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ABSTRACT

Achieving anisotropy in additively manufactured composites is essential for high-performance functional materials but remains challenging in fused filament
fabrication (FFF). This study investigates a field-assisted FFF approach using strontium hexaferrite (SrFe;2019)-polyphenylene sulfide (PPS) composites, in which
particle alignment is induced by processing on top of a high-strength neodymium-iron-boron (Nd-Fe-B) magnet. Two configurations were compared: (i) a
continuous setup, where the growing printed material remains in direct contact with the magnet and can act as a flux-guiding core, and (ii) a spacer-based setup,
where non-magnetic spacers separate the print from the field source.

Structural, functional (magnetic) measurements and finite element simulations (FEMM) were used to quantify the evolution of anisotropy as a function of build
height. In the continuous configuration, particle alignment—and thus macroscopic anisotropy—remains high up to about 20 mm, with (cos #) 0.90, and then
gradually declines while still being detectable at 57.5 mm. Spacer-printed samples lose anisotropy much earlier, with (cos ) approaching isotropic values (~0.5)
beyond 20-25 mm. Simulations reproduce these trends and show that previously deposited material acts as a flux-guiding path, sustaining a predominantly uniaxial
field with height.

The results define practical limits for static-field alignment in material-extrusion processing and provide geometry-dependent design rules for scalable fabrication
of anisotropic ceramic—polymer composites. The findings are relevant for materials and process design in applications where controlled anisotropy is required over

centimetre-scale dimensions.

1. Introduction

Hard magnetic materials, including neodymium-iron-boron (Nd-Fe-
B) or samarium-cobalt (Sm—Co) alloys, and hard ferrites (BaFe;5019 or
SrFe;2019), are critical components in a wide range of applications such
as motors, sensors, actuators, and generators—due to their high coer-
civity, remanent magnetization, and energy density [1-3]. Tradition-
ally, these materials are manufactured using well-established techniques
like powder metallurgy, sintering, and injection molding. While these
methods produce high-performance magnets, they are limited in terms
of design flexibility and often require extensive post-processing, such as
machining to achieve complex geometries.

In recent years, additive manufacturing (AM), commonly referred to
as 3D printing, has advanced beyond plastics and metals to encompass
complex magnetic composites and alloys [4]. The term “3D-printed
magnets” typically refers to magnets fabricated using techniques such
as:

e Binder Jetting: Magnetic powder is selectively deposited and bound
layer-by-layer [5,6].
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o Selective Laser Sintering/Melting (SLS/SLM): Magnetic powder
layers are fused using a laser to create a dense structure [7-14].

o Stereolithography: Magnetic powders are cured within a photo-
sensitive resin [15-17].

e Fused Filament Fabrication (FFF/FDM): Magnetic powders are
combined with a polymer binder, extruded as filament, and depos-
ited layer by layer [18-24].

o Inkjet Printing/Material Jetting: Magnetic inks are precisely
deposited and then cured [25].

These techniques provide significant benefits, including the ability to
fabricate magnets with intricate geometries, internal structures, and
material gradients. This flexibility can improve device performance,
reduce material waste, enable rapid prototyping, and allow on-demand
manufacturing of customized or low-volume parts. However, no method
is without its limitations.

Despite its potential, several challenges must be overcome for AM to
become commercially viable for magnetic materials. These include:

e Reduced magnetic performance due to limited control over micro-
structure and composition
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e Thermal and mechanical stresses introduced during printing and
post-processing

e Stringent requirements for powder quality and feedstock preparation

e The gap between laboratory demonstrations and industrial-scale
implementation

Another major obstacle explored in this paper is the inefficient
alignment of magnetic particles. The alignment of particles, particularly
for magnetically anisotropic materials, plays a pivotal role in deter-
mining the magnetic performance of fabricated magnets. When mag-
netic particles are uniformly oriented with their easy magnetization axes
aligned, the resulting material can exhibit significantly enhanced
properties such as higher remanent magnetization and maximum energy
product (BH)max. This directional dependence of magnetic behav-
ior—known as magnetic anisotropy—is crucial for maximizing the ef-
ficiency and functionality of permanent magnets in various applications,
ranging from electric motors to medical devices. Therefore, achieving
precise particle alignment during fabrication, especially in additive
manufacturing (AM) contexts, is vital to unlocking the full potential of
high-performance magnetic materials.

In traditional manufacturing, magnetically anisotropic magnets are
often aligned using strong magnetic fields, which is particularly
important for Nd-Fe-B-based materials for assuring the high remanent
magnetization and the maximum energy product (BH)max [26]. Repli-
cating this magnetic moment alignment in 3D-printed magnets—either
in-situ or post-process—remains a significant challenge.

To date, many AM-fabricated magnets are magnetically isotropic or
only weakly anisotropic, often offering reduced magnetic performance
due to limited control over particle orientation. While extrusion-based
processes can induce a certain degree of flow-induced aniso-
tropy—particularly in composites containing non-spherical particles
such as strontium ferrite platelets—this anisotropy is generally weaker
and less controllable than that achieved through field-assisted align-
ment. A key innovation lies in enabling magnetic anisotropy at the
microstructural level. This can be achieved either through the use of
single-crystalline particles—each possessing a well-defined easy
magnetization axis—or through oriented polycrystalline or agglomer-
ated particles, such as those produced by techniques like hydro-
genation-disproportionation—desorption-recombination (HDDR) in the
case of Nd-Fe-B-based materials. These materials can exhibit collective
anisotropic behavior if their crystallites are preferentially aligned.
Under an external magnetic field, each particle experiences a torque that
tends to align its easy magnetization axis with the field direction. This
interaction is governed by magnetocrystalline-anisotropy energy,
demagnetizing energy (including shape anisotropy), exchange energy,
and the Zeeman energy due to the coupling with an external magnetic
field. In fused filament fabrication, in the absence of shape anisotropy,
the magnetic torque aligns the particle's easy axis parallel to the field,
while the molten polymer's viscosity and friction counteract this effect.
Sarkar et al. proposed a model for these coupled particle-fluid-field in-
teractions. They describe how magnetic particles interact with both the
polymer matrix (fluid) and an external magnetic field during FFF
printing. The goal is to understand and predict the degree to which these
particles can be aligned to create anisotropic magnetic properties in the
final printed object. Their model accounts for the magnetic torque acting
on anisotropic particles, the viscous drag imposed by the polymer melt,
and the transient thermal and flow conditions during extrusion [27,28].
It yields an estimate of the degree of alignment (DoA) by balancing these
forces over the particle's rotational dynamics, helping to optimize
printing conditions such as magnetic field strength, nozzle temperature,
and extrusion speed to maximize magnetic anisotropy in the printed
part. However, the model is limited by several simplifying assumptions,
such as neglecting interparticle interactions, complex flow geometries
inside the nozzle, and the statistical distribution of particle shapes and
orientations, which may become significant in highly filled or
large-volume prints.
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Strontium hexaferrites (SrFe;2019) offer a particularly attractive
platform for investigating anisotropic 3D-printed magnets. Their mod-
erate coercivity and ability to orient at lower magnetic field strengths
make them especially amenable to alignment strategies that are
impractical for rare-earth-based systems. As a result, they serve as an
ideal testbed for developing and refining magnetic-alignment tech-
niques in additive manufacturing. One effective approach involves a
dual mechanism: applying a static magnetic field using a permanent
magnet beneath the build platform and simultaneously exploiting the
natural flow-induced orientation that occurs during fused filament
fabrication (FFF). This synergy enhances particle alignment during
deposition. Results of magnetic measurements confirmed a notable in-
crease in remanence—clear evidence of successful anisotropy—when
compared to isotropic control samples [18,29].

Another technique involves post-printing exposure to a magnetic
field at elevated temperatures to enable particle alignment. For example,
aligning a Nd-Fe-B/Sm-Fe-N Nylon composite with 65 vol% magnetic
filler in a 1590 kA/m field produced magnets with a (BH)pyax of up to 90
kJ/m®, though the process often induced geometric distortions due to
the proximity of the texturing temperature to the polymer's melting
point [30].

Podmiljsak et al. successfully fabricated polyphenylene sulfide-based
Sr-based hexaferrite bonded magnets using an unmodified commercial
printer, suitable for high-temperature applications (up to 200 °C). Due
to high porosity at 90 wt% loading, the composition was reduced to 70
wt% of loading, resulting in lower density but alignment of more than
90% of the particles up to 4 mm in height. Alignment was achieved by
printing directly on a high-energy Nd-Fe-B magnet [20]. Suppan et al.
developed a more sophisticated system to produce perpendicular
alignment fields, but large magnetic fields attracted particles to the
magnet poles, preventing printability. This restricts the method's us-
ability to low-field applications, such as ferrites, and not rare-earth
magnets. In their setup, they used permanent SmyCo;7 magnets posi-
tioned close to the printer nozzle to generate the alignment field.
Although these magnets can create strong magnetic fields, their use with
highly magnetic particles—such as SmyFe;7N3 or Nd-Fe-B—causes se-
vere particle agglomeration at the magnet poles, clogging the printing
path and disrupting extrusion. This effect was not observed with
lower-magnetization fillers like SrFe;2019 ferrite, which aligned well
under the same field without disrupting the process. Therefore, the
technique is limited to low-saturation materials that are less responsive
to magnetic attraction, restricting its applicability to ferrite-based
composites. The authors noted that using an electromagnet could offer
better control over the field strength and switching but was not imple-
mented in their current study [31].

Powder-based AM techniques like Laser Powder Bed Fusion (LPBF)
remain largely underexplored. Mapley et al. integrated Helmholtz coils
into the powder bed to align a 60 vol% Nd-Fe-B feedstock composed of
anisotropic MQP-S-11-9 Nd-Fe-B powder and a 40 vol% thermoplastic
binder, forming a bonded magnetic composite. However, the applied
magnetic field displaced particles and caused voids, resulting in 57%
porosity [11].

Schafer et al. introduced a single-step LPBF method using mechani-
cally aligned Nd-Fe-B particles in a polyamide-12 matrix, eliminating
the need for an external magnetic field. They employed mechanical
alignment through shear torque exerted by the recoater blade during
powder spreading, which oriented the ellipsoidal particles via shape
anisotropy. The Nd-Fe-B powder used was an anisotropic grade (MQA-
38-14), produced by pulverizing hot-deformed magnets to retain strong
crystallographic alignment. Their approach achieved an alignment fac-
tor ({cos 0)) of up to 0.78, yielding remanence values up to 377 mT and
energy products of 28.6 kJ/m® [32].

Binder Jetting also presents challenges, as aligned powder can
interfere with the printhead. Li et al. used Binder Jetting to fabricate
near-net-shape bonded magnets using MQP-B+ isotropic Nd-Fe-B pow-
der (from Magnequench), composed of spherical, pre-alloyed particles.
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After printing, a thermosetting epoxy binder was infiltrated into the part
and cured. To improve magnetic alignment and performance, a mag-
netic field was applied during the curing process by placing a magnet
beneath the print, resulting in a significant increase in energy product
from 19.1 kJ/m? to 30.2 kJ/m? [5].

These studies illustrate that various methods—magnetic or
mechanical—have been explored to induce magnetic anisotropy in
printed parts. However, integrating strong magnetic fields into a printer
is technically demanding, especially for rare-earth-based magnets, due
to increased equipment size and complexity. For instance, in the study
by Li et al. [2], the printed magnets were relatively small, typically on
the order of a few cubic centimeters, which allowed for effective field
alignment using a permanent magnet during curing. Similarly, other
studies investigating field-assisted alignment have generally used
compact samples, often limited to less than 10 cm?® in volume. Conse-
quently, most research has focused on small parts; the influence of
external magnetic fields on larger printed structures remains poorly
understood.

This study investigates the extent to which an external magnetic field
produced by a permanent magnet can continue to serve as an effective
alignment mechanism as the printing height increases. Importantly, it
also explores how the printed underlying composite structure—i.e., the
already-printed material—may influence the orientation of subse-
quently deposited particles. Since magnetic field strength decays rapidly
with distance from the source and becomes increasingly inhomoge-
neous, it is hypothesized that the printed part itself, acting similarly to a
flux conduit—analogous to a core in an electromagnetic device—could
locally concentrate and direct the field. To evaluate this, samples were
printed in two configurations: one directly on top of a permanent
magnet continuously, and the other separated by non-magnetic spacers.
This comparison aims to quantify the extent to which the presence of a
printed core-like structure enhances field alignment in the upper layers
of the print.

The findings have practical implications beyond magnet design, as
they address a general question in field-assisted processing of aniso-
tropic composites: over what length scale can a base-applied field
effectively generate and maintain anisotropy in a growing part, and how
does the part's own geometry and material response feed back into the
field distribution? By combining structural, functional and numerical
analysis, the present work maps the proc-
essing-microstructure-property relationships and establishes geometry-
dependent design rules for field-assisted material-extrusion processing
of anisotropic ceramic-polymer composites.

2. Materials and methods
2.1. Materials and filament preparation

Composite filaments were prepared from commercially sourced
SrFe;3019 powder (nominal purity 99 %) and polyphenylene sulfide
(PPS) in a 70:30 wt% ratio. This composition corresponds to a nominal
SrFe;5019 filler fraction of approximately 38 vol% based on bulk ma-
terial densities, as reported previously for SrFe;50,9-PPS composites
[20]. The strontium ferrite exhibited a bimodal particle size distribution,
with smaller particles in the 200-500 nm range and larger particles
between 1 and 5 pm. The PPS grade was chosen for its suitability in
high-temperature applications and plastomagnet production.

Prior to compounding, PPS was dried for 4 h at 130 °C in a dry-air
ventilated oven. Mixing and extrusion were performed using a twin-
screw co-rotating extruder (PolyLab HAAKE Rheomex PTW 16,
Thermo Haake, Germany) fitted with a 2.85 mm die. Eleven heating
zones were configured to achieve a melt temperature of approximately
300 °C at the nozzle. Each material batch was extruded twice to enhance
homogeneity.

The filament formulation, compounding strategy, and extrusion pa-
rameters follow a previously established processing route for
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SrFe15019-PPS composites, which was shown to provide stable extru-
sion and homogeneous particle dispersion in material-extrusion additive
manufacturing [20].

2.2. Fused filament fabrication and printing configurations

Cylindrical specimens with a nominal diameter of 10 mm were
fabricated using a Hage 140L fused filament fabrication (FFF) 3D
printer. Filaments with a diameter of 2.75 mm were printed through a
0.4 mm nozzle. To reduce macroporosity and improve interlayer
bonding, an extrusion multiplier of 1.19 was applied, resulting in slight
over-extrusion. The main printing parameters were kept constant for all
samples: layer height 0.15 mm, print speed 10 mm s~ !, nozzle temper-
ature 335 °C, and build-plate temperature 90 °C.

To induce particle alignment during printing, a static magnetic field
was applied using a Nd-Fe-B permanent magnet positioned beneath the
build platform. Two distinct printing configurations were employed,
schematically illustrated in Fig. 1, which also defines the sample seg-
mentation and height designations used throughout this work.

The correspondence between continuous-print segments and spacer-
based samples at matching centre heights is summarized in Table 1.

2.2.1. Continuous printing on a magnet

In the continuous configuration (Fig. la), a Nd-Fe-B permanent
magnet was placed directly beneath the print bed, producing a pre-
dominantly vertical magnetic field component of approximately 390 mT
at nozzle level, while horizontal components remained below 20 mT. As
the part was grown layer-by-layer, the already deposited material was
continuously exposed to the magnetic field and could act as a flux-
guiding path.

In this configuration, a single 60 mm high cylindrical sample was
printed and subsequently cut into twelve segments of equal height (5
mm) for local characterization. The segments were labelled by the
height of their centre above the magnet surface, ranging from 2.5 mm to
57.5 mm.

2.2.2. Spacer-based printing

In the spacer-based configuration (Fig. 1b), non-magnetic aluminium
spacers with discrete heights (hi) were inserted between the magnet and
the print bed. This increased the distance between the deposited mate-
rial and the magnetic field source, simulating conditions without a
magnetic core and leading to a faster decay of the vertical magnetic field
component with height.

Separate cylindrical samples were printed on spacers with heights
chosen to match the centre positions of the corresponding segments in
the continuous-print sample. Heating coils were integrated into the
spacer platform to maintain a consistent build-plate temperature for all
prints.

Photographs of the two printing configurations are shown in Fig. 2.

2.3. Microstructural characterization

Microstructural analysis was performed by scanning electron mi-
croscopy (SEM) using a Thermo Fisher Quanta 650 ESEM microscope.
For the continuous configuration, samples were taken from three
representative heights: near the base (closest to the magnet), the middle,
and the top. Spacer-based samples were selected at matching heights hi.

All samples were sectioned and metallographically polished using
isopropanol-based diamond suspensions, first with 3 pm and then with
0.25 pm paste, to reveal particle orientation and distribution. The
orientation of the hexagonal SrFe;5019 platelets relative to the build
direction and external field was evaluated qualitatively from SEM
images.

All samples were sectioned in a plane perpendicular to the build (z)
direction, such that the observed cross-sections correspond to x-y planes
at defined heights along the printed cylinder. For each configuration,
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b) Printed magnets on spacers

Fig. 1. Schematic illustration of the two printing configurations and sample identification scheme used in this study. (a) Continuous-print configuration, where a
single cylindrical sample is printed directly on the Nd-Fe-B permanent magnet and subsequently sectioned into segments Ci, each defined by the height of its centre
(hi) above the magnet surface. (b) Spacer-based configuration, where individual samples S; are printed on non-magnetic aluminium spacers. Spacer block heights are
selected such that the centre of each printed sample corresponds to the same centre height hi as the respective Ci segment. Only the sample identification (Ci, Si) are

indicated; spacer block heights are omitted for clarity.

Table 1
Sample identification and centre heights.

Index i Continuous sample Spacer sample Centre height hj (mm)
1 C1 S1 2.5

2 Cc2 S2 7.5

3 Cc3 S3 12.5

12 C12 S12 57.5

representative samples from selected heights were analyzed.

The term “qualitative evaluation” refers to visual assessment of
platelet orientation and alignment trends based on the angular distri-
bution and aspect ratio of SrFe;2019 platelets observed in SEM images,

rather than image-based statistical texture analysis.

SEM images were acquired at magnifications up to 135 x , as shown
in Fig. 6, which was selected to visualize particle orientation and
mesoscale structural anisotropy across the printed cross-sections.

2.4. Magnetic measurements and alignment quantification

Magnetic measurements were carried out using a vibrating sample
magnetometer (VSM, Lakeshore). Prior to measurement, each sample
was magnetized in a pulsed field of 6 T to ensure full saturation.

To assess anisotropy, hysteresis loops were recorded in two orthog-
onal directions: parallel (0°) and perpendicular (90°) to the printing/
field direction, corresponding to the easy and hard measurement axes,
respectively. From these loops, remanent magnetization values M; o and

Fig. 2. Photographs of the two printing configurations used in this study: (a) continuous printing configuration, where the part is deposited directly on top of a
Nd-Fe-B permanent magnet; (b) spacer-based configuration, where non-magnetic aluminium spacers are inserted between the magnet and the print bed to increase

the distance from the magnetic field source.
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M, 90, and intrinsic coercivity Hci were obtained.

In the present study, magnetic measurements were performed with
the applied field either parallel or perpendicular to the printing direc-
tion. The latter coincides with the direction of the external alignment
field. Although an additional in-plane direction perpendicular to the
filament orientation can be defined, preliminary measurements and the
dominance of field-induced alignment justify the use of two orthogonal
directions to capture the effective magnetic anisotropy. Possible flow-
induced anisotropy effects are therefore implicitly included in the
measured response.

The degree of alignment was quantified by the average alignment
factor (cos #), which relates the distribution of particle easy-axis orien-
tations to the measured remanence ratio. Following Quispe et al. [33],
the alignment factor was calculated from the remanence ratio

M; 90
_M, 1
R Mr,O ( )
using a relation based on the Fernengel function:
(cos 0) = cos[arctan(1.7263r)] @

where (cos #) = 1 corresponds to a perfectly aligned system and (cos 6)
= 0.5 to a fully isotropic orientation distribution.

2.5. Numerical simulations

Finite element simulations of the magnetic field distribution were
performed using the Finite Element Method Magnetics (FEMM) software
(version 4.2) [34]. A two-dimensional axisymmetric model was con-
structed to represent the cylindrical printed sample and the underlying
Nd-Fe-B permanent magnet.

The Nd-Fe-B magnet was assigned experimentally determined
remanence and coercivity values. The surrounding media (air,
aluminium spacer and printed composite) were modelled with appro-
priate magnetic permeabilities. The SrFe;5,019-PPS composite was rep-
resented as a linear magnetic material with a relative permeability pr ~
1.2-1.5, corresponding to its partially aligned state and consistent with
experimentally observed remanence ratios.

The vertical (Bz) and horizontal (Bx) components of the magnetic
flux density were extracted along the symmetry axis of the cylindrical
model. While Bx is strictly zero on the symmetry axis due to axial
symmetry, the horizontal field component was evaluated at a small
radial offset (r = 0.5 mm) from the axis, corresponding to the interior of
the printed cylinder. This approach captures the effective lateral field
component experienced by particles away from the ideal symmetry line
and allows quantification of field divergence with increasing height. The
reported Bz/Bx ratio therefore reflects the local field uniaxiality within
the bulk of the printed sample rather than an idealized on-axis value.

3. Results

We evaluated the structural and magnetic properties of samples
printed at varying distances hi from the Nd-Fe-B permanent magnet
using the two experimental configurations defined in Section 2. As ex-
pected, increasing the distance from the magnet resulted in a progressive
reduction in both magnetic and structural anisotropy. This behaviour
reflects the decreasing influence of the external magnetic field with
increasing build height, as the field weakens and becomes less effective
in aligning the anisotropic SrFe 2019 particles during deposition.

More specifically, the magnetic anisotropy declined due to reduced
alignment of the particle easy axes, which manifested as a decrease in
remanent magnetization anisotropy and lower values of the alignment
factor (cos 0). At the same time, structural anisotropy—defined here as
the preferred physical orientation of the hexagonal SrFe;5019 platelets
within the polymer matrix—also decreased, since the weakening mag-
netic field was no longer sufficient to induce or maintain particle
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rotation during extrusion. As a result, the microstructure became pro-
gressively more isotropic at larger print heights.

A direct comparison between the continuous and spacer-based con-
figurations reveals pronounced differences in how rapidly anisotropy is
lost with increasing height. In the continuous configuration, anisotropy
persists to substantially larger heights, whereas in the spacer-based
configuration it decays much earlier. These trends are quantified
through magnetic hysteresis measurements, alignment-factor analysis,
and supported by SEM observations, as presented in the following
sections.

3.1. Magnetic measurements

Magnetic hysteresis measurements were performed to quantify the
evolution of anisotropy as a function of print height hi for both printing
configurations. Fig. 3a and b shows the hysteresis curves measured
along the magnetic easy axis (0°, parallel to the printing and alignment-
field direction) and the hard axis (90°, perpendicular to the printing
direction), respectively, for the continuously printed specimen. The
curves correspond to individual segments C1-C12, ordered from the
segment closest to the Nd-Fe-B magnet (C1, h; = 2.5 mm) to the
topmost segment (C12, hyp = 57.5 mm).

The hysteresis curves shown represent the descending branch after
saturation; full symmetric loops were measured but are not displayed for
clarity, which explains the apparent asymmetry around zero field. This
representation allows a clear comparison of remanent magnetization
values across different heights.

A pronounced height-dependent trend is observed in the remanent
magnetization. Along the easy axis (0°), the remanent magnetization
M, decreases steadily with increasing height, from 37.8 A m? kg~! for
Cl to 22.3 A m? kg™! for C12. In contrast, the intrinsic coercivity re-
mains nearly constant across all segments, varying only slightly from
308 kA m ™! near the magnet to 298 kA m ! at the highest segment. This
indicates that the coercive field is largely unaffected by the alignment
conditions during printing, whereas the remanent magnetization is
strongly governed by particle orientation.

In the hard-axis (90°) direction, the opposite trend is observed. The
remanent magnetization M, gy increases from 7.9 A m? kg’1 for C1 to
20.3 A m? kg~! for C12. As the easy- and hard-axis remanence values
converge with increasing height, the magnetic response transitions
progressively from anisotropic to isotropic behaviour. This convergence
reflects the gradual loss of preferential alignment of the SrFe; 20,9 par-
ticle easy axes as the strength and uniaxiality of the external magnetic
field decrease with distance from the magnet.

These trends are summarized in Fig. 4, which shows the remanent
magnetization as a function of height for both measurement directions.
In the continuous configuration, the decrease in M,, is relatively modest
up to approximately 15-17.5 mm (C3-C4), after which the decline be-
comes more pronounced. Even at the maximum height of 57.5 mm
(C12), the easy- and hard-axis curves do not fully overlap, indicating
that a small but measurable degree of anisotropy persists throughout the
entire print height.

A direct comparison with spacer-based samples (Si) reveals a mark-
edly different behaviour. In the spacer-based configuration, the easy-
and hard-axis remanent magnetizations converge at significantly lower
heights. The loss of anisotropy occurs at approximately 22.5 mm (S5),
beyond which no measurable difference between the two directions is
observed. This early convergence demonstrates that, in the absence of an
underlying magnetized core, the external magnetic field decays too
rapidly with height to sustain particle alignment during deposition.

The evolution of coercivity further supports this interpretation.
While the easy-axis coercivity remains nearly constant with height in
both configurations, the hard-axis coercivity increases with height in the
continuous-print sample, eventually approaching the easy-axis value.
This convergence of coercive fields is characteristic of a transition to-
ward magnetic isotropy and mirrors the behaviour observed in the
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Fig. 3. Magnetic hysteresis curves measured along the easy axis (0°, a) and hard axis (90°, b) for the continuously printed specimen. Curves correspond to segments
C1-C12 cut at increasing heights from the Nd-Fe-B permanent magnet. Darker curves represent segments closest to the magnet (lower indices), while lighter curves
correspond to segments printed at larger heights. The opposite ordering of the curves in panels (a) and (b) reflects the progressive loss of magnetic anisotropy with

increasing print height.

remanent magnetization.

Overall, the magnetic measurements clearly demonstrate that
printing directly on the permanent magnet significantly extends the
height over which magnetic anisotropy can be maintained. The
continuously printed material acts as a flux-guiding structure that re-
inforces the vertical magnetic field component in the upper layers,
whereas spacer-based printing lacks this reinforcement and therefore
exhibits a much more rapid loss of anisotropy with increasing print
height.

The alignment factor (cos 6), calculated as described in Section 2.4,
provides a compact metric for quantifying the degree of magnetic
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anisotropy. As shown in Fig. 5, the segment closest to the magnet (C1, h
= 2.5 mm) exhibits near-perfect alignment with (cos §) = 0.94. In the
continuous configuration, high alignment ({cos §) = 0.94) is maintained
up to approximately 17.5 mm (C4). Beyond this height, the alignment
factor decreases gradually, reaching (cos§) = 0.54 at the topmost
segment (C12, h = 57.5 mm), indicating a significant but not complete
loss of anisotropy.

In contrast, spacer-based samples exhibit a much more rapid dete-
rioration in alignment. Already at S2 (7.5 mm), (cos 0) decreases sub-
stantially, and by approximately 25-27.5 mm (S5-S6) it stabilizes near
(cos 9) ~ 0.50— 0.51, corresponding to an effectively isotropic
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Fig. 4. Remanent magnetization M; as a function of distance from the Nd-Fe-B
permanent magnet, measured along the easy axis (0°) and hard axis (90°). Top:
Continuous printing configuration, showing data for segments C1-C12.
Bottom: Spacer-based printing configuration, showing data for samples S;
printed at corresponding heights.

The progressive convergence of the 0° and 90° curves with increasing distance
reflects the gradual loss of magnetic anisotropy, which occurs at substantially
lower heights in the spacer-based configuration.
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Fig. 5. Degree of magnetic alignment (cos 0) as a function of distance from the
Nd-Fe-B magnet for both printing configurations: continuous (black) and
spacer-based (grey). Alignment remains high in the continuous sample up to
~20 mm, while the spacer sample transitions to isotropy more rapidly, stabi-
lizing near (cos 0) = 0.5.

orientation distribution within experimental resolution. These trends
clearly demonstrate the essential role of the magnetized printed material
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in the continuous configuration, which acts as a flux-guiding core and
enables particle alignment to be preserved over substantially larger
build heights.

3.2. Microstructural analysis

Representative SEM micrographs of cross-sections taken at three
characteristic heights—2.5 mm, 22.5 mm, and 57.5 mm—from both
printing configurations are shown in Fig. 6. The selected heights
correspond to segments C1, C5, and C12 in the continuous configuration
and to the corresponding spacer-based samples S1, S5, and S12. These
images provide direct evidence of how particle orientation and struc-
tural anisotropy evolve with increasing distance from the Nd-Fe-B
permanent magnet and therefore reflect the changing local processing
conditions experienced during printing.

At the lowest examined height (2.5 mm; C1/S1), both the
continuous-print and spacer-based samples exhibit a pronounced
directional microstructure. The SrFe 5019 particles, which possess a
hexagonal platelet morphology, are predominantly oriented with their
broad basal planes lying parallel to the x-y plane. Since the magnetic
easy axis (c-axis) of the ferrite platelets is perpendicular to the basal
plane, this in-plane orientation of the platelet faces indicates that their c-
axes are aligned along the vertical direction, coinciding with the di-
rection of the applied magnetic field during printing. This microstruc-
tural arrangement reflects strong field-induced rotation of the particles
during extrusion and solidification. The excellent alignment observed at
this height is fully consistent with the very high magnetic alignment
factor measured for C1 ({cos #) ~ 0.94) and with the large difference
between easy- and hard-axis remanent magnetization reported in Sec-
tion 3.1.

At the intermediate height of 22.5 mm (C5/S5), clear differences
emerge between the two printing configurations. In the continuous
configuration (C5), the platelets still exhibit a well-defined preferential
orientation. Although local deviations from perfect alignment become
more frequent, the majority of particles remain oriented with their basal
planes approximately horizontal, indicating that a substantial degree of
structural anisotropy persists. This observation is in good agreement
with the magnetic measurements, which show that (cos ) remains well
above isotropic values at this height and that the remanent magnetiza-
tion anisotropy is still clearly detectable.

In contrast, the spacer-based specimen at the same height (S5) dis-
plays a markedly more disordered microstructure. Platelet orientations
are distributed over a wide angular range, and no dominant orientation
direction can be identified. This loss of structural alignment correlates
directly with the sharp decline in the magnetic alignment factor
observed for the spacer-based configuration, in which (cos ) ap-
proaches isotropic values (=0.5) at heights of approximately 25-27.5
mm. The reduced structural anisotropy confirms that, in the absence of a
magnetized material beneath the growing part, the external magnetic
field decays too rapidly to effectively orient the particles during depo-
sition at this height.

At the highest examined position (57.5 mm; C12/S12), both printing
configurations exhibit predominantly random platelet orientations. The
SrFe;2019 particles are distributed isotropically within the PPS matrix,
and the microstructure lacks a clearly preferred alignment direction.
This observation is fully consistent with the magnetic measurements,
which show that the alignment factor in the continuous configuration
decreases to (cos6) ~ 0.54 at this height, while the spacer-based
configuration remains fully isotropic. Notably, in the continuous-print
sample (C12), a faint tendency for platelets to align with their basal
planes parallel to the print plane can still be discerned locally, consistent
with the small residual anisotropy detected magnetically. In contrast,
the spacer-based sample (S12) shows a completely random platelet
arrangement without any detectable directional preference.

To aid interpretation of the SEM images, Fig. 7 schematically illus-
trates the geometry of SrFe;20;9 hexagonal platelets and the
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relationship between platelet orientation and the magnetic easy axis.
The easy axis (c-axis) is perpendicular to the flat platelet face; therefore,
micrographs in which platelets appear as elongated or broad facets lying
in-plane correspond to well-aligned material, whereas micrographs
dominated by circular or irregular particle cross-sections indicate
increased angular misorientation and reduced anisotropy.

Overall, the SEM analysis provides clear microstructural confirma-
tion of the magnetic trends discussed in Section 3.1. Printing directly on
the permanent magnet (continuous configuration) preserves structural
anisotropy over a substantially larger height range due to the flux-
guiding effect of the magnetized printed material beneath the growing
part. In contrast, spacer-based printing leads to an early loss of structural
alignment as the magnetic field weakens with increasing distance from
the magnet. Together, these observations reinforce the conclusion that
the magnitude and directionality of the applied magnetic field, as well as
the evolving magnetic properties of the printed material itself, play a
decisive role in microstructure development during field-assisted
extrusion of ceramic—polymer composites.
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3.3. Numerical simulations

Numerical simulations of the magnetic field distribution were car-
ried out using the Finite Element Method Magnetics (FEMM) software
(version 4.2) [34] to complement and support the experimental obser-
vations. A two-dimensional axisymmetric model was constructed to
approximate the cylindrical geometry of the printed samples and the
underlying Nd-Fe-B permanent magnet. The simulations were designed
to replicate the two printing configurations used experimentally: (i) the
continuous configuration, in which the printed material is in direct
contact with the magnet, and (ii) the spacer-based configuration, in
which the printed material is separated from the magnet by
non-magnetic aluminium spacers of varying heights.

The Nd-Fe-B magnet was modelled using the experimentally
measured remanence and coercivity values. The surrounding region-
s—air, aluminium spacer, and printed SrFe;2019-PPS composite—were
assigned appropriate magnetic permeabilities. The composite itself was
represented as a homogeneous linear magnetic material with a relative
permeability pr ~ 1.2-1.5, reflecting its partially aligned magnetic state
while keeping the computational model tractable.

Simulations were performed for vertical distances corresponding to
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Fig. 6. SEM images of cross-sections of the 3D printed magnets at three heights: 2.5 mm (C1/S1), 22.5 mm (C5/S5), and 57.5 mm (C12/S12) from the base. The left
column shows samples printed in the continuous configuration, while the right column shows those printed using non-magnetic spacers. A high degree of platelet
alignment along the printing (z) direction is evident in the continuous print up to 22.5 mm (C5), gradually deteriorating by 57.5 mm (C12). In contrast, spacer-
printed samples show weaker alignment at all heights and become nearly isotropic above 22.5 mm (S5). The images confirm the correlation between structural

anisotropy and proximity to the magnetic field source during printing.
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SrFeq;019 hexagonal
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Fig. 7. Schematic representation of SrFe;,019 hexagonal platelet orientation in a printed sample under an external magnetic field. The left section illustrates aligned
particles with their easy axes (c-axes) oriented vertically along the field direction. The cutting direction corresponds to the sample plane used for microstructural SEM
analysis. On the right, an individual SrFe;2019 hexagonal platelet is shown with its easy axis perpendicular to the flat face, highlighting the direction of preferred
magnetization due to magnetocrystalline anisotropy. The dashed line indicates the cutting plane used for SEM analysis. Samples were sectioned parallel to the
external magnetic field (build z-direction), i.e., from top to bottom along the cylinder axis.

the same set of heights hi examined experimentally (C1-C12) and
extended by one additional position (C13, h ~ 62.5 mm) to capture the
asymptotic decay of the magnetic field beyond the experimentally
accessible print height. For each height, the vertical (B;) and horizontal
(By) components of the magnetic flux density were extracted along the
symmetry axis of the cylindrical sample. The anisotropy of the local field
was quantified using the ratio B, /By, which serves as an indicator of field
uniaxiality and directional strength. A high B, /B, ratio signifies a pre-
dominantly vertical field capable of inducing particle alignment during
printing, whereas lower values indicate a more isotropic or laterally
diverging field.

Fig. 8 compares the simulated anisotropy ratio B,/ B, with the
experimentally measured remanence ratio M, o/M;qo for both printing
configurations. In the continuous configuration, the simulated B,/ B,
values remain significantly higher than those of the spacer-based
configuration across the entire height range. The gradual decrease in
B, /By with increasing distance from the magnet closely follows the trend
observed in the magnetic measurements, indicating a progressive loss of
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field uniaxiality with height. The close correspondence between simu-
lation and experiment confirms that the decay of field directionality is
the primary factor governing the reduction of magnetic anisotropy in the
printed material.

In the spacer-based configuration, both simulated and experimental
results show a much sharper decrease in field anisotropy with height.
The vertical component B, declines rapidly due to the air gap introduced
by the spacers, and the horizontal component B, becomes comparatively
more pronounced. As a result, the simulated B,/B, values approach
unity at much smaller heights than in the continuous configuration,
indicating rapid loss of effective alignment capability. This trend closely
mirrors the experimental observation that the remanence ratio
M, /M, 9 and alignment factor (cos 8) converge toward isotropic values
by approximately 22.5-27.5 mm (S5-6) in spacer-based prints.

The simulated magnetic field-line distributions for the two configu-
rations are illustrated schematically in Fig. 9. In the spacer-based setup,
the field lines originating from the Nd-Fe-B magnet diverge rapidly into
the surrounding air before reaching the printed cylinder, resulting in a
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Fig. 8. Comparison between simulated magnetic field anisotropy (B,/Bx) and experimental remanent magnetization ratio (M,,/My) as a function of distance from
the Nd-Fe-B magnet (including one simulated position beyond the experimentally measured height). Solid lines show FEMM simulation results for continuous (dark)
and spacer (light) setups. Dotted lines with markers show VSM measurements for continuous (black circles) and spacer (grey circles) samples.
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Fig. 9. Schematic representation of the magnetic field-line distribution in the two printing configurations investigated in this study. From left to right, the figure
shows the spacer-based configuration, where no magnetic material is present between the Nd-Fe-B permanent magnet and the printed part and the magnetic field
lines diverge rapidly into the surrounding air, resulting in a weak and non-uniform vertical field within the printed region, and the continuous-print configuration,
where the previously deposited SrFe;>0,9-PPS material becomes magnetized during printing and acts as a flux-guiding core, channeling and concentrating the
magnetic field into the upper layers of the print and enhancing field strength and uniaxiality.

weak and non-uniform vertical field within the printed region. In
contrast, in the continuous-print configuration, the printed
SrFe;2019-PPS material becomes magnetized during printing and acts as
a flux-guiding core. This magnetized region channels and concentrates
the magnetic field into the upper layers, enhancing both field strength
and uniaxiality in a manner analogous to a ferromagnetic core in an
electromagnetic device.

The FEMM simulations therefore validate the hypothesis that the
evolving printed composite material actively influences the local mag-
netic field distribution during printing. By reinforcing the vertical field
component and suppressing lateral field divergence, the printed core
extends the height over which strongly anisotropic microstructures can
be achieved. Conversely, in the absence of such a core—as in the spacer-
based configuration—the magnetic field decays too rapidly to sustain
particle alignment beyond the lower portion of the print.

Overall, the numerical simulations show strong qualitative agree-
ment with the experimental magnetic measurements and microstruc-
tural observations. They confirm that magnetic field decay, field
uniaxiality, and the flux-guiding effect of the printed material together
determine the achievable anisotropy in field-assisted material-extrusion
processing.

4. Discussion

The combined magnetic measurements, microstructural observa-
tions, and FEMM simulations provide a coherent and self-consistent
picture of how anisotropy develops and diminishes during field-
assisted material-extrusion processing of SrFe;2019-PPS composites.
The results demonstrate that the degree of anisotropy achievable in the
printed material is governed primarily by the magnitude and uniaxiality
of the applied magnetic field—which varies strongly with build
height—and by whether the printed material itself contributes to the
magnetic flux path during fabrication.

In the continuous-print configuration, printing directly on the
Nd-Fe-B permanent magnet leads to magnetization of the initially
deposited composite. This magnetized region subsequently acts as a
flux-guiding core, concentrating and channeling the external magnetic
field into higher layers of the print. As a result, a substantially extended
alignment window is achieved. Magnetic measurements show that the
remanence anisotropy and alignment factor (cos 6) remain high up to
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approximately 15-20 mm from the magnet, with detectable anisotropy
persisting even at the maximum investigated height of 57.5 mm. SEM
observations corroborate this behaviour, revealing strongly aligned
platelet orientations near the base, partially aligned microstructures at
intermediate heights, and residual orientation at the top of the sample.
FEMM simulations further support this interpretation by showing that
the vertical field component remains significantly stronger and more
uniaxial in the continuous configuration due to the flux-guiding effect of
the printed material.

In contrast, the spacer-based configuration highlights the intrinsic
limitations of relying solely on a static permanent magnet located
beneath the build platform. Introducing non-magnetic spacers disrupts
the flux-guiding pathway, leading to a rapid decay of the vertical
magnetic field component and increased divergence of the field lines.
Consequently, the alignment factor decreases sharply within the first
few millimetres of printing, and by approximately 22.5-27.5 mm the
material exhibits magnetically and structurally isotropic behaviour.
SEM observations confirm that platelet orientations become essentially
random at these heights. These findings emphasize the strong sensitivity
of particle alignment to the spatial distribution and directionality of the
applied magnetic field.

Together, the two configurations reveal several general principles
relevant to field-assisted processing of anisotropic composite materials:

(i) Existence of a finite alignment window.

There exists a characteristic height beyond which the applied mag-
netic field is no longer sufficient to induce or preserve particle alignment
during extrusion. In the present setup, this alignment window extends to
approximately 20 mm in the continuous configuration but is substan-
tially shorter in the spacer-based case. This limitation arises directly
from the rapid decay of the vertical magnetic field component with
distance from the magnet.

(ii) Importance of flux-guiding behaviour in the printed material.

Magnetization of the previously deposited SrFe;2019-PPS composite
allows it to function analogously to a soft magnetic core, guiding mag-
netic flux upward and partially compensating for field decay. This self-
reinforcing behaviour enhances the local processing conditions and
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enables aligned microstructures to form at heights that would otherwise
be inaccessible in the presence of an air gap alone. This mechanism is
general and may apply to other composite systems containing aniso-
tropic particles with moderate magnetic permeability.

and

(iii) Coupling between processing conditions

microstructure.

evolving

Particle alignment occurs during a limited time window when the
material is molten or semi-molten and subject to both magnetic torque
and viscous resistance. As the magnetic field weakens with increasing
height, the torque becomes insufficient to overcome viscous drag, and
platelets progressively solidify in random orientations. The resulting
microstructure is then locked in during cooling, such that the local
anisotropy reflects the balance between magnetic, thermal, and rheo-
logical effects at each print height.

(iv) Implications for scaling and industrial implementation.

For applications requiring anisotropy over larger volumes or build
heights, relying on a single permanent magnet beneath the build plat-
form is insufficient. Potential strategies to overcome this limitation
include integrating auxiliary magnets or high-permeability inserts
within the print, dynamically repositioning the field source during
fabrication, employing electromagnets to actively control field strength
with height, or tailoring composite rheology to enhance torque-driven
particle rotation. Such approaches would enable controlled anisotropy
to be maintained over much larger dimensions and facilitate the fabri-
cation of advanced functional components.

(v) General relevance to field-assisted fabrication of anisotropic
composites.

Although the present study focuses on SrFe;3019—PPS composites,
the underlying mechanisms—magnetic field decay, flux guidance by the
printed material, competition between magnetic torque and viscous
drag, and microstructure lock-in during cooling—are broadly applicable
to other ceramic—polymer and particulate composite systems. Similar
behaviour can be expected in processes involving electrically conductive
platelets, piezoelectric crystallites, or other shape-anisotropic re-
inforcements, highlighting the general scientific relevance of these
findings.

Overall, this discussion demonstrates that anisotropy in field-assisted
fused filament fabrication is controlled not only by the externally
applied magnetic field but also by the evolving magnetic and rheological
properties of the printed material itself. The resulting interaction be-
tween field distribution, material response, and processing conditions
establishes a self-consistent field-microstructure-property relationship
that ultimately governs the performance of the printed composite.

5. Conclusions

This study systematically examined the development and limitations
of anisotropy in field-assisted material extrusion of SrFe;201¢-PPS
composites using continuous and spacer-based printing configurations.
The results demonstrate that anisotropy decreases with increasing print
height due to magnetic field decay, as evidenced by the convergence of
easy- and hard-axis remanent magnetization and the reduction of the
alignment factor (cos#). In the continuous configuration, printing
directly on a Nd-Fe-B permanent magnet causes the previously depos-
ited composite to become magnetized and act as a flux-guiding core,
maintaining strong particle alignment ({cos ) > 0.94) up to approxi-
mately 20 mm and measurable anisotropy up to 57.5 mm. In contrast,
spacer-based printing lacks this flux-guiding effect, leading to a rapid
loss of field uniaxiality and an effectively isotropic microstructure by
approximately 22.5-27.5 mm. SEM observations directly corroborate
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the magnetic measurements, revealing strongly aligned platelets near
the magnet, partially aligned structures at intermediate heights, and
randomly oriented particles at larger distances. FEMM simulations
reproduce these experimental trends and confirm that the extended
alignment window in the continuous configuration arises from rein-
forcement of the vertical magnetic field by the magnetized printed
material. Overall, the results establish a clear processing-structur-
e—property relationship for field-assisted extrusion of anisotropic com-
posites and provide practical design guidelines, indicating that
preservation of anisotropy over larger build volumes will require flux-
guiding strategies or active control of the magnetic field during printing.
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