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Abstract: Soft magnetic alloys are extensively used in various power electronic devices due to their advantageous properties,
including high saturation magnetic induction, low coercivity, and high permeability. In certain applications, complex-shaped
components are increasingly required for performance enhancement. Additive manufacturing technique, particularly selective laser

melting (SLM), has emerged as an effective method for fabricating such complex-shaped soft magnetic components. SLM, a laser-
based additive manufacturing technique, employs high-power-density lasers to melt and fuse metal powders within a powder bed
selectively. This approach enables rapid prototyping, precise geometrical control, and the integration of multi-material designs. This
review highlights recent advancements in the application of SLM technique for the production of soft magnetic alloys, focusing on Fe-
Si, Fe-Ni, Fe-Co, and amorphous alloy systems. Moreover, it explores the implementation of SLM in manufacturing processes and
evaluates both the opportunities and challenges associated with SLM-based production of soft magnetic alloys.
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1 Introduction

Soft magnetic materials, predominantly composed of
transition metals (Fe, Co, and Ni) along with their alloys,
possess the ability to generate magnetic fields either directly
or through induced effects. These properties show great
potential of soft magnetic materials in various applications,
including motors, mechanical systems, electronic devices,
information storage systems, and sensors’*. The rapid
advancement of smart technologies, artificial intelligence
(Al), 5G communications, biomedical engineering, and
aerospace systems proposes increasingly stringent demands

¥ Among these soft

on the performance of these materials
magnetic materials, Fe-based soft magnetic alloys, which are
often enhanced with Si, Ni, and/or Co, are characterized by
high saturation induction, low coercivity, high permeability,
and minimal core loss®".
indispensable for the use in electric motors, generators, and

transformers, ensuring the

These properties make them

superior energy conversion
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efficiency and supporting the effective energy generation and
transmission™* ",
The diverse applications of soft magnetic alloys across

20211 Recent researches

diverse sectors attract much attention'
focus on the miniaturization and complexity of electronic
devices. The functional performance of soft magnetic alloys is
intricately tied to their geometric and structural characteristics.
However, conventional fabrication techniques, including

[22727]5 [28-31 ]’ 32735], melt

casting injection molding compaction'
spinning®*, sintering™ """, and powder metallurgy

restrictions in producing complex-shaped components'

[36-38] [42-44

1 face
45].
These methods also suffer from low material utilization rates,
further constraining their efficiency™*”. Consequently, there is
a growing interest in innovative fabrication techniques that
can enable the creation of complex-shaped soft magnetic
devices while enhancing the material utilization rate.

Additive manufacturing (AM), commonly referred to as 3D
printing, constructs objects directly from computer-aided de-
sign models™". This technique is capable of producing three-
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dimensional complex-shaped components, and it is compa-

tible with a wide range of materials, including polymers®™ >,

[56-60] [62-65]
metals s s

ceramics and composites™ ™.  Unlike
traditional manufacturing techniques that rely on molds, AM
significantly reduces production time and cost™”. Moreover, it
provides precise control over geometrical configurations and
supports multi-material integration, enabling the fabrication of
complex structures such as hollow frameworks, lattice
designs, and thin-walled components”' ™. These advantages
lead to the widespread adoption of AM in diverse fields,
including electronics, biomedical

robotics, engineering,

applications”**,
Consequently, AM is extensively applied across various
fields™",

considerable research interest.

energy systems, and environmental

making it a transformative technique with
AM offers unparalleled design flexibility in the production

enabling the fabrication of
Q2183841

of soft magnetic alloys,
components with complex shape and internal structure
This capability facilitates the optimization of magnetic flux
pathways, enhancing the electromagnetic performance of
devices™ ™. Among various AM techniques, selective laser
melting (SLM) stands out as a powder bed fusion method,
which employs a focused laser beam to selectively melt and
fuse metal powder materials layer-by-layer, enabling the

construction of complex parts®® "

. This approach provides
new approach for developing the soft magnetic alloys with
enhanced performance and manufacturability™".

Although extensive researches have been conducted on the
application of AM
fabrication, comprehensive reviews specifically for SLM

technique for producing soft magnetic alloys are rare. This

techniques for magnetic material

review aims to provide detailed analyses of SLM technique in
the manufacture of soft magnetic alloys, which covers the
fundamental principles and operation mechanisms. The
application of SLM in fabricating various soft magnetic
materials was also discussed, including Fe-Si, Fe-Ni, Fe-Co,
and amorphous soft process
optimization, post-processing methods, and the resultant
properties were displayed. Additionally, the
challenges and future directions for the development of SLM

magnetic alloys. The

material

technique for soft magnetic alloys were proposed.
2 SLM Fabrication of Soft Magnetic Alloys

2.1 SLM

SLM, also referred to as laser powder bed fusion (L-PBF),
is an advanced metal AM technique, which uses a high-energy
laser beam to selectively melt metal powder layer-by-layer to
produce components with precise geometries. As depicted in
Fig.1™ SLM process involves the application of laser to melt
specific regions of metal powder bed based on the geometry
of a pre-designed computer-aided design (CAD) model, which
sequentially stacks these layers to form a three-dimensional
structure. Once the fabrication process is completed, the
finished object is removed from the build platform, and the
loose unused powder is collected for recycling. SLM
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Fig.1 Schematic diagram of SLM process

technique possesses exceptional precision and the ability to
produce highly complex-shaped components, which is well-
suited for industrial applications with rigorous performance
requirements. The process incorporates rapid solidification
rates, typically in the range of 10°~10° K/s, which promote the
formation of refined grain structures through undercooling,
thereby enhancing the mechanical properties of the fabricated
components®. Despite its advantages, SLM technique faces
several challenges. (1) High equipment cost: the machines
used for SLM process are expensive, requiring substantial
initial investment. (2) Complex post-processing requirements:
fabricated components often necessitate the additional steps,
such as support removal, heat treatment, and surface finishing,
to achieve the desired quality. (3) Quality control issues: the
layer-by-layer construction process can introduce defects,
such as pores, necessitating rigorous inspection and quality
assurance procedures to ensure the consistency and reliability
of components.

2.2 Influencing factors of SLM

The fabrication of components with precise and complex
shapes using SLM technique for industrial applications
requires careful consideration of multiple influencing factors,
including raw material properties, process parameters, and
post-processing techniques.

2.2.1 Characteristics of raw materials

The particle size and morphology of the powder are pivotal
in determining the layer thickness, densification, and flowabi-
lity of the powder bed®™ ™. Optimal performance can be
achieved when the powder exhibits high sphericity and uni-
form particle size distribution, which enhance the flowability
and laser absorption. These are key factors for the improve-
ment of molding quality, mechanical properties, and soft
magnetic properties of the fabricated components"”. Con-
sequently, selecting appropriate raw material powders is
fundamental to the production of high-performance soft
magnetic alloys via SLM method.

2.2.2  Process parameters

Key process parameters, such as laser power"

, scanning
speed, and beam spot diameter, can affect the input energy
density during SLM process. The interplay among energy
density, microstructure, crystal structure, and soft magnetic

properties has been extensively investigated"”'"!. Excessive
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energy density can lead to over-melting and pore formation,
whereas insufficient energy density can result in inadequate
melting and inferior interlayer bonding, both of which may
adversely affect the material performance. Furthermore, the
adoption of an optimized scanning strategy can mitigate the
residual stresses and enhance the quality of fabricated com-

ponents'! ">

. Thus, investigating the impact of different
scanning strategies on soft magnetic alloys is prominent.

Other factors, such as sample geometry, powder layer
thickness, ambient atmosphere, and preheat temperature, also
play significant roles in SLM manufacturing. Thinner powder
layers can improve the density and surface quality of
components, albeit the prolonged production time and high
cost. An inert atmospheric environment, such as argon or
nitrogen, reduces the thermal stresses and oxidation, thereby
enhancing the overall properties of materials. Preheating the
powder bed or build platform to an appropriate temperature
can effectively reduce the residual stresses and minimize the
deformation. The optimal preheating temperature is material-
dependent and varies based on the specific requirements of the
equipment.

2.2.3 Post-treatment process

During SLM process, the material is likely to suffer internal
residual stresses due to the rapid cycles of melting and
solidification. These stresses can result in deformation or
cracking of the part under operational conditions. Heat
treatment is a critical technique for mitigating these issues and
improving the performance of SLM-manufactured com-
ponents'> "7,
residual stresses, refine the grain structure, and enhance both
the mechanical and soft magnetic properties of the materials.
In addition, machining and surface treatments contribute to
the improvement of surface quality and dimensional accuracy
of the parts, further optimizing the material performance.

2.3 Soft magnetic alloys prepared by SLM

Annealing, for example, serves to release

For the soft magnetic alloys prepared by SLM process, the
among machining, post-treatment,
structure, and material properties are predominantly inve-
stigated. The researches about the interrelations of Fe-Si, Fe-
Ni, Fe-Co, and amorphous soft magnetic alloys are discussed

interrelations micro-

in this section.
2.3.1 Fe-Sialloy

Fe-Si alloy is characterized by its excellent magnetoelectric
properties, ease of mass production, and low cost. It serves as
the primary raw material for producing silicon steel
(transformer steel and electrical steel), which is widely used in
the manufacture of core components for electrical equipment,
such as transformers and motors.

The energy density during SLM process plays a critical role
in determining the microstructure and properties of soft
magnetic alloys. It is found that the high energy density
prevents pore formation, while low energy density leads to the
development of irregular large pores and unmelted particles
within the material"”. Gao et al'" fabricated Fe-Si alloy
samples with exceptionally low porosity by optimizing the

process parameters. With the increase in energy density,
porosity was decreased progressively, as illustrated by the
microstructures observed by optical microscope (OM), as
shown in Fig. 2. After parameter optimization, the micro-
structure, magnetic properties, and mechanical properties of
the samples were evaluated. The samples exhibited a
columnar structure with directional growth and <001> texture
along the building direction (BD), demonstrating typical soft
magnetic behavior with a power loss (P) of 18.8 W/kg at
frequency /=50 Hz and magnetic induction intensity B=1 T.
ND represents the normal direction. In addition, the samples
displayed robust mechanical properties: elongation of 8.8%,
ultimate tensile strength of 562 MPa, and yield strength of 445
MPa. Zhong et al™* used SLM process to fabricate FeSiCr
alloys and investigated the influence of the oxide layer
thickness on the soft magnetic properties by controlling the
oxygen concentration within the chamber at 1000, 4000, and
8000 pL/L. It is found that an oxide layer exists, which results
in the reduced core loss and eddy current loss at high
frequencies'™, compared with those of conventional silicon
steel sheets. Backes et al'*"! fabricated Fe-3wt% Si and Fe-
9wt% Si alloys using the L-PBF technique with optimized
parameters (P=200 W, v=750 mm/s) and various preheating
temperatures (200 °C for Fe-3wt% Si and 800 °C for Fe-9wt%
Si) to produce minimally-cracked dense samples, as shown in
Fig.3. The results indicated that Fe-9wt% Si exhibited lower
magnetic losses, and the magnetic domain structure was
influenced by the crystal orientation, as demonstrated in Fig.4.
Ji et al'" employed the design of experiments approach to
study the effect of process parameters on the preparation of
Fe-4.5wt% Si using SLM method. The optimal parameters
were identified through response surface analysis as P=286.36
W and v=1674.24 mm/s. Experimental validation confirmed
that these parameters not only yielded the highest relative
density but also resulted in the saturation magnetization
intensity exceeding the predicted value, and the coercivity is
closely matched with the expected outcome. Stella et al!'*
performed experimental measurements of the hysteresis loops
of Fe-Si alloys fabricated via L-PBF technique. They used
artificial neural networks (ANNs) and Jiles-Atherton (JA)
model to simulate and predict the loops. The results
demonstrated that the hysteresis loops and static power loss
densities of Fe-Si alloys could be predicted with greater
accuracy using ANNs, outperforming the predictive
capabilities of the JA model. Teh et al’** addressed the
restrictions of silicon content in traditional Fe-Si magnetic
alloys by fabricating high-density Fe-5Si, Fe-10Si, and Fe-
20Si alloys. Their study revealed that these alloys exhibited
saturation magnetization values ranging from 0.090 A-m*g™
to 0.209 A-m’g"', and the coercivity value was between
724.36 and 859.68 A'm™".

Achieving an optimal crystal texture is essential for
enhancing the motor efficiency. However, manufacturing
stable grain-oriented electrical steel with fewer processing
steps remains a challenge. Garibaldi et al'*' employed SLM
technique to fabricate high-silicon steel components and
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Fig.2 OM images (a—d) and porosity results (e—h) of a series of Fe-Si alloy samples prepared under different energy densities"": (a, e) group 1;
(b, f) group 2; (c, g) group 3; (d, h) group 4
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Fig.3 OM images of AM-prepared samples fabricated from powders with 3wt% (a—b) and 9wt% (c—d) Si at platform temperature of 200 °C (a, c)
and 800 °C (b, d)™"
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Fig.4 Magnetic domain structures of Fe-3wt% Si sample prepared at 200 °C (a—b) and Fe-9wt% Si sample prepared at 800 °C (f—g); magnified

image of area 1 in Fig.4a (c) and corresponding crystallographic orientations along BD (d) and ND (e); magnified image of area 2 in
Fig.4f (h) and corresponding crystallographic orientations along BD (i) and ND (j)"*"
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observed that the columnar grains in the as-built samples grew
along the BD. With the increase in energy density, the columnar
grains are elongated, and the <001> fiber texture was trans-
formed into a cubic texture along BD, as shown in Fig.5. This
phenomenon may offer a pathway for the fabrication of three-
dimensional grain-oriented high-silicon steels for electro-
mechanical applications. They further explored the relation-
ship among laser energy input, microstructure, and magnetic
properties'*. With the increase in energy input, the number of
cubic textures was also increased. However, an excessive

Top view

Increasing energy input

Fig.5 Cross-sectional morphologies and PFs of molten pool under different energy inputs

; N
Melt pool boundary

Front view

quantity of cubic textures led to a decline in soft magnetic
properties of the material. Samples with a density greater than
99% and a strong crystal texture along BD exhibited the
optimal magnetic properties. Therefore, they concluded that
the porosity and texture are the primary factors influencing the
magnetic properties. To better understand the formation
mechanism of the texture, the melt pool shape and boundaries
have also been investigated"*”. The melt pool is categorized
into three types based on its shape, and different types of melt
pool leads to distinct crystal structures, as shown in Fig. 6.

<001> texture

[125]

= w = Melt pool boundary

Growth direction of
cellular substructures
and grains

Max=2898

—N WA o

/\Grain boundary’
eIt pool boundéry

Fig.6 SEM images (a—d) and schematic diagrams (e—g) of shallow melt pool (a—b, e—f), deep melt pool (c, g), and solidification structure showing
changes in grain growth direction (d); SEM images (h—i), IPF (j), and PF (k) of cross-section microstructures; SEM images of grain growth

direction of deep melt pool (1) and shallow melt pool (m)"*”)
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Scanning electron microscope (SEM) observation, inverse
pole figure (IPF) analysis, pole figure (PF) analysis, and
electron backscattered diffraction (EBSD) analysis were
conducted. The presence of these three melt pool types caused
deviations in the direction of grain growth, ultimately
resulting in weaker texture strength.

Beyond process parameters, numerous studies have inves-
tigated the relationship between heat treatment and both the
microstructural characteristics and the soft magnetic pro-
perties of materials"** ., After Fe-3wt% Si soft magnets with
exceptionally low porosity was prepared, Gao et al*" ex-
amined the impact of heat treatment on the microstructure and
magnetic properties of these samples. The microstructure of
the as-built samples exhibited columnar crystals with a <001>
texture, as shown in Fig.7. After annealing at 1000 °C for 3 h,
significant grain growth and stress release can be observed,
and the texture is consistent with that of the as-built samples.
Additionally, the soft magnetic properties were improved with
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Fig.8 Magnetic properties of SLM-prepared Fe-6.9wt% Si samples at

different  annealing  temperatures’”™:  (a)  maximum
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Max=29.89
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Fig.7 PFs (a-b) and IPFs with EBSD maps (c—d) for XY plane (a, c) and XZ plane (b, d) of Fe-3wt% Si soft magnets'"

the increase in annealing temperature and the prolongation of
duration. Garibaldi et al'** also studied the effect of annealing
on the microstructure and properties of Fe-Si soft magnetic
alloys fabricated by SLM. They found that high-temperature
annealing effectively induced stress release and promoted
grain growth without compromising the beneficial crystallo-
graphic texture. The soft magnetic properties were enhanced,
achieving a maximum relative magnetic permeability of 24
000 and a coercivity of 16 A/m, as shown in Fig.8.

The scanning strategy and sample geometry play a critical
role in determining the microstructure and properties of Fe-Si
alloys. Different scanning strategies, as illustrated in Fig.9,
have been found to influence the microstructure of Fe-Si alloy
samples!*”. In comparison to the transverse scanning strategy,
which produces very large columnar grains, the longitudinal
scanning strategy results in more equiaxed or misoriented
grain morphologies with smaller grains. Plotkowski et al™*"
demonstrated that texture can be controlled through various

i< -

MaxS1€.98 Max=18.28

scanning strategies, including single and double scan patterns.
The single scan pattern (Fig.10a) produces a chaotic structure
with numerous small grains, whereas the double scan pattern
(Fig.10b) leads to a distinct orientation of the <100> crystallo-
graphic direction along BD, resulting in larger grains growing
upward. They also fabricated a series of samples with
complex cross-sections (Fig.10c) to investigate their magnetic
properties. The findings revealed that geometry has a
substantial effect on the magnetic properties, as shown in
Fig.10d.

Koo et al shell-

shaping-selective laser melting (SS-SLM), for fabricating

131 introduced a novel AM technique,

Rotated [4

Layer n+2
Layer n+1

Layer n

Fig.9 Scan directions relative to the top surface of prism!"**: (a) lon-
gitudinal direction, (b) transverses direction, and (c) rotated

direction



372

Liu Bingxu et al. / Rare Metal Materials and Engineering, 2026, 55(2):365-388

Single scan
XY-plane

XZ-plane
oy - an ¢

Double scan

H .
'
'

. =3
Al
Max=7.821
] :
Al r
001

d

Parallel
l 1
plots 0.0012 3 plastes
- 12 plastes
0.0010
7 . 11 plastes
0 0008 . 10 plastes
. 9 plastes
0.0006!
. 8 plastes
0.0004

B s e e N

72} 7} @ 72 s = 72} [ 3] n
Q Q Q o [72) [ (] [ QO

2 % % 2 & & 3 % 7 gz 0000Q . . R
8 8 8 & 23 8 88 = 0.2 0.6 1.0 1.4
o o & o I o o o o

S = o o s oo Peak Potarization/T

Fig.10 IPFs and PFs of XY plane (normal to BD) and XZ plane (parallel to BD) under single scan pattern (a) and double scan pattern (b);
schematic diagrams of complex cross-section microstructures; eddy current loss coefficients of samples with different geometries (d)"*”

structurally-layered soft magnetic components (SMCs) with a
thin surface insulation coating, as depicted in Fig. 11.
Schematic diagrams of the integration of an internal insulation
layer into SMC are shown in Fig.12. This method enabled the
production of high-density Fe-6.5wt% Si SMCs with a
relative density of 98%. Subsequent heat treatment induced
grain growth, significantly enhancing the soft magnetic
properties and achieving coercivity of 34.6 A/m, permeability
of 7393, and saturation magnetization of 1.68 T. Moreover, a
sol-gel-based process was used to form a uniform and dense

Fig.11 Schematic diagram of SS-SLM process and corresponding eddy current losses for samples with different shell thicknesses

insulating layer on the SiO, shell, effectively suppressing eddy
currents within the shell. Lyrio et al"* proposed an innovative
method for manufacturing thin grain-oriented (GO) electrical
steel sheets, employing L-PBF method to fabricate slabs with
strong initial textures. These slabs were then subjected to cold
rolling and extended annealing to promote abnormal grain
growth. This novel process facilitates the production of thin
sheets with magnetic properties comparable to that of
commercially available GO electrical steels.

Additionally, SLM technique offers the potential to produce

3 Shell thickness
ﬁ'cl) —=—0.2 mm
A10°H 0.3 mm
. —*—0.5 mm
E —+=1 mm
7
i JESE!
10
2
]
Surface insulation o 100
10° 10
Frequency/Hz

[135]



Liu Bingxu et al. / Rare Metal Materials and Engineering, 2026, 55(2):365-388 373

Confined
eddy current

‘@

Surface insulation

£2.0f
i 3 ARl ",. S g, g——8
5 ] g = 1.5¢
g 1.0p
0.5}
10 pm =
0.0

1357 911
Stacking Layer

Fig.12 Schematic diagrams of surface insulation formed through sol-
gel process (a) and subsequent uniaxial compression (b);
appearance of structurally-layered SMCs after insulation and
compression (c); cross-section microstructures of SMC and
corresponding EDS element mapping results (d—e); saturation
magnetization of structurally-layered SMC as a function of
the number of stacked shells (f)'"**!

iron-silicon alloys with high silicon content. Numerous
studies have demonstrated that 6.7wt% Si can significantly
enhance the soft magnetic properties of Fe-Si alloys, reducing

[137]

power loss during the magnetization process However,

increasing silicon content also raises material brittleness,

40 40,
30 30
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Eﬂ) 20t (Measured) |20 3 it
10 10
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Depth/mm Depth/mm

thereby restricting the processibility. Currently, only a few
techniques can produce the defect-free Fe-Si alloys with
silicon contents of 6.5wt% or higher on an industrial scale.
Andreiev et al"* employed high-temperature powder bed
fusion with laser beam (PBF-LB) and a preheating system for
the construction chamber to achieve nearly crack-free
processing of high-density Fe-Si alloy parts with silicon
contents ranging from 2.4wt% to 10.0wt% . This method is
suitable for producing large components. As the silicon
content increases, hardness improves, but brittleness also
rises, and the soft magnetic properties are enhanced. Goll et
al'® fabricated a Fe-6.7wt% Si alloy with high specific
resistance (p=0.8 pQ-m) and excellent soft magnetic properties.
They also developed a soft magnetic device with a slit-based
topological structure, which reduced eddy current losses, as
shown in Fig. 13. Additionally, alternating layered structures
composed of materials with different resistivity ratios were
formed, further reducing eddy current losses, as illustrated in
Fig. 14. Macknojia et al"*” prepared Fe-6.5wt% Si alloy
samples with a relative density of 99.5% using process
parameters of laser power of 180 W, scanning speed of
900 mm/s, hatch spacing of 0.08 mm, and layer thickness of
40 um. Various core designs with differing cross-sectional
areas were fabricated, as shown in Fig. 15. Annealing treat-
ment enhanced the soft magnetic performance of the cores.
The core with the smallest cross-sectional area of 3.25 mm’
exhibited the optimal comprehensive soft magnetic properties.
In addition to their soft magnetic properties, the mechanical
characteristics of Fe-Si alloys fabricated via SLM have
attracted significant attention. Alleg et al'*” used SLM
technique to fabricate FeSiB alloys, achieving high density,
low surface roughness, and impressive microhardness values
ranging from 1654 HV to 2273 HV, alongside excellent soft

magnetic performance. Similarly, Gao et al"'”

produced Fe-
3wt% Si soft magnets with exceptionally low porosity using

SLM technique, which demonstrated remarkable mechanical

[T
densityT | |

o, 0.5
!

.—03

Fig.13 Cross-sectional view of ring (a); experiment and simulation results of eddy current losses as a function of slit depth (b); finite element

simulations of eddy current and magnetic flux density with different slit depths (c); cross-sectional view of ring with a more complex

topological structure (d); finite element simulation result of eddy current in more complicated structural ring (e)"**!
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Fig.14 OM cross-section microstructure of multi-layered structure (a);
comparison of hysteresis loss (P,) and eddy current loss (P,)
curves of iron materials with multi-layered structure and bulk
structure (b)['**
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Fig.15 L-PBF-manufactured Fe-6.5wt% Si cores with different

design configurations!*”!

properties, including microhardness of 235 HV, elongation
of 8.8%, ultimate tensile strength of 562 MPa, and yield
strength of 445 MPa. Additionally, their wear and fracture
mechanisms were thoroughly analyzed, as depicted in Fig.16.
The primary fracture mode was identified as a mixed ductile-
brittle failure, while adhesive and abrasive wear mechanisms
dominated the wear behavior.

2.3.2  Fe-Ni alloy

The Fe-Ni alloys with Ni content ranging from 30wt% to
90wt% are commonly referred to as permalloy. Permalloy is
known for its high plasticity. It can be cold-rolled into ultra-
thin strips with thickness of as thin as 1 um. As a soft mag-
netic material with high permeability and low coercivity in weak
magnetic fields, Fe-Ni alloys are widely used in industrial
applications. However, conventional processing methods for
Fe-Ni alloy fabrication face challenges in producing complexly
shaped components and achieving optimal magnetic proper-
ties due to the work-hardening effects of the nickel element.
Recently, laser-based fabrication techniques, such as SLM,
have garered considerable attention for processing Fe-Ni alloys.

Researchers have investigated the relationship between
microstructure and magnetic properties during the laser
melting process of Fe-Ni alloys. Kang et al™'"! used nickel-

Fig.16 SEM images of fracture morphologies of SLM-prepared Fe-
3wt% Si part (a—d); worn surface morphologies of SLM-
prepared wear part (e~h)"'”)

plated high-silicon steel powder as a raw material to fabricate
Fe-Ni-Si soft magnetic alloys using SLM technique. As the
laser scanning speed decreased, pores were nearly eliminated.
However, cracks appeared, as shown in Fig. 17. Conversely,
increasing the laser scanning speed leads to a gradual
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Fig.17 Relative density of SLM-processed Fe-Ni-Si alloys (a); defect
morphologies of SLM-processed samples at laser scanning
speeds of 1 m/s (b), 2 m/s (c), and 4 m/s (d)!"*"!
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reduction in saturation magnetization, which is related to
microstructural variations, such as pores and melt pool
formation. Mandal et al"*’ found that the laser power density
of 1 J/mm® was optimal for producing fully dense Fe-Ni alloys
using powders milled from 12 h to 24 h. Under these
conditions, the thickness of the melt pool was influenced by
the particle size and uniformity of the powder, as illustrated in
Fig. 18. The alloy elements in the laser-melted sample were
evenly distributed with no noticeable segregation, as shown in
Fig. 18c. Laser melting can enhance the soft magnetic
properties of Fe-Ni alloys, and the microstructure and
crystallographic orientation play a pivotal role in these
properties. Zhang et al"*"’ characterized the microstructures of
Fe-Ni alloys processed under various laser parameters and
assessed the magnetic properties of the resulting samples. The
results revealed that SLM-prepared Fe-30% Ni alloy exhibited
low coercivity and high saturation magnetization, and its
magnetic behavior was strongly influenced by the laser

parameters. Moreover, it was demonstrated that SLM-
prepared Fe-80% Ni alloy could achieve relatively low
coercivity (23383184 A/m) and high saturation magnetiza-
tion (0.08-0.10 A-m’-g™") when the optimized laser parameters
were used'*l. Shishkovsky et al'*! examined the microstruc-
tures of Fe-80% Ni alloy samples in relation to the laser
processing parameters and evaluated the influence of external
magnetic fields (EMFs) on the growth of microstructures
during laser melting. They found that a reduction in coherent-
scattering regions of magnetic phases under SLM with the
presence of EMF corresponding to the increase in coercivity.
The performance of Fe-Ni alloy samples with complex
geometries has also been investigated. Liu et al’*” fabricated
Fe-Ni alloy magnetic cores with intricate structures using
SLM technique, as shown in Fig.19. Their study revealed that
the maximum magnetization, initial permeability, and
coercivity were 0.151 A-m*g”', 310, and 549.24 A/m, respec-

tively. Furthermore, sandblasting followed by annealing at
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Fig.18 Correlations between laser power density and microstructure of melt pool cross-section of samples prepared by Fe-Ni powders milled for

12 h (a) and 24 h (b); atomic probe tomography image, element distribution maps, and element distribution analyses of sample (c)!'*?
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Fig.19 Components with complex geometries*: (a) CAD model;
(b) SLM-manufactured magnetic cores before sandblasting;
(c) SLM-manufactured bases (supporting magnetic sensors)
after sandblasting: (d) SLM-manufactured magnetic cores

after sandblasting

1300 °C resulted in a remarkable tensile strength of approxi-
mately 1060 MPa, along with excellent overall mechanical
properties. Additionally, controlling the grain orientation during
the laser powder bed melting process was also investigated"*”.
By controlling BD during manufacturing, they were able to
control the primary texture in the sample, leading to enhanced
magnetic properties of the soft magnet, as illustrated in Fig.20.

The influence of heat treatment on the properties of Fe-Ni
alloys produced by SLM has also garnered attention. Mazeeva
et al™ investigated the properties of Fe-50% Ni soft magnetic
alloys as a function of heat treatment parameters, including
temperature and holding time. After annealing, the
microhardness decreased from 275 HV to 190 HV, while the
relative maximum magnetic permeability increased from 1000
to 5000, and the coercive force decreased to 100 A/m, as
shown in Fig.21. Lv et al™'! identified a set of optimal SLM
processing parameters that achieved high packing density and
exceptionally low surface roughness for the samples.

Fig.20 Appearances (a—c), EBSD maps (d—f), and SEM images (g—i)

of permalloy-80 of different orientations"*": (a, d, g) <100>

orientation; (b, e, h) <110> orientation; (c, f, i) <I11>

orientation
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Fig.21 Relationships of relative maximum magnetic permeability
and coercivity with heat treatment temperature (a); relation-
ship between heat treatment holding time and magnetic

properties (b)™*!

Furthermore, the annealed Ni-15Fe-5Mo alloy exhibited
anisotropic behavior in terms of its microstructure,
properties, and magnetic properties. The
saturation magnetization of the alloy after SLM processing
and subsequent annealing was 0.078 A'm’-g”', which was
comparable to that of conventionally processed parts.

2.3.3 Fe-Co alloy

The cobalt content in Fe-Co alloys typically ranges from
27wt% to S1wt%, imparting the saturation magnetization. For
instance, the saturation magnetization of 35Co-Fe alloy
reaches 2.43 T, which is higher than that of pure electro-
magnetic iron by 13%. However, binary Fe-Co alloys suffer
from inferior mechanical properties, particularly low electrical
resistivity. Appropriate addition of chromium (Cr) and
vanadium (V) can improve both the processing performance
and ductility of the alloy while maintaining favorable

mechanical

magnetic properties. These alloys are particularly suited for
applications requiring high saturation magnetization and
superior soft magnetic properties, such as motor rotors,
stators, and transformers. SLM technique offers opportunities
to optimize the shape, material composition, volume, and
quality of magnetic cores, positioning it as a promising
method for fabricating Fe-Co alloys.

In response to the challenge of inferior mechanical
properties of binary Fe-Co alloys, researchers use SLM
technique to enhance their ductility and overall mechanical
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performance. Babuska et al"*® used L-PBF process to
fabricate Fe-Co alloys without macroscopic defects, which
exhibited both high tensile strength (600 — 700 MPa) and
significant ductility (35%). Compared with the traditional
forged materials, these alloys demonstrated a significant
increase in strength by 300% and an order-of-magnitude
improvement in ductility, as shown in Fig.22. Additionally,
they employed a novel design of heat sink for AM process of
metal materials, achieving a low-strength and low-ductility Fe-
Co alloy, as illustrated in Fig.23. Li et al™ applied L-PBF
technique to produce block-like Fe-Co alloys with a
microstructure predominantly consisting of disordered body-
centered cubic (bcc) phases, which exhibited significant
ductility. Selected area electron diffraction (SAED) pattern
was used to analyze phase content. Subsequent annealing heat
treatment facilitated the phase transition from disordered bcc
phase to ordered B2 phase, as shown in Fig.24. This process
reduced dislocation density and residual stress, enhancing the
soft magnetic properties of the material. The resulting
magnetic properties were comparable to those of Fe-Co alloys
produced by conventional methods, as shown in Fig.25. This
study presents a approach for the one-step
manufacturing of net-formed block-shaped Fe-Co alloys with
complex geometries.
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Researchers have also focused on optimization of process
parameters to obtain low-porosity crack-free samples, and
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they have explored the effects of heat treatmen
structure and properties of these alloys. Riipinen et al
investigated the L-PBF fabrication of Fe-49Co-2V alloy. The
optimal conditions were identified as laser power of 200 W,
scanning speed of 775 mm/s, and hatch distance of 80 pm.
Under these parameters, the sample exhibited minimal
porosity (0.07%). Subsequently, a series of heat treatments
was performed. The annealing at 820 °C for 10 h resulted in
the optimal magnetic properties and a uniform microstructure
composed of large grains. It was found that a homogeneous
microstructure with larger grains is essential for achieving low
coercivity and high permeability*”. Liogas et al"**! examined
the impact of heat treatment on the microstructure, structural
order, and soft magnetic properties of Fe-Co alloys. Optimal
processing parameters for producing low-porosity crack-free
samples were determined, as shown in Fig. 26. After heat
treatment, the samples underwent recrystallization, and under
HT6 conditions, the grains were primarily equiaxed with an
average size of 61 pum, as shown in Fig.27, displaying a fully
ordered B2 phase (Fig. 28). The quasistatic soft magnetic
properties were superior to those of commercial Co-Fe alloys:
the maximum relative permeability exceeded 8000, coercivity
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Fig.22 Engineering stress-engineering strain curves of Fe-Co series alloys (a); SEM image (b) and corresponding EBSD mapping (c) of Fe-Co
alloy after fracture; yield strength results as a function of uniform strain (d) and total strain (e) for conventionally processed and AM-

processed binary Fe-Co alloys'*!
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Fig.24 TEM images with SAED patterns (a, ¢) and corresponding phase mappings (b, d) of as-fabricated (a—b) and heat-treated (c—d) Fe-Co

alloys'*"

was as low as 112 A/m, and the magnetic saturation
polarization was 2.39 T. Lindroos et al™ optimized the
process parameters for Fe-Co-based alloys and studied the
effect of heat treatment on the magnetic properties of
materials. The study demonstrated that under optimal heat

treatment conditions, the magnetic properties of the samples

were comparable to those of commercial Fe-49Co-2V alloys.
Additionally, by refining the sample structure, the eddy
current losses of the material were significantly reduced, as
illustrated in Fig.29.

Everhart et al™ explored the impact of grain size on the

mechanical and soft magnetic properties of Fe-Co-2V alloys
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Fig.25 Representative TEM images of as-fabricated (a—b) and heat-treated (c—d) Fe-Co alloys before (a, c¢) and after (b, d) tensile test; magnetic

properties of as-fabricated and heat-treated Fe-Co alloys (e—g)

fabricated via SLM. Their findings indicated that SLM-
fabricated materials exhibit excellent mechanical properties,
which are comparable to those of conventionally forged
materials in the quenched state. The ductility exceeds 20%.
Furthermore, the yield strength of SLM-processed materials is
influenced by the Hall-Petch effect. However, the relationship
between magnetization and grain size deviates from expected
trends. Although additional research is required to fully
understand the underlying mechanisms driving these trends,
the behavior of Fe-Co-2V alloys produced by SLM is largely
consistent with that of traditionally forged materials. Future
work should focus on optimizing heat treatment processes to
enhance the soft magnetic properties. Nonetheless, it is
anticipated that SLM-fabricated Fe-Co-2V alloys can be
effectively used in magnetic applications.

2.3.4 Amorphous soft magnetic alloys

Amorphous soft magnetic alloys, also referred to as
metallic glasses, are materials characterized by their unique
disordered atomic structure, resembling a glassy state, in
contrast to the crystalline structure of conventional metals.
These alloys can be broadly classified into two categories:
metal-metal type and metal-metalloid type. The metal-metal
type alloys, such as Fe-based, Ni-based, and Co-based alloys,
are particularly prevalent. Recent research on the preparation
of amorphous soft magnetic alloys using SLM technique has
gained significant attention, particularly for the Fe-based
amorphous alloys.

Fe-based amorphous soft magnetic alloys are primarily
composed of iron and typically fabricated by rapidly cooling
the molten alloy to achieve a disordered structure. These

alloys offer several key advantages, including low hysteresis

[150]

loss, low coercivity, high magnetic permeability, and high
resistivity, making them ideal for efficient operation in low
magnetic fields and high-frequency applications. Additionally,
these materials demonstrate favorable mechanical properties,
corrosion resistance, and cost-effectiveness, leading to their
widespread use in power electronics, transformers, and high-
frequency devices. Gao et al™™ used SLM technique to
fabricate an amorphous FeSiBCrC composite alloy, which is
typically
exhibiting a columnar structure along BD. The inclusion of
hard amorphous FeB and Fe,B phases in the alloy resulted in a
microhardness beyond 900 HV,,. Moreover, the SLM alloy
demonstrated consistent coercivity (nearly 6288.4 A/m) and
high saturation magnetization (0.162 A-m*g™') in both the X
and Z directions, as shown in Fig.30. Additionally, Sufiiarov
et al'” investigated the structure, mechanical properties, and
magnetic characteristics of Fe-Si-B alloys produced by SLM

different from conventional SLM FeSi alloys,

process. After optimizing SLM process, a crack-free sample
was prepared, and the presence of an amorphous phase was
confirmed. Furthermore, annealed samples containing the
amorphous phase exhibited enhanced soft magnetic properties.

The impact of process parameters on sample properties
during manufacturing has attracted considerable attention.
Jung et al"** examined the effects of scanning speed (v) and
laser power (P) on the structure and properties of Fe-based
amorphous soft magnetic alloys. As shown in Fig.31, under
low scanning speed and high laser power conditions, the
samples exhibited a relative density of 99.7%. Structural and
calorimetric analyses indicated that SLM samples were
entirely amorphous, exhibiting crystallization behavior and
intrinsic magnetic properties which are nearly identical to
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Fig.26 Influence of L-PBF process parameters on the consolidation behavior of Co-Fe alloys

those of the original gas-atomized powder. However, as
depicted in Fig. 32, a slight decrease in saturation
magnetization and coercivity was noted after SLM, which was
likely due to the presence of micropores and cracks in the
samples. Ozden et al™™ explored the influence of optimizing
L-PBF process on the bulk density and soft magnetic
properties of FeSiBCrC amorphous alloys. This study focused
on various process parameters, including laser power (P),
scanning speed (v), hatch distance (%), and layer thickness (7).
The findings revealed that reducing laser power and
increasing scanning speed promoted the formation of the
amorphous phase, improving the soft magnetic properties of
materials. Additionally, hatch distance could influence the
solidification rate, which in turn affected the grain size.
Excessive layer thickness, however, led to increased internal

44 T/'mm’

36 Jmm’

Mean Porosity/%

[153]

thermal stress, causing cracks and pores, which ultimately
reduced both density and soft magnetic properties. Rodriguez-
Sanchez et al'® further investigated the relationship between
L-PBF process parameters and structural and magnetic

1" performed an

characteristics of the materials. Maurya et a
in-depth microstructural analysis of titanium carbide iron-
based ceramic materials (TiC-Fe) fabricated via SLM. Their
study demonstrated that higher scanning speeds resulted in
finer grain structures, higher dislocation density, and elevated
residual stresses, which collectively contributed to a reduction
in ductility.

The influence of scanning strategies on the properties of
samples during 3D printing process has received significant
research attention. The dual scanning strategy involves re-
scanning of the material with laser under consistent power and
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Fig.28 Neutron diffraction patterns of as-fabricated and heat-treated

samples!”

scanning speed at a perpendicular angle to the initial scanning
path before applying the next powder layer. Nam et al'®
reported that dual scanning effectively mitigates gaps caused
by partial powder melting, achieving a high density of 96%
and a corresponding saturation magnetization of 1.22 T.
Notably, this approach enhances compositional uniformity and
increases the amorphous phase fraction to 47%, leading to a
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Fig.29 Normalized loss for solid, grooved, and topologically opti-

mized samples!*"

substantial reduction in coercivity and an improvement in
magnetic permeability. A novel dual scanning method"*! was
also explored, combining a high-energy-density laser beam to
achieve high packing density with a subsequent low-energy
density laser beam to refine grains before the application of
the next powder layer. This technique produced samples with
packing density of 94.59%—-99.25%, high saturation magneti-
zation of 226.81 A-m’/kg, and low coercivity of 130 A/m. Zou
et al'* adopted a chessboard scanning strategy, as illustrated
in Fig.33, to address brittleness and microcrack issues in iron-
based amorphous alloys. This approach effectively reduced
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residual stress to 168 MPa, which decreased by 29%

s 100+ & —B compared with that produced by conventional scanning

g ¢ strategies. Zrodowski et al'® proposed a novel two-step

Ty SOF melting process, as depicted in Fig.34, which involved initial

g laser melting followed by a pulse random (P-R) remelting

By -

§ < 0 strategy. This method maximized the glass phase fraction and

% % ol Parameter IOZ/M wa;‘i,m,, enhanced magnetic properties. Additionally, randomized
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Fig.32 Hysteresis magnetization-magnetic field loops of atomized pow- glasses (BMGs) using SLM, advancing the field of laser

ders and SLM samples prepared under conditions of v=2500 manufacturing for BMGs and laying the groundwork for

mm/s and P=340 W as well as v=1500 mm/s and P=340 W"*¥! future exploration.
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novel scanning strategy''*”": (a) loose powder; (b) first melting
of the loose powder with the checkerboard strategy; (c) second
melting of the previously melted layer using random pulses
(the numbers indicate the melting sequence); (d) fully

remelted layer after P-R scanning strategy

Beyond soft magnetic alloys, the application of SLM

technique for fabricating SMCs has garnered substantial

attention”. SMCs are prepared by uniformly dispersing
magnetic particles within non-magnetic matrices. This
configuration minimizes high-frequency eddy current losses
while maintaining higher application frequencies. Andrews et
al' used L-PBF techique to produce NiZnCu ferrite SMCs,
achieving superior magnetic permeability, compared with that
of traditionally pressed and sintered counterparts using the
same powder system and chemical composition.

3 Challenges and Potential Solutions

Recent advancements in SLM technique have markedly
improved the manufacturing of soft magnetic alloys,
surpassing the restrictions of traditional techniques. SLM
offers the design flexibility, facilitating the fabrication of
intricate geometries with high material efficiency. Notably, the
optimization of process parameters, such as laser power and
scanning speed, has led to significant improvements in the
microstructure and magnetic properties of soft magnetic
alloys, particularly for the materials, such as Fe-Si and Fe-Ni
alloys. Furthermore, recent studies have explored the
fabrication of various alloys, including amorphous and multi-
material composite structures, which exhibit superior soft mag-
netic properties, such as reduced core losses and improved
permeability. Overall, SLM has emerged as a transformative
technique in the manufacturing of soft magnetic alloys,
offering advanced capabilities for producing complex-shaped

high-performance materials. Table 1 summarizes the key

Table 1 Key process parameters and soft magnetic properties of different soft magnetic alloys

Material Key process parameter Final material property Ref.
Fe-3wt%Si 80 W; 0.5 m/s M=0.224 A'm*-g""; power loss P, of 18.8 W/kg [119]
Fe-3wt%Si 200 W; 0.75 m/s; 200 °C (preheating temperature) 1. =728; H =230 A/m [121]
Fe-9wt%Si 200 W; 0.75 m/s; 800 °C (preheating temperature) . =1480; H=152 A/m [121]

Fe-6.9wt%Si 70 W; 0.25 m/s; heat treatment of 700 °C/5 h 1,..=5300; H=49 A/m; P, =4 W/kg [126]

Fe-3wt%Si 80 W 0.5 m/s; heat treatment of 1 000 °C/5 h Ho=3 370, H=92 AJm; Py (=132 Wik BELOAT: 5,
B=0.763 T

Fe-6.7wt%Si 235 W; 0.675 m/s; heat treatment of 1 200 °C/1.5 h 1, =8 361; Py =7.7 W/kg [137]

FeSiB 90 W; 0.1-1.5 m/s M=0.188 6-0.199 0 A-m*g™'; H=3 486.48-5 810.8 A/m [140]

FeSiNi 300 W; 1.2 m/s M=0.091 8 A'm*>g™"; H=2149.2 A/m [141]
Fe-30%Ni 110 W; 0.4 m/s M =400 A-m’/kg; H=480 A/m [143]
Fe-80%Ni 60 W; 0.1 m/s M=0.099 A-m’/kg; H=2626.8 A/m [144]
Fe-50%Ni 150 W; 0.8 m/s Mszoi‘rlli:ﬁ;:ii;%;sjffg‘ym; [146]
Fe-50%Ni 195 W; 0.8 m/s; heat treatment of 1 200 °C/3 h H =100 A/m; u_ =5 000 [85]

Ni-15Fe-5Mo 200 W; 0.4 m/s; heat treatment of 1 050 °C/3 h M=0.078 A'm*/g; H=119.4 A/m [116]
Fe-Co 120 W; 0.3 m/s B=2.09T; u,, =503; H=1417 A/m [150]
Fe-Co Heat treatment of 820 °C/6 h B=238T;u, =4789; H=702 A/m [150]
Fe-Co Heat treatment of 700 °C/1 h+900 °C/10 h B=2.37T;pu, =5008; H=450 A/m [150]

Fe-49Co-2V 200 W; 0.775 m/s B=09T;u, =307, H=1344 A/m [151]

Fe-50%Co 120 W; 0.3 m/s; heat treatment of 1 300 K/2 h+1 123 K/4 h B =239T;u, =8000; H=112 A/m [153]
Fe-49Co-2V 200 W; 0.775 m/s; heat treatmet of 700 °C/2 h + 820 °C/10 h B =223 T;u, =13 000; H=47 A/m [154]
FeSiBCrC 90 W; 0.3 m/s M=0.162 A'm*g"'; H=6 288.4 A/m [156]
FeSiBPCrMoAl 340 W; 1.5 m/s M=0.1042 A'm*g™'; H=52.536 A/m [158]
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findings and progress in the development of soft magnetic
alloys through the application of SLM.

Significant progress has been achieved in SLM technique to
fabricate soft magnetic alloys. However, numerous challenges
remain in industrial applications.

As an emerging AM technique, SLM technique is still
developing. The rapid melting and solidification mechanisms
introduce complexities in the solidification process, which
remains largely exploratory and lacks a robust theoretical
foundation. Key printing parameters, such as scanning
strategy, powder composition, and powder layer thickness,
exert significant influence on the solidification dynamics of
the material. These factors lead to intricate microstructural
changes, including grain growth and texture evolution, which
further in-depth
manufacturing,  constructing composite
structures, such as layered or core-shell configurations, is
effective in enhancing the soft magnetic properties of
materials. However, the fabrication of such composite

require investigation. In traditional

multi-material

structures through SLM presents substantial challenges. For
instance, during the preparation of layered composite
structures, ensuring the required microstructure in each layer
while maintaining excellent interlayer bonding is critical.

Additionally, the restrictions in material properties
represent a significant challenge. The incorporation of non-
magnetic materials may lead to a reduction in magnetic
characteristics of the composite. Furthermore, the printing of
novel soft magnetic materials, such as high entropy alloys
(HEAs), remains underdeveloped, which restricts the broader
application of this technique. Another critical issue is related
to the process defects. Inadequate control over laser energy
density can result in defects, such as pores and residual stress,
while an uneven distribution of magnetic particles can
degrade the printing accuracy. Moreover, SLM process
frequently demands intricate and costly post-processing steps,
including sintering, heat treatment, and magnetization, all of
which further complicate the preparation of soft magnetic
alloys.

To address these challenges, several solutions have been
proposed. In terms of material optimization, approaches, such
as using composite materials, developing HEAs, and
enhancing interface bonding, can significantly improve the
magnetic properties of the materials. Optimizing laser
parameters and incorporating magnetic  field-assisted
techniques show great promise for enhancing printing quality
and particle distribution uniformity. Additionally, optimizing
heat treatment and magnetization procedure is crucial for post-
processing to further elevate the material performance.

4 Summary and Prospect

1) This article provides a comprehensive review of research
on the preparation of various soft magnetic alloys using SLM
technique. SLM 1is a viable manufacturing process for
developing SMCs, offering the ability to produce near-net-
shaped parts, enhance magnetic performance, and reduce
processing costs. Soft magnetic alloys, such as Fe-Si, Fe-Ni,

Fe-Co, and amorphous alloys, have been fabricated using
SLM technique. The performance of these components is
influenced by raw material composition, process parameters,
scanning strategies, geometric design, and post-processing
methods, all of which regulate the microstructure and thereby
determine the final properties.

2) Computer simulation offers a powerful tool for pre-
dicting the solidification process, microstructure, and proper-
ties of SLM-fabricated soft magnetic alloys. By leveraging
simulation, process parameters can be optimized, trial-and-
error costs are minimized, and print quality is enhanced.
Future research should aim to establish a clear relationship
between microstructure and macroscopic magnetic properties
by combining simulation and experiment approaches, pro-
viding a robust theoretical foundation for material design.
Recent advancements in intelligent manufacturing, Al, and big
data analytics offer additional opportunities for SLM
technique.

3) Furthermore, future research should primarily focus on
several key areas. Firstly, the development of novel SMC
materials, including high entropy ferrites and magnetic shape
memory polymers, will be a critical focus. Moreover,
exploring the use of biodegradable or biocompatible materials
will be essential to broaden the scope of applications.
Secondly, process innovation will play a pivotal role,
particularly for the advancement of multi-material gradient
printing and ultra-high-resolution printing technologies, both
of which are expected to enhance fabrication precision and
complexity. Additionally, expanding the application of soft
magnetic materials in emerging fields, such as soft robotics,
electromagnetic shielding, and renewable energy techno-
logies, shows significant potential. Thirdly, interdisciplinary
research will be crucial in advancing SLM technique, especi-
ally in areas like finite element modeling, standardization, and
online quality control. These all contribute to the optimization
of SLM processes and improvement of the production
efficiency of soft magnetic alloys.

4) The continued development of SLM for soft magnetic
alloy fabrication requires research  and
interdisciplinary collaboration. Such collaboration will drive

extensive

multidimensional research and expand the application scope
of soft magnetic alloys. Future efforts should focus on not
only the materials but also the integration of production
processes with intelligent technologies, aiming to achieve
efficient, precise, and sustainable manufacturing of soft
magnetic alloys.
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