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The growing demand for environmentally sustainable technologies has intensified research into 
high-frequency motors and transformers, where Fe-Si soft magnetic alloys play a crucial role due to 
their exceptional magnetic properties. However traditional manufacturing methods limit geometric 
freedom and degrade alloy performance capabilities, hindering the development of advanced 
applications. To overcome these issues, laser powder bed fusion (L-PBF) offers a promising route 
by enabling complex shapes, yet mitigating eddy current losses remains challenging at elevated 
frequencies. As a preliminary study, this work investigates the effect of adjusting laser beam profiles 
(Gaussian versus ring) on the eddy current losses and magnetic properties of Fe-Si alloys produced 
by L-PBF. A microstructural analysis demonstrates that the ring beam produces a broader, shallower 
melt pool, fostering coarser grains and a pronounced < 100 > crystallographic texture along the 
build direction. These microstructural features significantly reduce the coercivity and core loss of 
the material, strongly highlighting their effectiveness in addressing the aforementioned challenges 
related to the eddy current. Additionally, the ring beam increased the build rate by approximately 
108%, clearly illustrating enhanced productivity without compromising quality. This study confirms 
that modifying the laser beam profile effectively controls eddy current losses, enhancing the magnetic 
performance of Fe-Si soft magnetic alloys fabricated via additive manufacturing.
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The global push towards environmental sustainability has intensified the demand for energy-efficient 
technologies across various sectors1. In the context of electric motors and power systems, this shift has driven 
significant advancements in high-efficiency components. Soft magnetic materials, known for their ability to be 
easily magnetized and demagnetized, play a decisive role in power generation and conversion for electronic 
devices2,3. These materials exhibit high saturation magnetization, electrical resistivity, and permeability, along 
with low core loss and coercivity, making them essential for energy conversion and efficiency in applications 
such as electric vehicles (EVs), motors, generators, and transformers3–8. Among these materials, Fe-Si (iron-
silicon) alloys are the most widely used in electrical machines, such as motor cores, due to their notable magnetic 
properties, including high resistivity, permeability, magnetic saturation, and low energy loss. Although adding 
silicon can slightly reduce the magnetic saturation, its primary benefit is to increase the electrical resistivity, which 
effectively reduces the eddy current losses and improves the overall energy efficiency9. Consequently, these alloys 
exhibit low core loss and enhanced performance in motors and transformers3–6. In particular, electric motor 
components require lightweight designs and 3D-complex geometries to maximize efficiency and performance 
in modern applications10,11. However, meeting these demands remains a challenge with conventional processing 
routes, primarily continuous casting followed by rolling12, as well as powder metallurgy3. These methods often 
limit geometric flexibility and introduce mechanical stresses that degrade the magnetic performance of Fe-Si 
alloys13,14.

In this context, additive manufacturing (AM), particularly laser powder bed fusion (L-PBF), presents a 
promising alternative by enabling the fabrication of complex geometries with high precision while also reducing 
material waste15. L-PBF offers remarkable design flexibility, allowing the creation of intricate geometries and 
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facilitating the development of advanced materials with unique properties and functionalities13,16,17. However, 
the traditional single-mode Gaussian beam profile, widely used in conventional L-PBF systems, is characterized 
by highly concentrated heat at the beam center18. This configuration leads to excessive spatter, soot, and defects 
in metal parts, particularly the formation of narrow and deep melt pools, which are susceptible to keyhole 
instability—a phenomenon that can cause defects such as porosity, gas entrapment, a lack of fusion, and 
irregular solidification structures19,20. These defects negatively affect the overall quality and functional properties 
of the fabricated parts. Additionally, the steep thermal gradients associated with Gaussian beam profiles result 
in rapid solidification, yielding grain refinement and an increasing grain boundary density21. In soft magnetic 
materials such as Fe-Si alloys, the high density of grain boundaries acts as pinning sites for magnetic domain 
walls, thus suppressing their movement22,23. This microstructural characteristic leads to increased coercivity and 
core losses, significantly diminishing the magnetic performance capabilities of Fe-Si alloys and limiting their 
applicability in advanced electromagnetic systems.

Addressing these challenges requires innovative strategies. In recent years, there has been increased interest 
in altering the energy distribution of the laser source by controlling the laser beam profiles, which has emerged 
as a promising approach. By tailoring the laser beam profile, it is possible to influence the melt pool dynamics, 
control the evolution of the microstructure, and reduce defect formation during the L-PBF process24,25. Recently, 
advanced beam-shaping techniques have been actively studied for their potential to enhance process stability 
and overall material performance outcomes. One such method is the adoption of ring-shaped (donut) laser 
beam profiles, which have garnered significant attention for modulating thermal gradients and reducing 
keyhole porosity26–28. Advanced laser systems, such as an nLight AFX laser, enable dynamic transitions between 
Gaussian and ring-shaped beam profiles, thereby providing enhanced process control. The benefits of laser beam 
shaping have been observed in several domains, including increased hatch spacings and scan speeds to enhance 
productivity26, reduced spatter and porosity for improved part density levels27, and improved melt pool stability 
to minimize defects28. Specifically, with the ring-shaped beam, the melt pool becomes more stable—leading to 
fewer keyhole defects, less spatter, and better overall part integrity. By redistributing the laser energy around a 
broader perimeter, this beam configuration mitigates the extreme temperature gradients typical of a Gaussian 
beam, thus minimizing soot formation and recoater crashes. Despite these advancements in beam shaping, 
there remains a significant knowledge gap regarding the extent to which these improvements translate into 
useful functional properties, particularly improved magnetic performance. Consequently, a comprehensive 
understanding of the relationship between beam shaping, microstructural evolution, and the resulting magnetic 
characteristics remains an active area of investigation.

This paper aims to investigate the effects of an adjustable laser beam profile, the Gaussian and ring beam, on 
the microstructure and magnetic properties of Fe-Si soft magnetic alloys fabricated using the L-PBF process. The 
findings are expected to provide valuable insights into optimizing additive manufacturing strategies to achieve 
tailored properties, broadening the applicability of L-PBF for functional materials, such as soft magnetic alloys 
and related materials.

Methods
The laser powder bed fusion (L-PBF) system employed in this study was a retrofitted, self-developed machine 
equipped with an AFX-1000 variable beam profile laser (nLight Inc., USA), as illustrated in Fig. 1. The system 
features a cylindrical build platform (build volume: ϕ 150 mm × H 150 mm), housed within an argon-filled 
chamber measuring 810 mm × 460 mm × 320 mm. Powder spreading, or recoating, is performed in a linear 
manner using a rubber blade with an effective length of 155 mm. The AFX-1000 laser is capable of switching 
among seven distinct intensity profiles, ranging from a single-mode beam to an almost fully ring-shaped beam. 
This beam-shaping flexibility is achieved by redistributing the laser power between the central core (core energy) 
and the first fiber cladding layer (ring energy). The laser operates at a wavelength of 1070 nm, with a maximum 
power output of 500 W. Figure 2 depicts representative laser intensity profiles for two configurations: the Gaussian 
beam and the ring beam, highlighting different power distributions between the fiber core and the annular ring. 
The Gaussian beam corresponds to the conventional profile commonly used in L-PBF processes, whereas the 
ring beam approximates an annular distribution, with reduced central intensity and energy propagating from 
the surrounding ring.

The material used in this study was gas-atomized spherical Fe-4.5 wt.%Si powder with a median particle size 
(D50) of 26.5 μm, supplied by MK Co., Republic of Korea. The L-PBF process was carried out on a stainless steel 
substrate using a custom-built L-PBF machine. An argon atmosphere with an oxygen concentration maintained 
below 100 ppm was employed to prevent oxidation during fabrication. In this work, two types of specimens 
were fabricated: (1) cubic samples (10 × 10 × 10 mm³) for a microstructural analysis, and (2) toroidal samples 
(outer diameter 25 mm, inner diameter 15 mm, height 1 mm) aligned parallel to the build direction (BD) for a 
magnetic property evaluation. The L-PBF process was conducted using a laser power of 200 W, a scan speed of 
1000 mm/s, an overlap ratio of 30%, and a layer thickness of 30 μm. A zigzag scanning pattern was employed for 
all specimens. For the cubic specimens, the scanning axis was fixed along the x-axis. In contrast, for the toroidal 
specimens, the scanning axis alternated between the x-axis and the y-axis in successive layers to promote isotropy 
and minimize residual stresses. Additionally, the scanning direction of each track was reversed by 180 degrees in 
alternating layers to reduce residual stresses further and achieve a more uniform microstructure.

To reveal the melt pool structure, the as-built specimens were subjected to a series of preparation steps. First, 
the specimens were ground using a 1 μm carbon abrasive, followed by two hours of mechanical polishing in a 
vibrating polisher (VibroMet 2, Buhler, Switzerland) with a 20 nm silica solution. The polished specimens were 
then etched with 1.5–3% nitric acid for one to two minutes. Microstructural observations were conducted by 
means of optical microscopy (OM, GX51, Olympus, Japan) and field emission scanning electron microscopy 
(FE-+RA3, TESCAN, Czech Republic), with the devices equipped with electron backscatter diffraction (EBSD), 
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ensuring high-resolution visualization of the melt pool morphology. An EBSD analysis was also conducted 
using a scanning electron microscope operating at 20 kilovolts, with a step size of 5 microns, to investigate the 
detailed microstructural evolution during the L-PBF process, including the crystallographic orientation and 
grain characteristics. The magnetic properties of the toroidal specimens were evaluated using a BH tracer (SY-
8219, Iwatsu, Japan) at a frequency of 50 Hz and a maximum magnetic flux density of 1 Tesla in order to assess 
the core loss and coercivity.

Results and discussion
Figure 3 presents optical microscopy (OM) and scanning electron microscope (SEM) images of the melt pool 
cross-sections (XZ plane) of the as-built Fe-Si soft magnetic alloy parts. It was found that specimens fabricated 
using both the Gaussian and ring beam profile achieved a sound microstructure, without critical defects such 
as pores or cracks and with nearly full density, exceeding 99%, as shown in Figs. 3(a) and (b). The results reveal 
that the process window used in this study enables effective material consolidation with both beam profiles, 
potentially resulting in high-quality components with excellent structural integrity. Despite the small difference 
in the overall porosity, distinct differences in the melt pool structure were observed; these are attributable to the 
characteristics and behaviors of the different beam profiles.

Patel et al.29 identified a depth-to-width ratio of approximately 0.5 as a practical boundary between keyhole-
mode and conduction-mode melting. When the ratio exceeds approx. 0.5, the melt pool is generally considered 
to be the keyhole mode, whereas lower values indicate the conduction mode. In Fig. 3(c), the Gaussian beam 
specimen exhibits a narrower, deeper melt pool with a half-width of 70.3 μm and a depth of 92.0 μm, resulting in 

Fig. 1.  Schematic of the custom-built L-PBF system. The image was created by the authors using Autodesk 
Inventor Professional 2024, Build 343 (Autodesk Inc., https://www.autodesk.com/products/inventor/).
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Fig. 3.  Optical micrographs and SEM images of as-built Fe-Si soft magnetic alloy specimens fabricated with (a, 
c, e) a Gaussian Beam and (b, d, f) a ring beam.

 

Fig. 2.  Intensity profiles for the AFX-1000 laser in Gaussian and ring beam settings.
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a ratio of approximately 0.65, which places it in the keyhole mode29. This case is associated with potential defects 
such as keyhole porosity, gas entrapment, a lack of fusion, and irregular solidification structures due to unstable 
keyhole formation and collapse, which can degrade the mechanical properties and reduce the performance 
capabilities of the final components19,20. In contrast, Fig. 3(d) shows the ring beam specimen, indicating the 
formation of a broader, shallower melt pool with a half-width of 108.5 μm and a depth of 47.9 μm, resulting in 
a depth-to-width ratio of approximately 0.22, which corresponds to conduction-mode melting24,29. The more 
distributed heat input across a larger area provides more uniform heat dispersion and lower peak temperatures, 
leading to reduced thermal gradients and enabling increased hatch spacing without compromising the melt pool 
stability. As conduction-mode operation typically offers improved process stability and a lower risk of defects 
compared to the keyhole mode30, the ring beam profile thus fosters a more stable melt pool regime.

To investigate these observations further, a scanning electron microscope (SEM) was employed to 
characterize the cross-sectional microstructure of the melt pool. As illustrated in Fig. 3(e), the Gaussian beam 
specimen contains several small pore-like voids, which may arise from transient keyhole instability or the partial 
collapse of a mini-keyhole. To clarify their characteristics and spatial distribution, additional high-magnification 
SEM images were acquired. A representative higher-magnification SEM image is presented in the insert of 
Fig.  3(e). A quantitative analysis found that most pores are concentrated near the bottom of the melt pool, 
suggesting that localized mini-keyhole collapse occurs preferentially close to the beam axis. This observation 
is in good agreement with the “instant-bubble” mechanism and sporadic pores reported by Zhao et al.31 under 
near-threshold laser conditions. Wang et al.32 further showed—through a combination of simulations and 
experiments—that keyhole pores accumulate at the bottom of the laser-scanning track because the local liquid-
velocity field and Bernoulli pressure prevent the bubbles from rising and pin them at the solidification front. 
Accordingly, no extensive porosity network or continuous vapor channel could be observed in the samples, 
indicating that the melt pool under the Gaussian beam remains in a transitional regime between the conduction 
and keyhole modes.

In contrast, Fig.  3(f) shows that the ring beam specimen exhibits a broader, shallower melt pool free of 
these voids, consistent with conduction-mode melting. A more uniform heat distribution and reduced thermal 
gradients help prevent abrupt keyhole collapses, diminishing the likelihood of keyhole-related defects. Overall, 
the SEM results indicate that while the Gaussian beam condition can occasionally produce localized pores 
indicative of partial keyhole activity, the ring beam promotes a more stable conduction-mode melting process.

The difference in the melt pool formation behavior between the two beam profiles has a significant effect on 
the productivity of the L-PBF process. To obtain a quantitative estimate of this effect, the build rates for both 
beam profiles were calculated based on the melt pool dimensions and process parameters. Figure 4 illustrates the 
scanning paths for the Gaussian and ring beams, along with the corresponding process parameters and calculated 
build rates. Specifically, at a scan speed of 1000 mm/s and with 30% overlap and a 30 μm layer thickness, the 
Gaussian beam exhibited a calculated build rate of 1.932 mm³/s, whereas the ring beam achieved a calculated 
build rate of 4.032 mm³/s. This corresponds to an approximate 108% increase in the build rate when using the 
ring beam compared to the Gaussian beam. The significant productivity enhancement is primarily attributed 
to the broader melt pool of the ring beam and its operation in conduction mode. By avoiding the instabilities 
and defects associated with the keyhole mode, the ring beam ensures greater process stability, allowing for an 
increase in the hatch spacing. The stable melt pool dynamics in the conduction mode, with low to negligible 

Fig. 4.  Scanning paths and calculated build rates for Gaussian and ring beam profiles under the specified 
processing conditions.
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turbulence in the melt pool, can provide potential benefits such as reduced spatter, fewer defects such as porosity 
and cracks33, and minimal formation of undesirable intermetallic compounds due to limited metal mixing34.

Previous studies35–37 have reported the benefits of using a ring-shaped laser beam to stabilize the melt pool 
and enhance the surface quality when utilizing laser processing techniques. Specifically, Sun et al.37 demonstrated 
the impact of adjustable laser beams on the microstructure and mechanical performance outcomes of certain 
welding processes, highlighting how an adjustable ring-mode laser can modify cooling rates and improve the 
resultant grain structures. Other recent numerical and experimental investigations38–40 have also shed light 
on the mechanisms by which ring-shaped or spatially extended beams reduce peak temperatures, moderate 
thermal gradients, and promote conduction-mode melting. For instance, a power-ratio study by Sun et al.37 
indicated that distributing energy between a core and ring beam can yield a more uniform thermal field and 
suppress keyhole tendencies, while Xiong et al.38 emphasized the role of an outward convection flow in creating 
a wider mushy zone and facilitating equiaxed grain growth. Moore et al.39 showed that ring and Bessel beams 
tend to form shallower melt pools and lower peak temperatures compared to Gaussian beams, enhancing both 
process stability and grain control. A recent modeling approach40 similarly revealed that ring-shaped energy 
distributions help mitigate excessive thermal gradients and steer the melt pool toward the conduction mode—
much like the behavior observed in this study. These trends are also reflected in our results, where similar effects 
of beam profiles on the microstructural evolution during L-PBF were observed. Such improvements in the melt 
pool behavior are expected to influence the microstructure and, consequently, the magnetic properties of the 
fabricated Fe-Si soft magnetic alloys.

As shown in Fig. 5(a), the EBSD analysis provided detailed insights into the grain structure and orientation 
on both the XY and XZ planes for samples produced using the Gaussian and ring laser beam profiles. On the 
XY plane, the Gaussian beam resulted in a fine equiaxed grain structure, typically observed when using rapid 
solidification processes. High cooling rates from the concentrated heat input generated numerous nucleation 
sites, resulting in smaller grain sizes, consistent with the grain refinement effect observed in the keyhole mode41. 
In contrast, the ring beam promoted the formation of coarse grains due to the broader heat distribution and 
slower cooling rates. The reduced thermal gradients allowed for extended grain growth during solidification, 
leading to grain coarsening. This coarser grain structure is beneficial for magnetic applications, as it reduces the 
density of grain boundaries that can restrict the movement of magnetic domain walls42.

On the XZ plane, the printed samples prepared using the ring beam exhibited elongated grains aligned along 
the build direction (BD), resulting in the formation of a strong < 100>//BD texture. Although columnar grains 
were observed to grow along the BD for both beam profiles, significant differences were found in the average 
grain size and texture intensity (Fig.  5(b)). Specifically, the ring beam specimen exhibited an average grain 
diameter and height of 69 μm and 341 μm, respectively, approximately 1.5 times larger than those measured for 
the Gaussian beam specimen (45 μm and 200 μm). Meanwhile, the < 100>//BD texture intensity was markedly 
enhanced, increasing from 9.6 under the Gaussian beam to 22.0 under the ring beam, reflecting the strong 
influence of beam topology on preferred grain orientation. These observations can be attributed to differences in 
the melt pool morphology; the broader and shallower melt pool associated with the ring beam facilitates more 
uniform heat flow along the BD, promoting directional solidification and the growth of coarser, more textured 
grains compared to the Gaussian beam. This behavior is consistent with previous findings43, which demonstrated 
that the application of a ring-shaped laser beam significantly influenced crystallographic texture evolution by 
promoting more uniform thermal gradients and directional solidification. Specifically, a linear correlation was 
found between the curvature radius at the bottom of the melt pool and the resulting texture index, particularly 
under ring beam conditions. This suggests that the observed increase in < 100>//BD texture intensity and grain 
size in our Fe-Si samples processed with the ring beam may have similarly resulted from the mitigation of the 
thermal gradients and a flatter melt pool geometry.

These microstructural differences significantly affected the magnetic properties of the printed samples. 
Figure 5(c) presents the magnetic hysteresis behavior of specimens fabricated using Gaussian and ring beam 
profiles. Notably, the ring beam specimen achieved magnetic flux density of 1 T under a lower applied field 
compared to the Gaussian counterpart. In addition, the coercivity, indicated by the x-intercept, was significantly 
reduced in the ring beam specimen, suggesting improved soft magnetic performance. Figure  5(d) presents 
comprehensive overview of the specific coercivity and core loss values for both beam profile. The core loss and 
coercivity for the ring beam specimens were 2.75 W/kg and 159 A/m, respectively, indicating improvements 
over the Gaussian beam specimen, for which the corresponding values were 3.74 W/kg and 190 A/m. These 
enhancements can be mainly attributed to a reduction in the grain boundaries, which suppresses movement of 
the magnetic domain. Additionally, the increased texture strength of the < 100>//BD orientation is known to 
exhibit superior magnetic properties44. Nevertheless, the magnetic performance of the ring beam specimen did 
not match that of commercial-grade steel. This discrepancy is likely due to the presence of numerous low-angle 
grain boundaries, as indicated by color variations within individual grains in the IPF maps. These boundaries 
promote the formation of finer magnetic domains and suppress domain movement, ultimately degrading the 
magnetic properties45. Therefore, further post-processing steps, such as a heat treatment, may be required to 
eliminate these boundaries and improve the magnetic performance further.

The results demonstrated in this study clearly show that the ring beam profile not only improves productivity 
but also enables in-situ manipulation of the microstructure and magnetic properties of Fe-Si soft magnetic 
alloys fabricated via L-PBF. Traditionally, control over microstructure and magnetic properties has relied on 
adjusting process parameters or applying post-processing treatments. However, modifying the laser beam profile 
allows for a more direct and efficient approach to tailoring these properties. By manipulating the solidification 
process through beam shaping, desired material characteristics can be achieved without the need for additional 
processing steps. This represents a significant advancement in the additive manufacturing of magnetic materials, 
providing a pathway for the tailored fabrication of components to meet specific application requirements.
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This work represents a preliminary step toward verifying the feasibility of controlling the microstructural 
and magnetic properties of Fe-Si soft magnetic alloys through laser beam profile adjustments. Building on 
these promising findings, future studies will aim to expand the process–structure–property–performance 
(PSPP) framework by exploring advanced beam profiles, such as ring and hybrid beams, alongside refined 
scanning strategies. To be specific, previous studies have demonstrated that laser energy input and scanning 
parameters significantly influence melt pool characteristics and the resulting microstructures, including the 
grain morphology and crystallographic textures in Fe-Si alloys46,47. This foundational understanding highlights 
the potential for tailoring properties further through precise control of beam shape and scan strategy47,48.

To this end, establishing a correlation between real-time melt pool behavior, microstructural evolution, and 
magnetic response will be critical for developing predictive models that support the systematic optimization 
of processing conditions for tailored microstructures and enhanced magnetic properties in soft magnetic 

Fig. 5.  Comparison of the microstructural and magnetic properties of Gaussian and ring beam profiles: (a) 
EBSD grain orientation maps (XY and XZ) planes, (b) pole figures and grain size distribution, (c) magnetic 
hysteresis curves, and (d) coercivity and core loss.
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materials. In this context, advanced multi-physics simulations can provide valuable insights into the interrelated 
phenomena of melt pool dynamics, thermal gradients, solidification rates, and texture development under various 
processing conditions46,47,49. Such modeling efforts, when closely integrated with experimental validation, can 
offer a more comprehensive understanding of these complex interdependencies48. Moreover, post-processing 
treatments such as stress-relief annealing or controlled heat treatments should be systematically investigated 
under varying as-built conditions determined by beam mode, in order to mitigate residual stresses and suppress 
the formation of detrimental low-angle grain boundaries. Extensive research has emphasized the importance 
of annealing in relieving residual stresses, promoting grain growth, and enhancing magnetic performance in 
additively manufactured soft magnetic materials, often while preserving beneficial crystallographic textures48–50. 
Tailoring such heat treatments to the beam-profile-dependent microstructure is essential for realizing optimal 
magnetic functionality47.

Together, these research directions will provide the necessary foundation for establishing robust, beam-
profile-based design strategies for next-generation soft magnetic components fabricated through laser-based 
additive manufacturing.

Conclusion
This study demonstrates the feasibility of controlling both microstructural and magnetic properties in Fe-Si 
soft magnetic alloys fabricated by L-PBF through adjustments to laser beam profiles, specifically comparing 
Gaussian and ring beam configurations. The key findings are summarized as below.

•	 The ring beam consistently produced a broader and shallower melt pool indicative of the conduction mode 
melting, whereas the Gaussian beam generated a narrower and deeper melt pool, typically associated with the 
keyhole mode behavior.

•	 A microstructural analysis revealed that the ring beam promoted coarser grain growth and a more pro-
nounced < 100>//BD crystallographic texture. Additionally, pore-like voids were observed near the melt pool 
bottom in Gaussian beam specimens, which are likely the result of the localized mini-keyhole collapse phe-
nomenon.

•	 These distinct microstructural features directly contributed to enhanced magnetic performance; the ring 
beam reduced the coercivity from 190 A/m to 159 A/m and significantly lowered the core loss from 3.74 W/
kg to 2.75 W/kg (at 50 Hz and 1 T) compared to the Gaussian beam.

•	 Beyond the magnetic enhancements, the ring beam improved build productivity by approximately 108% 
compared to the Gaussian beam, primarily due to its ability to accommodate wider hatch spacing distances 
without compromising part integrity, thereby reducing the number of fusion lines per built surface.

These findings collectively highlight the potential of adjustable laser beam profile engineering as a powerful 
approach for in-situ control of microstructures and functional properties in additively manufactured materials, 
with promising applicability to next-generation high performance electrical machines.

Data availability
The data that support the findings of this study are available at the corresponding author upon reasonable re-
quest.
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