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PERFORMANCE ENHANCEMENT OF LCM-BASED ADDITIVELY MANUFACTURED MAGNETIC COMPOSITES
VIA SPARK PLASMA SINTERING

This study explores spark plasma sintering (SPS) to improve the microstructural integrity and magnetic performance of
NdFeB composite parts produced by lithography-based composites manufacturing (LCM). The composites, containing 84 wt.%
NdFeB in a photosensitive polymer matrix, were magnetically aligned during printing using an in-situ field. SPS, applying pulsed
current and uniaxial pressure under vacuum, was used to achieve densification while limiting grain growth. Samples were sintered
at various temperatures with or without a magnetic field. Microstructure was examined via electron backscatter diffraction (EBSD)
and X-ray diffraction (XRD), and magnetic properties were measured by Vibrating Sample Magnetometer (VSM). Optimized
moderate-temperature, ficld-assisted sintering enhanced densification and magnetic anisotropy, whereas excessive sintering caused
degradation. The combined use of in-situ magnetic alignment and SPS enables dense, anisotropic additively manufactured NdFeB

composites with improved performance.

Keywords: Lithography-based composite manufacturing; Field-assisted additive manufacturing (FAAM); Anisotropic NdFeB
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1. Introduction

The demand for magnetic materials has expanded sig-
nificantly across industries such as transportation, energy, and
electronics, driven by the miniaturization and complexity of
modern devices [1]. Motors, sensors, and power generation
systems increasingly rely on magnetic components with intricate
geometries and robust properties [2]. However, conventional
manufacturing methods like powder compaction and injection
molding often fall short, especially when fine detail or internal
cavities are required. As a result, additive manufacturing (AM)
has emerged as a promising alternative for fabricating func-
tional magnetic parts with high design freedom and tailored
properties [3].

Magnetic materials are broadly classified into soft and hard
magnetic types. Soft magnetic alloys, such as Fe-Si and Fe-Co,
are preferred for their low coercivity and high permeability,
enabling efficient energy transfer in transformers and inductors
[4]. Conversely, hard magnetic materials like NdFeB and SmCo
exhibit high coercivity and remanence, making them ideal for
permanent magnets in motors and actuators [5]. AM research

has explored both types, with soft magnetic printing focusing
on minimizing losses and preserving permeability [6], and hard
magnetic printing targeting particle alignment and enhanced
remanence [7]. Progress has been made using laser-based pro-
cesses such as Directed Energy Deposition (DED) and Powder
Bed Fusion (PBF), although thermal input in these methods
can degrade magnetic phases and diminish performance [8,9].

To mitigate thermal degradation and improve microstruc-
tural control, polymer-based printing techniques have drawn
interest. Material extrusion (ME) supports high filler content but
struggles with alignment and fine resolution [10-12]. Recently,
vat photopolymerization (VPP) has shown potential with supe-
rior surface finish and geometry fidelity [ 13], though challenges
remain, including light attenuation, particle sedimentation, and
limited alignment retention in high-solid systems [14-15].

To address these issues, we employ a lithography-based
composite manufacturing (LCM) process with in-situ magnetic
alignment [ 16]. While this improves particle orientation, printed
parts remain low in density due to the polymer matrix. Thus,
we introduce spark plasma sintering (SPS) as a post-process to
densify the composites. In this study, LCM-printed composites
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with 84 wt.% NdFeB are sintered under varying thermal condi-
tions. Microstructure and magnetic performance are evaluated
via electron backscatter diffraction (EBSD) and X-ray diffraction
(XRD), and Vibrating Sample Magnetometer (VSM) This work
explores SPS as a means to enhance the density and magnetic
properties of printed composites, supporting their future applica-
tion in advanced magnetics.

2. Material and experimental details

An LCM-based AM system was used to fabricate highly
filled magnetic composite specimens. The setup included a blade-
type recoater for layer deposition, a DMD-based UV projection
module, and an integrated magnetic alignment unit with dual
permanent magnets for in-situ particle orientation. The build
area was 75x135 mm? with a fixed layer thickness of 200 um.
A schematic of the system and processing flow is shown in Fig. 1.

The composite slurry was prepared by mixing a commercial
acrylate-based resin with 35 wt.% HDDA as a reactive dilu-
ent and 5 wt.% TPO-L as a photoinitiator. Anisotropic NdFeB
powder (80-150 um, flake-like) was added at 84 wt.%, followed
by 24 h of mechanical stirring and degassing to ensure uniform
dispersion. Key printing parameters are summarized in TABLE 1.

Cube-shaped green parts were printed under two condi-
tions: with and without in-situ magnetic alignment. These were
sectioned into 10x10x10 mm?® cubes for post-processing via

(a)

SPS. SPS was conducted in vacuum using a graphite die under
40 MPa uniaxial pressure. The heating profile included ramping
at 100°C/min, with two-step soaking: 5 min at 300°C for binder
removal, and 5 min at either 750°C or 1000°C for densification.
Joule heating and pressure were applied to achieve bonding while
preserving alignment. The density increased from approximately
3.8 g/em® in the green state to about 7.0-7.3 g/cm? after SPS,
indicating significant densification. Four experimental conditions
were tested, combining two alignment modes and two sintering
temperatures. The detailed experimental conditions are sum-
marized in TABLE 2.

Microstructure was characterized by EBSD on both surface
and cross-sections. EBSD scans covered 1x1 mm? areas with
0.5 pm step size. Samples were mechanically polished using
0.04 um colloidal silica. Magnetic properties were evaluated
using a VSM, including coercivity, magnetization, retentivity,
and squareness. Phase identification was conducted via XRD.

TABLE 1
Experimental conditions
Parameter Value
Layer thickness 200 pm
Sample dimensions 10x10x10 mm?
Recoating speed 60 mm/s
UV exposure time 15 sec/layer
Post-curing UV light exposure 48 hr
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Fig. 1. Configuration of the developed LCM system (a) Configuration of the LCM-based additive manufacturing system (b) Depiction of the
photocurable composite resin and layer fabrication process under UV illumination (c) design of the in-situ magnetic alignment module (d) sche-

matic of the SPS process



TABLE 2
Experimental design
Run | Magnetic alignment Densification temperature (°C)
1 Without field 750
2 Without field 1000
3 With field 750
4 With field 1000

3. Results and discussion

The magnetic and microstructural properties of the LCM-
printed NdFeB composites were significantly affected by both
the application of magnetic field alignment and the sintering
conditions used during SPS post-processing. Fig. 2(a) shows the
VSM hysteresis loops of the specimens, while Fig. 2(b) presents
the quantitative comparison of their magnetic properties.

The coercivity (Hci) showed the highest value of 0.061 T
for the specimen sintered at 750°C without a magnetic field,
while it significantly decreased to 0.027 T when sintered at
1000°C. A similar decreasing trend was also observed under
the magnetic field condition. In addition, the degradation in
coercivity may also be partially associated with the formation
of residual Fe phases, which reduce the effective volume of the
hard magnetic NdFeB phase and interfere with magnetic domain
alignment. The saturation magnetization (Ms) exhibited a notice-
able enhancement under the magnetic alignment condition. The
aligned specimens showed higher magnetization values, reaching
135 A-m%/kg at 750°C, which is the highest among all samples.
This improvement indicates that the directional orientation of
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anisotropic NdFeB particles induced during the LCM process
was at least partially preserved throughout the SPS densification
stage. The retentivity (Mr) showed a strong dependence on the
sintering temperature, similar to the trend observed in coercivity.
At 750°C, a moderate difference was found between the aligned
and non-aligned specimens, whereas at 1000°C, both conditions
exhibited a pronounced reduction in retentivity. The squareness
ratio (Mr/Ms), which indicates the degree of magnetic alignment
and the preservation of magnetic anisotropy, showed its highest
value of 17% for the specimens sintered at 750°C with a magnetic
field. It is noteworthy that the influence of sintering temperature
appeared to be more significant than that of magnetic alignment
itself. This tendency is consistent with the trend observed for
the Mr, as the lower Mr values at 1000°C directly contributed
to the reduction in the squareness ratio.

Overall, the specimens fabricated with an applied magnetic
field and sintered at 750°C exhibited the most favorable mag-
netic performance among all conditions. This improvement can
be attributed to the in-situ magnetic alignment induced during
the LCM printing stage. In contrast, high-temperature sintering
at 1000°C led to grain coarsening and reduced phase stability,
resulting in the degradation of magnetic anisotropy. While
densification improved with increasing temperature, excessive
sintering led to a degradation of magnetic properties. This was
evident in the reduced coercivity (Hci) and squareness ratio
(Mr/Ms) observed in specimens sintered at 1000°C, which likely
resulted from abnormal grain growth, deterioration of particle-
matrix interfaces, or the formation of secondary phases. These
results underline the importance of optimizing SPS process
conditions — not only in terms of temperature and dwell time,
but also to suppress the emergence of residual Fe phases that
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Fig. 2. Magnetic properties LCM-SPS fabricated NdFeB specimens (a) VSM hysteresis loops of LCM-SPS fabricated NdFeB specimens sin-
tered at 750°C and 1000°C with and without an in-situ magnetic field (b) Quantitative analysis of magnetic properties obtained from the VSM
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can undermine the magnetic characteristics of the composite.
These findings emphasize the need for careful control of sinter-
ing temperature and dwell time to balance densification and the
retention of magnetic alignment.

To explore the microstructural origins of the observed
magnetic behavior, EBSD analysis was conducted, and the re-
sults are summarized in Fig. 3. The EBSD maps reveal distinct
variations in grain morphology and phase distribution depend-
ing on both the magnetic alignment and sintering temperature.
Regardless of magnetic field application, the specimens sintered
at 750°C exhibited a fine-grained microstructure with an average
grain size of approximately 0.3 pm, characterized by uniformly
distributed NdFeB grains and a relatively continuous phase
network. In contrast, sintering at 1000°C led to pronounced
grain coarsening, with some grains exceeding 40 um in size,
and a significant increase in ferrite phase formation. This mi-
crostructural coarsening, along with the development of a dis-
continuous NdFeB phase and a continuous ferrite network, is
consistent with the observed reduction in Hci and squareness
ratio at higher temperatures. The reduction in coercivity at higher
temperatures may be attributed to grain growth during sinter-
ing, as confirmed by the EBSD results in Fig. 3, which indicate
coarsening of microstructural features and reduced domain wall
pinning. The relationship between grain refinement, magnetic
alignment, and enhanced squareness ratio indicates that main-
taining a fine-grained and directionally organized NdFeB phase

is critical for improving magnetic performance. Nevertheless,
the pronounced differences in textural and magnetic properties
between aligned and non-aligned specimens confirm that struc-
tural anisotropy is the dominant factor governing the functional
performance of the fabricated magnets. Together, the VSM and
EBSD results validate the process strategy of combining in-situ
magnetic alignment during LCM printing with the SPS process
as an effective pathway for fabricating anisotropic magnetic
composites.

X-ray diffraction analysis revealed a dominant peak near
20 =~ 44°, which corresponds primarily to the Nd2FeisB (008)
reflection associated with [001] texturing. However, this peak
overlaps with the Fe (110) reflection, indicating the possible
presence of residual iron phases. While the aligned specimen
sintered at 750°C exhibited additional (001) peaks such as (004),
supporting the presence of [001] preferred orientation, further
structural analysis is required to decouple the contribution
from Fe. In specimens sintered at 1000°C, the appearance of
additional Fe-related peaks — particularly Fe (200) near 65° and
Fe (211) near 82.3° — suggests that high-temperature sintering
may promote phase decomposition and Fe precipitation. Over-
all, the XRD results align with the VSM and EBSD findings,
indicating that low-temperature sintering at 750°C helps retain
the primary NdFeB phase and structural anisotropy, while higher
temperatures induce microstructural instability and secondary
phase formation.
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Fig. 3. EBSD maps of LCM-SPS fabricated NdFeB specimens
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Fig. 4. XRD plot LCM-SPS fabricated NdFeB specimens

4. Conclusions

This study investigated the influence of magnetic field-
assisted particle alignment and SPS post-processing on the
microstructural and magnetic properties of highly filled NdFeB
composites fabricated via an LCM-based additive manufactur-
ing process. Anisotropic NdFeB particles were aligned under
an in-situ magnetic field during the LCM process and subse-
quently consolidated using SPS under controlled conditions.
VSM analysis revealed that specimens fabricated with magnetic
field alignment and sintered at 750°C exhibited the highest Mr
and squareness ratio, while excessive sintering at 1000°C led
to a degradation of magnetic properties due to grain coarsening
and secondary-phase formation.

EBSD analysis confirmed that the aligned specimens main-
tained a fine-grained and relatively continuous NdFeB phase
network, whereas non-aligned and high-temperature-sintered
specimens exhibited irregular and coarsened microstructures
with discontinuous NdFeB regions and extensive ferrite forma-
tion. These microstructural features directly corresponded to the
anisotropic magnetic performance observed in the VSM results.

While these results indicate a clear trend between magnetic
alignment, sintering temperature, and magnetic anisotropy, the
overall magnetic performance remains limited. XRD analysis
suggests the presence of residual Fe phases, particularly in
specimens sintered at 1000°C, which may contribute to phase
decomposition and reduced anisotropy.

Therefore, this study should be considered a preliminary
investigation, demonstrating the potential of combining in-situ
magnetic alignment with SPS for processing anisotropic NdFeB
composites. Further optimization of sintering atmosphere, tem-
perature, and dwell time is required to improve phase stability

and suppress secondary phase formation, thereby enabling reli-
able magnetic performance in future applications.
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