively.

In [38], PLA filament with additives of spherical steel microparticles with a concentra-
tion 5-12 vol.% (26—47 wt.%) was obtained. It was found that the printing temperature of
the composite filament to produce parts with the optimal resolution was 170 °C, which is
lower than for the original PLA (~215 °C). The addition of metallic particles increased the
heat transfer of the composite filament, making it more fluid than the original PLA filament
at the same printing temperature. The effect of the spherical metal microparticle additive
concentration on mechanical and rheological properties of the filament was examined
in [39]. It was found that the concentration increase of additives above 30% mass fraction
led to a significant decrease in the mechanical properties of the filament and the dynamic
viscosity of its melt. For the samples considered in this work, the optimal printing mode
was within the limits stated by the manufacturer for the original PLA filament. This is
because the used ferrite additives had worse thermal conductivity compared to metallic
steel additives, and the selected concentration of magnetic additives (5 and 10 wt.%) did
not lead to a significant change in the rheological properties of the molten filament with
the same printing parameters as for pure PLA.

Figure 4 shows pictures of the objects printed using the FDM method with the pure
and composite filament based on PLA with 5 wt.% of magnetic fillers. The quality of objects
printed from the filament with 5 wt.% of fillers did not depend on the type of used particles.
The same printing parameters were used for all printed objects of different geometric
shapes: ring and honeycomb structures with the edge of the hexagon of about 2 mm.

The correspondence of the geometric shapes of the printed objects was checked by
analyzing the optical images using the Image] software [40,41]. The outer (D) and inner (d)
diameters of the rings were measured using the freehand tool, thus obtaining the major
and minor diameters, as well as the perimeter (P) and surface area (A), of the circle. All
measured parameters are given in Table 3.
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Table 3. Geometrical parameters of printed rings: D and d are the diameters of the outer and inner
circles, AR is the aspect ratio, and c is the circularity index.

Outer Circle Inner Circle
Sample
D, cm AR c d, cm AR c
PLA 1.66 +0.01 1.01 0.917 0.99 * 1.00 0.935
5CFO/PLA 1.67 £0.03 1.03 0.919 0.98 + 0.01 1.03 0.883
5CFO/ZCFO/PLA 1.64 +0.02 1.03 0.897 1.00 £ 0.02 1.05 0.910
5BaFO/PLA 1.65 £ 0.02 1.03 0.823 1.00 £ 0.01 1.03 0.941

* Deviation of the major and minor diameters for this value was less than the given significant digits.

(a) PLA (b) 5CFO/PLA

(c) 5CFO/ZCFO/PLA (d) 5BaFO/PLA

Figure 4. Pictures of objects printed with a 3D printer from the pure and composite PLA-based
filament: (a) pure PLA; (b) 5CFO/PLA, (c) 5CFO/ZCFO/PLA, and (d) 5BaFO/PLA composites.

The error of the measured diameter was defined as the deviation between major and
minor values. The aspect ratio (AR) parameter was defined as

AR = major /minor. (2)

The correspondence of the printed objects to the perfect circle was checked by compar-

ing the circularity (c) [40]:
c= 271-%. 3)

For an ideal circle, AR =1 and c = 0.913 are expected. For all printed objects with
magnetic filler, a ~3% increase in the AR parameter and a deviation of ¢ from the ideal value
were observed. The highest deviation of ¢ of about 11% was found for the 5BaFO/PLA
sample, while, for the remaining samples, this value does not exceed 3%. The PLA sample
corresponded best to the specified parameters, but the deviations from the specified shapes
of the printed magnetic nanocomposites were insignificant.

Standard characterization methods do not allow to study the internal structure of a
printed object without its destruction, which was the motivation for using XCT. The internal
microstructure was investigated using 3D XCT, and the results are shown in Figure 5. The
XCT slices for printed pure PLA samples and its composites with 5 wt.% concentration of
fillers helped us to determine that the quality of filling decreased for composite objects,
which was noticeable due to gaps between the printed inner parts of the ring-shaped
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objects. However, such deterioration is not critical for printing with a composite filament
with a selected filler concentration. The Cura 3D slicer allows the use of various filling
patterns, the choice of which is determined by the required filling density in printing and
the mechanical properties (e.g., bending strength) of the printed objects. For our printed
objects, a cross-type pattern was used, which allows printing objects with a high filling.

As can be noticed, the composite filament led to a slight degradation of the internal
microstructure, which was due to a change in the viscosity of the extruded flow, its variable
speed, and the rapid curing resulting from the presence of magnetic additives.

3 mm 3 mm

5CFO/ZCFO/PLA

3 mm 3 mm

5CFO/PLA P § 5BaFO/PLA

Figure 5. XCT slices of ring-shaped objects printed from pure (a) and composite filament (b—d).

4. Conclusions

This study demonstrated the possibilities of the 3D printing of ferrite-containing
PLA objects using the FDM method. Magnetic properties of the filler particles could be
finely tuned by the choice of synthesis approach and chemical engineering. Fabricated
composite filaments possessed magnetic properties, which corresponded to those of filler
particles; higher values of saturation magnetization and coercivity were found in the
sample containing ball-milled barium hexaferrite microparticles. The quality of printed
objects from composite filaments with a concentration of magnetic additives of 5 wt.%
did not significantly depend on the type of particles used in the process. The diameter
variation of the composite filament with 5-10 wt.% of ferrite filler after extrusion did not
exceed 0.05 mm, while, for higher concentrations, the diameter of the composite filament
was heterogeneous and not suitable for 3D FDM printing. The proposed approach can
be used as a basis for the development of 3D-5D printing technologies with magnetic
composite materials having controlled magnetic anisotropy and spatial distribution of
particles in a polymer matrix. Thus, depending on demands, samples with barium ferrite
fillers can be used in applications where high coercivity and residual magnetization are
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required and soft ferrites for applications where high susceptibility are required. Further
prospects for this approach are related to printing in an external magnetic field, where the
magnetic field applied during printing will allow locally controlling the microstructure of
the printed objects to improve their mechanical properties, as well as adding a number
of new functionalities such as self-healing and shape-memory properties [42]. The 3D
printing of magnetic parts with a specific magnetization can be used to create magnetically
controlled gears, actuators, and robot parts [13,19].
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