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Impact Arficle

Impact statement

Additive manufacturing is often associated with
geometric freedom, but its deeper potential lies in
controlling how materials solidify and evolve. This
work shows that laser path design can be used fo
program microstructure within a single material,
without altering composition. By isolating laser
path rotation within a single build, a dlear link is
established between scan strategy, crystallographic
texture, grain morphology, and functional response.
The results highlight how texture alignment and
grain-boundary density govern domain wall motion
and electrical transport in Fe—6.5 wi% Si.

This shifts process-path design from a second-
ary parameter to a primary tool for materials
engineering, comparable to composition or heat
treatment. Such control enables spatial tuning of
anisotropy and multifunctional properties within
a single component. For electrical machines, this
opens new possibilities to locally balance magnefic
softness and electrical resistivity, reducing energy
losses without added materials or complex archi-
tectures. More broadly, the study points toward a
future where manufacturing strategies are used
not only to shape components, but to embed
functionality directly into their internal structure,
supporting more efficient and sustainable energy
technologies.
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The influence of laser path rotation on the microstructure and multifunctional properties
of high-silicon steel fabricated by powder bed fusion-laser beam was investigated using
a high-throughput approach. Four laser path rotation angles were incorporated within a
single build to directly correlate processing, structure, and coupled properties. Grain
morphology and crystallographic texture were strongly governed by the laser path. A 90°
rotation promoted elongated columnar grains with a pronounced (001) fiber texture along
the build direction, whereas the 0° condition produced narrower columnar grains with largely
random orientation. These variations resulted in distinct functional responses: the as-printed
90° condition exhibited the lowest coercivity of 81 A/m, while the 0° condition showed the
highest electrical resistivity of 228 pQ-cm and hardness of 416 HV. Annealing at 1150°C
reduced coercivity to ~35 A/m while retaining high magnetization and elevated resistivity.
These findings demonstrate that laser path engineering enables tunable magnetic, electrical,

and mechanical performance in high-silicon steel.

Introduction
Soft magnetic materials (SMMs) are essen-
tial components of electric motors, trans-
formers, and various energy-conversion
devices.!”? As electrification and renewable
energy adoption accelerate globally, there
is growing demand for high-power-density
electric motors that are efficient, reliable,
and sustainable.* The performance of
SMM plays a critical role in minimizing
energy losses and enabling efficient mag-
netic flux circulation in these systems.>*
Therefore, developing advanced SMMs tai-
lored to evolving application requirements
is crucial.”®

A high-performance SMM typically
possesses properties such as high magnetic
permeability, low coercivity, high satura-
tion magnetization, low magnetic loss, and
high electrical resistivity, which are neces-
sary to reduce eddy current losses caused
by changing magnetic fields.”!® Common

examples of SMM include iron—silicon
alloys (electrical steels), iron—nickel alloys,
iron—cobalt alloys, and soft magnetic com-
posites.'®'" Among these, iron-silicon
alloys, particularly with 3 to 4 wt% Si in Fe
are widely used in electrical machines due
to their good balance of performance and
manufacturability.'!> However, their use
is largely limited to low frequency applica-
tions where core losses from eddy currents
and hysteresis remains manageable.'* For
high-frequency, high-efficiency devices,
there is a growing interest in high-silicon
steel containing~6.5 wt% Si. This composi-
tion offers key advantages, including high
electrical resistivity, reduced iron loss, and
near-zero magnetostriction and high satu-
ration magnetization.'>'* Despite these
functional advantages, their use is limited
by processing difficulties. The main issue is
brittleness due to ordered phase formation,
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which makes them unsuitable for conventional methods such
as rolling or stamping.'>1¢

Additive manufacturing (AM) has proven to be an effective
method for producing bulk high-silicon steel components, as the
high cooling rates associated with the technique help alleviate
the brittleness issue by suppressing the ordered phases.'"!%!7
However, optimizing AM process parameters remains a time-
consuming process, as the solidification-driven microstructure
is highly sensitive to process conditions, which in turn control
the resulting properties.'®!° To accelerate process optimization
and microstructure—property correlation, high-throughput (HT)
strategies are increasingly employed. AM is particularly well-
suited for HT materials discovery, enabling the fabrication of
samples with systematically varied compositions or process
conditions within a single build.?**' When combined with other
HT characterization tools, such approaches can significantly
accelerate the development of multifunctional SMMs.

One of the key advantages of AM lies in its ability to tailor
microstructures through control of process parameters.??3
Numerous studies have investigated the effects of energy input
on the magnetic performance of Fe-Si alloys.?*?*> However,
the role of laser path (scan rotation angle), a parameter that can
significantly alter thermal gradients, grain morphology, and
solidification behavior, remains unexplored. Understanding its
influence on mechanical, electrical, and magnetic properties
of Fe—6.5 wt% Si alloys is essential for advancing the design
of high-performance soft magnetic components and exploiting
the full potential of AM for functional materials.

In this work, an HT approach is employed to investigate
the effect of laser path rotation on multi-properties of Fe—6.5
wt% Si steel processed by powder bed fusion-laser beam (PBF-
LB). A single sample incorporating four scan rotation angles
(0°,45°, 67°, and 90°) is designed for HT characterization and
structure—property correlation under identical processing con-
ditions. The printed regions were systematically characterized
for their grain morphology, crystallographic texture, magnetic
performance, electrical resistivity, and hardness. This integrated
approach provides new insight into how laser path engineering
can be used to tune the microstructure and coupled properties
of Fe—6.5 wt% Si steel, supporting site-specific design of soft
magnetic components for advanced electrical systems.

Materials and methods

Materials

Pre-alloyed Fe—6.5 wt% Si gas-atomized powder (Hogands AB,
Sweden) was used as the feedstock for PBF-LB. The powder
particles exhibited spherical morphology with smooth surface
and a particle size distribution ranging from 10 to 45 um. X-ray
diffraction pattern confirmed the powder’s single-phase body-
centered cubic (bece) structure. Energy-dispersive x-ray spec-
troscopy (EDS) confirmed the expected elemental composition,
showing peaks corresponding only to Fe and Si, with no detect-
able impurities (Figure S1 in Supplementary information).
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Methods

PBF-LB experiments were conducted using an EOS M100 sys-
tem (EOS GmbH, Germany), equipped with a Yb-fiber laser
(maximum power of 200 W, ~40-um spot size. The oxygen
level was maintained below 1000 ppm, by purging the build
chamber with argon gas. A systematic design of experiments
(DoE) approach was employed to identify suitable processing
parameters. The laser power and scan speed were varied from
90 to 170 W and 600 to 1400 mm/s, respectively, while main-
taining a constant hatch distance of 0.06 mm and layer thick-
ness of 0.02 mm. A total of 45 unique parameter combinations
were screened using a high-throughput approach. Based on
this screening, the selected parameters for the present study
were 140 W laser power, 900 mm/s scan speed, 0.06 mm hatch
distance, and 0.02 mm layer thickness.

Two cuboidal specimens were designed using Material-
ise Magics software, incorporating partitioned regions as
illustrated in Figure 1a. The specimens had dimensions of
5x5x2 mm for the vertical configuration and 5x2 x5 mm
for the horizontal configuration. All structures were fabricated
using a bidirectional laser scanning strategy, which involves
alternating the scanning direction within each layer. In addi-
tion to this, the laser orientation was varied between layers
according to four predefined rotation angles—O0° (no rotation),
45°, 67°, and 90°—as illustrated in Figure 1b. A constant stripe
width of 5 mm and a stripe overlap of 0.1 mm were main-
tained throughout the process. To facilitate a high-throughput
methodology for sample preparation and subsequent charac-
terization, all specimens were consolidated and printed as a
single integrated build (Figure 1c). The samples were studied
in as-printed and annealed conditions. They were annealed
at 1150°C under argon atmosphere for 1 h using a 15°C/min
ramp rate and followed by the furnace cooling.?®” Sections
were taken parallel to both the build direction and scanning
planes. Samples were hot mounted, ground using 500-2000
mesh SiC paper and polished using 3 um and 1 pm diamond
suspension. For EBSD analysis, a final fine polishing was per-
formed using colloidal OP-S silica suspension.

Optical microscopy (OM) was performed using a Zeiss
Axioscope 7 machine equipped with an automated stage
enabling the stitching of images to capture whole cross-
section images for calculating relative density. The obtained
images were analyzed using ImageJ software. X-ray diffrac-
tion (XRD) was performed using SAXSLAB Mat: Nordic
equipped with a Cu Ka source (A=1.5406 A) facilitating
automated sequential characterization of multiple samples
through an integrated setup combining robotic sample han-
dling, precise software-controlled positioning, and motor-
ized stages. The pattern was collected over a 20 range of
25° to 90° using a step size of 0.015° and a time per step
of 1 s; and the data analysis were performed using the DIF-
FRAC.EVA software from Bruker. Gemini 450 Field Emis-
sion Scanning Electron Microscope (FEG-SEM) equipped
with a Symmetry S3 EBSD detector (Oxford Instruments,
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Figure 1. Schematic of (a) vertical and horizontal cuboidal builds divided into four regions, each printed using different laser path rotation
angle (0°, 45°, 67°, 90°), (b) illustration of the scan patterns applied in corresponding regions. PBF-LB processed Fe-6.5 wt% Si samples and
their cross-sectional views, and (c) top and side views of cuboidal samples with vertically and horizontally stacked laser path rotation regions.
Optical micrographs showing the morphology of the melt pool boundaries of samples printed using different laser path rotation strategies

Abingdon-on-Thames, UK) were used for microstructural
studies. Large-area EBSD maps were obtained at 150 x mag-
nification and a step size of 1 pm. The samples were tilted
to 70° and an operating voltage of 20 kV and a working
distance of around 18 mm were applied. The data analysis
was performed using Aztec Crystal software.

To investigate the mechanical properties, Vickers hard-
ness measurements were carried out using a Durascan-70 G5
hardness tester, which performs automated hardness tests and
thus enables high-throughput approach in the characteriza-
tion. All samples were tested at a force of HV1 (1 kgf) with a
hold time of 10 s, and the images were taken at 20 X magnifi-
cation. Ten readings were taken on each sample by randomly
selecting the indentation points (as per ASTM standard) and
the average were taken with standard deviations to obtain the
hardness values. Electrical resistivity was measured using a
CMT-SR2000N (Changmin Tech) 4-point probe setup. The
measurements were performed by aligning the probes per-
pendicular to the build direction. The resistance values were
obtained from the machine, and the resistivity values were
calculated using the approach given in References 28, 29.

The magnetic measurements were performed using
the Lake Shore Cryotronics 8600 series vibrating sample

magnetometer (VSM). Small samples within the range of
10-25 mg were used for the measurements and to avoid the
shape effect, cubic samples were used for the measurements.
A magnetic field of+1270 kA/m was used to obtain hysteresis
curves. Magnetic properties such as intrinsic coercivity ()
and saturation magnetization (M) were measured by align-
ing the build direction in parallel (H | BD) and perpendicular
(H L BD) to the applied magnetic field. In this study, satura-
tion magnetization refers to the magnetization measured at an
applied field of 1270 kA/m. Mass magnetic susceptibility ()
was calculated by taking the slope of the initial curve of the
magnetization verses applied magnetic field (M—H) curves.

Results and discussion

Laser path influence on melt pool evolution

The Fe—6.5 wt% Si samples were successfully printed using
the previously mentioned process parameters. Figure 1d—g
presents optical micrographs of the etched samples, highlight-
ing the melt pool morphology under different laser path rota-
tion strategies. Although the hatch distance and layer thickness
were kept constant, the shape, size and orientation of the melt
pools vary significantly with the laser path rotation due to
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changes in the remelting pattern across layers. In the 0° laser
path rotation condition (Figure 1d), the melt pools are stacked
vertically, aligned with each other, and penetrate deeper than
the nominal layer thickness due to repeated remelting. In con-
trast, the 45° and 90° laser path rotations show more hetero-
geneous melt pool arrangements, due to re-melting on suc-
cessive layers (Figure le and g). At a rotation angle of 67°,
a completely randomized melt pool orientation is observed
(Figure 1f). The change in the laser path rotation and thus the
re-melting process in successive layers significantly influences
the melt pool morphology and orientation, as evident from
the images.

Grain morphology and crystallographic texture

To investigate grain morphology and crystallographic orien-
tation, microstructural analysis was performed on both as-
printed and annealed samples. A high-throughput approach
was implemented by using large-area EBSD mapping, allow-
ing acquisition of the entire region of interest in a single scan.
These comprehensive maps were then examined in discrete
sections for detailed structure—property correlation. The
large-area EBSD maps in inverse pole figure (IPF) coloring
are shown in Figure 2a. Sectioned maps for different samples
are presented in Figure 2b—e (as-printed, XZ cross-section),
Figure 2f—i (as-printed, XY cross-section). The corresponding
pole figures are provided in Figures S2 and S3 (Supplemen-
tary information).

Across all laser path rotations, the as-printed samples
exhibit elongated columnar grains aligned along the build
direction (Figure 2a), consistent with directional solidification
and epitaxial grain growth driven by the thermal gradient along
the build axis.**! However, the degree of grain alignment and
crystallographic texture varies with laser path rotation. For 0°
and 90° laser path rotations, the grains maintain a stable colum-
nar morphology across layers (Figure 2b, €), but their crystallo-
graphic textures differ significantly. The 90° rotation develops
a dominant (001) texture parallel to the build direction (Fig-
ure 2e), whereas the 0° sample exhibits a comparatively weaker
texture (Figure 2b). Quantitative pole figure analysis further
confirms this difference, with the texture intensity—expressed
in multiples of random distribution (MRD)—increases from
4.56 MRD for the 0° rotation to 11.85 MRD for the 90° rotation
(Figure S2, Supplementary information).

In contrast, the 45° and 67° rotation angles produce more
heterogeneous microstructures with weaker textures (Fig-
ure 2¢—d), exhibiting texture intensities of 4.40 MRD and 5.17
MRD, respectively (Figure S2). The continuously changing
melt pool orientation disturbs stable growth,*” leading to vari-
able grain widths and measurable intragranular misorientation
gradients. These gradients appear as color variations within the
individual grains and indicate the presence of residual stresses
induced by the rapid thermal cycles during the laser melting
process.>!¥

The XY sections further highlight the effect of rotation
angle on grain arrangement. At 0°, narrow band like grains
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appear parallel to the scan direction (Figure 2f), whereas the
90° rotation yields a more square-like grain pattern due to
periodic perpendicular remelting (Figure 2i). The spread of
the red color indicates the orientation of grains along 001}
indicating a stronger texture compared to other samples. The
45° and 67° rotations again show irregular grain shapes and
weak or absent texture (Figure 2g—h), consistent with their
more variable melt pool geometry.

Average grain area values and grain diameters are calcu-
lated for each case from the EBSD maps and are summarized
in Table SI (Supplementary information). Grain structures
were characterized by applying a grain-boundary misorienta-
tion threshold of 10°. For each specimen, the grain size was
quantified on both the build direction (XZ) and top (XY) sur-
faces, and area-weighted mean values over the fitted ellipse
major/minor diameter were used to obtain representative
values. Since the grains in these samples are elongated and
columnar, the area-weighted mean fitted ellipse diameter, and
area provides a more meaningful descriptor than conventional
grain size. The conventional method assumes a nearly equi-
axed grain, which is not appropriate for anisotropic grain mor-
phologies observed here.>*

Among the XZ sections (along BD), the samples printed
with 90° laser path rotation produced the largest columnar
grains with an area-weighted mean area of 11,974+1952 um?,
followed by the 67°, 45° and 0° rotations, which yielded aver-
age area of 6974+2176, 6254+2003, and 5024+1952 umz,
respectively (Table SI, Supplementary information). On the
XY surface (perpendicular to BD), the sample prepared with
90° laser path rotation again showed the largest area-weighted
mean area (4975+ 1639 um?). The 45° and 67° samples exhib-
ited similar average grain area (2729+1074 and 2893+1 018
um?), reflecting their mixed grain-size distributions, whereas
the sample with no laser path rotation (0°) has the narrowest
grains, and with an area of 1939+805 um?.

Analysis based on fitted ellipse major and minor diameters
shows that the 0° rotation exhibits the highest aspect ratio
(3.7), while the 90°, 45°, and 67° rotations show similar aspect
ratios 0f 2.9, 2.9, and 2.8, respectively (Table SI, Supplemen-
tary information). Although all conditions produce columnar
grains, this indicates that the 0° rotation leads to narrower
columnar grains when viewed on the XY plane, whereas the
90° rotation produces coarser columnar grains with larger
cross-sectional widths. The 45° and 67° rotations result in
columnar grains with moderate widths and more heterogene-
ous size distributions.

Overall, the 90° rotation produces a coarser columnar
microstructure with the strongest (001) texture, whereas the
0° rotation results in narrower columnar grains with a higher
grain boundary density. Since, the (001) direction corresponds
to the easy magnetization axis in Fe—Si alloys, facilitating
domain wall motion and enhancing magnetic response which
is beneficial for soft magnetic performance.'*!'* The 45° and
67° rotations lead to more heterogeneous microstructures with
comparatively weaker textures. These findings indicate that
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Figure 2. EBSD orientation maps (IPF coloring) of the XZ (parallel to BD) and XY (perpendicular to BD) cross-sections for as-
printed Fe-6.5 wt% Si samples. (a) Large-area map of the entire sample showing regions corresponding to different laser path
rotations. XZ cross-sections for scan rotation strategies are shown in the blue box: (b) 0°, (c) 45°, (d) 67°, and (e) 90°; XY cross-
sections for scan rotation strategies are shown in the red box: (f) 0°, (g) 45°, (h) 67°, and (i) 90°. The IPF color key and analyzed
surface are valid for all maps. BD, build direction; SD, scanning direction; TD transverse direction.
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both grain size and morphology are strongly influenced by the
laser path rotation angle.

After annealing the samples at 1150°C, recrystallization
and grain growth produced substantially coarser grains as
shown in Figure 3. All EBSD maps were taken from the XZ
cross section of the samples and corresponding pole figures of
the maps are provided in Figure S4 (Supplementary informa-
tion). Although all samples are annealed under identical con-
ditions, they exhibit different degrees of recrystallization and
grain growth. The 0° and 45° rotation samples (Figure 3a—b)
exhibit extensive grain growth and are mostly free of in-grain
misorientations, indicating effective stress relief. Conversely,
samples processed with 67° and 90° laser path rotations (Fig-
ure 3c—d) display only partial recrystallization, resulting in
heterogeneous microstructures composed of coarse grains
interspersed with finer ones.

The remaining in-grain misorientations indicate incomplete
stress relaxation. Such variation in recrystallization behavior,
despite identical heat treatment, is consistent with earlier
reports for Fe—6.5 wt% Si*® and likely reflects differences in
stored energy and melt pool geometry associated with each
scan rotation. Extended annealing (holding the samples for a
longer duration at the same annealing temperature) can facili-
tate a higher degree of recrystallization and subsequent grain
growth. Due to the limited number of grains captured in the
EBSD maps, a reliable assessment of crystallographic texture
could not be made from EBSD alone. The corresponding PF
maps are provided in the Supplementary information (Figure
S4). Therefore, the texture evaluation of the annealed samples
is performed based on XRD analysis using the Harris method,
with the corresponding texture coefficients presented in the
following section.

Phase evolution and preferred orientation analysis

by XRD

High-throughput XRD measurements were carried out on both
the as-printed and annealed samples to understand the crystal
structure information, e.g., present phase(s) and any preferred
orientation. The x-ray beam was selectively focused on spe-
cific areas by controlling its size. By rotating the detector and
sample relative to the beam, diffraction patterns were collected
over the 20 range of 25° to 90° (Figure 4).

For the as-printed and annealed samples, the XRD pat-
terns contain bec diffraction peaks expected for the disordered
a-FeSi phase (Figure 4a-b). No ordered phases such as D03
or B2 were detected, even though they are normally present in
Fe-Si alloys with>5 wt% Si.*® This absence of ordered phases
(Figure S5, Supplementary information) can be explained by
the very high cooling rates during PBF-LB,'>? typically on
the order of 10*-10° K/s,>® which are several orders of mag-
nitude higher than for conventional casting (~10°~10% K/s).”’
The detection limits of laboratory XRD may also contribute
to the lack of observable ordering.

The relative intensities (/) of the 110 and 200 reflections
also provide a qualitative indication of preferred orientation
in the samples. The 7(200)//(110) ratio is higher for the 0° and
90° laser path rotations (0.24 and 0.40, respectively) than for
the 45° and 67° cases (0.06 and 0.16, respectively), suggesting
a stronger (001)-type orientation component in these samples.
This trend is consistent with the EBSD observations, where the
90° sample shows a clear (001) fiber texture and the 45° and
67° samples exhibit more random orientations. This observa-
tion is further supported by the texture coefficient (TC) values
calculated using the Harris texture index equel‘[i()n,38’39 as listed
in Table SII (Supplementary information). The higher TC val-
ues for the (200) reflection in the 90°
sample—both in the as-printed and

Figure 3. EBSD orientation maps (IPF coloring) of the XZ cross-section (parallel to BD) for
annealed Fe—6.5 wt% Si samples printed with the scan rotation strategies. (a) 0°, (b) 45°,

(c) 67°, and (d) 90°. The IPF color key and analyzed surface are valid for all maps. BD, build
direction; SD scanning direction; TD transverse direction.

annealed states—indicate a strong
(001) texture. In contrast, the sample
without laser path rotation (0°) exhib-
its a strong (100)-type orientation
after annealing, as evidenced by its
increased TC compared to the nearly
random orientation observed in the
as-printed condition.

Magnetic properties

and anisotropy

To understand the influence of laser
path rotation on the magnetic prop-
erties, magnetic hysteresis measure-
ments were performed on the as-
printed and annealed samples with
the applied field oriented parallel and
perpendicular to the build direction
(BD). The M—H curves for the as-
printed samples (Figure 5a) show a
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Figure 4. XRD patterns of (a) as-printed and (b) annealed samples printed with different scan rotation angles.

strong dependence of magnetic response on the laser path rota-
tion, despite all samples being fabricated under identical alloy
composition and process energy.

As-printed condition
Under magnetic field parallel to build direction (H Il BD) con-
dition, the samples approach magnetic saturation more readily
than under magnetic field perpendicular to build direction (H L
BD) (Figure 5b), reflecting the anisotropic columnar grain struc-
ture generated during PBF-LB processing. Among the laser path
rotation conditions, the 90° rotation sample exhibits the lowest
coercivity (81.4 A/m) and the highest saturation magnetization
(197.2 A m%/kg) at the maximum applied field. The 67° rota-
tion sample shows the highest susceptibility (11.9x 10~ m3/kg),
followed by the 90°, 45° and 0° rotation samples, with x , val-
ues of 11.2x107*,9.7x10~*and 7.7 x 10~ m*/kg, respectively.
Thus, the 90° rotation condition optimizes low coercivity and
high magnetization, whereas the 67° rotation condition yields
the largest initial susceptibility (Figure Sc—d). These trends cor-
relate with the observed microstructural features; however, the
underlying magnetic behavior is influenced by multiple interact-
ing factors rather than a single mechanism.'* In the as-printed
condition, the 90° rotation sample exhibits the lowest coercivity
and one of the highest susceptibility values, which can be asso-
ciated with its coarser grains and stronger (001) texture. In con-
trast, the narrower columnar grains observed in the 0° rotation
sample may contribute to increased resistance to domain wall
motion due to the higher grain-boundary density. The 45° and
67° rotation samples exhibit intermediate magnetic behavior
consistent with their mixed columnar morphologies. Although
the magnetic response generally follows the observed variations
in texture intensity and grain morphology, the behavior is also
influenced by other factors, such as residual stresses, and local
microstructural heterogeneity.' 0

When the field is applied perpendicular to BD (H L BD),
the magnetization at the maximum applied field decreases for
all samples and the coercivity increases by approximately a

factor of two (Table I). This behavior arises because in the H
1 BD orientation, the magnetization path intersects a larger
number of grain boundaries, which increases the domain wall
pinning and delays the reaching of saturation. The influence of
laser path rotation is therefore less pronounced in this orienta-
tion, as the response is dominated by grain-boundary density.
The maximum magnetic field used in this study (~1270 kA/m)
is also insufficient to fully saturate the material under H L BD.

Overall, better soft magnetic properties are obtained when
the samples are measured along the BD (H I| BD). The ani-
sotropic response originates from the elongated columnar
grains formed during solidification, which introduce substan-
tially fewer pinning sites when the field is applied parallel
to BD, enabling easier domain wall motion and improved
magnetic performance.’'**! The microstructural variations
induced by the laser path rotation influence the response
through a combination of grain size, crystallographic texture,
and grain-boundary characteristics: the 0° rotation sample,
with narrower and randomly oriented grains, exhibits higher
coercivity, whereas the 90° rotation sample, characterized by
coarser grains and a stronger (001) texture, shows reduced
coercivity and improved magnetic response. The 45° and 67°
rotation samples fall between these two extremes due to their
more irregular columnar morphologies.

Annealed condition

Annealing substantially altered the magnetic response of the
samples and reduced the anisotropy observed in as-printed
condition. The M—H curve of the annealed samples (Figure 5e)
together with magnified regions in Figure 5f, h shows that the
difference between measurements performed along and per-
pendicular to the build direction becomes markedly smaller
after heat treatment. The M, H_ and , values obtained for
different laser path rotations on both measurement condi-
tions (H I BD and H L BD) are given in Table I. Coercivity
decreases for all laser path rotation conditions. The 0° rotation
sample exhibits the largest reduction, with H_ decreasing from
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Figure 5. Hysteresis curves of (a) as-printed and (e) annealed samples with different laser path rotations, measured
with applied field parallel and perpendicular to build direction. (b, f) Magnified version of the dotted box region showing
the magnetization path, (c, g) Change in H, and M, with the scan rotation angle measured by aligning the BD parallel to
H, (d, h) Magnified version of dotted box region showing the coercivity.
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106.6 to 39.9 A/m under H Il BD and from 220.8 to 34.9 A/m
under H L BD. For the 45°, 67°, and 90° rotation samples,
coercivity decreases by roughly 1.5-3.5 times depending on
the measurement orientation. In contrast, changes in magneti-
zation at the maximum applied field are relatively modest.
Consistent with the as-printed condition, the annealed sam-
ples retain the same ordering of saturation magnetization (Fig-
ure 5g), with the 90° rotation sample exhibiting the highest
M, (193.1 A mz/kg under H I BD) and the 45° rotation sam-
ple the lowest (184.8 A m*/kg under H L BD). This indicates
that, although annealing reduces the overall anisotropy, the
crystallographic texture is not entirely eliminated. Residual
microstructural features, including incomplete randomization
of crystallographic orientation, grain size distribution, and
local heterogeneities, associated with the laser path rotation
continue to influence the magnetic response.

The susceptibility () also becomes far less direction-
dependent after annealing. In the annealed condition, x
decreases under H | BD and increases under H L BD com-
pared with the as-printed condition for all laser path rotation
conditions. This behavior is attributed to the reduction of
microstructural anisotropy after annealing, which decreases
the preferential magnetization along the build direction and
facilitates domain wall motion under H L BD, leading to a

LASER PATH ENGINEERING OF MICROSTRUCTURE («\3)\

more isotropic magnetic response. This reduction in magnetic
anisotropy is consistent with the microstructural evolution
observed after annealing: grain growth reduces the density
of grain boundaries, decreasing the number of domain wall
pinning sites and improving the soft magnetic response.*’ The
disappearance of in-grain misorientations (Figure 3) indicates
substantial residual-stress relief.’! These combined effects
lower coercivity and reduce the sensitivity of the magnetic
response to measurement orientation.

Overall, the annealed samples display a homogenized and
nearly isotropic magnetic response, in contrast to the strong
directional and laser path dependent behavior observed in the
as-printed condition. These results confirm that high tempera-
ture annealing is highly effective in mitigating microstructural
anisotropy and stabilizing the magnetic performance of PBF-
LB processed Fe—6.5 wt% Si alloys.

Mechanical and electrical properties

The mechanical properties were investigated by conducting
Vickers micro-hardness measurements on cross-sections par-
allel to the build direction on both as-printed and annealed
samples. Average hardness values along with their standard
deviations are presented in Figure 6a. In the as-printed condi-
tion, the sample printed without laser rotation (0°) exhibited

Table I. Summary of the magnetic properties of the as-printed and annealed Fe-6.5 wt%Si samples measured by aligning the build
direction parallel (1) and perpendicular (L) to the applied magnetic field.

Laser path rotation (°) Sample orientation w.r.t.

and condition applied magnetic field (A/m)
As-printed
0 H Il BD 106.6
HLBD 220.8
45 H Il BD 94.6
H 1L BD 153.4
67 H Il BD 90.2
H L BD 189.3
90 H Il BD 81.4
H L BD 167.2
90 H Il BD 165
HLBD 178
90 - 78
— 205
Annealed at 1150°C
0 H Il BD 39.9
H L BD 34.9
45 H Il BD 55.7
H 1 BD 371
67 H Il BD 67
H L BD 48.8
90 H Il BD 58.5
H L BD 452
90 H Il BD 90
HLBD 90

Coercivity, H,

Saturation magnetiza- Mass magnetic suscepti- Refer-
tion, M, (A m?/kg) bility, . (M%/kg) ences
193.9 7.7x107* This work
185.1 3.4x10™
194.7 9.7x10™
183.9 2.6x10™
195.2 11.9x10™
182.9 2.6x10™
197.2 11.2x10™
189.1 2.8x10™
197 8.6x10™ 31
188 5.1x10™
- - 43
- = 44
189.7 3.4x10™ This work
190.6 35x10™
185.6 45%x10™
184.8 4.8x10™
186.6 43x10™*
188.4 43x10™
193.1 51x10™
192.9 4.0x10™
193 6.5x10™ 31
191 6.0x10™

The magnetic properties reported for PBF-LB processed Fe-6.5 wt% Si alloys in previous studies are also included for comparison.
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Figure 6. (a) Vickers hardness of the as-printed and annealed samples printed with different scan rotation strategies. (b) Electrical resis-
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the highest hardness (416 HV). The samples with laser path
rotations of 45°, 67°, and 90° showed hardness values of 405,
388, and 380 HV, respectively. After annealing, the hardness
values decreased for the 0°, 45°, and 67° rotation samples
(387, 396, and 374, respectively), whereas the 90° rotation
sample showed a slight increase (398 HV).

These trends can be understood from the grain structures.
According to Hall-Petch equation, hardness is inversely pro-
portional to the square root of the grain diameter.***® The
higher hardness observed in the as-printed 0° sample can be
attributed to its narrow columnar grains and increased grain
boundary density (Figure 2b, f), which restrict dislocation
motion and reduce plastic deformation.*”** In contrast, the
90° rotation sample contains coarser, cuboidal shape columnar
grains (Figure 2e and i) reflected in its lower hardness. The
45° and 67° rotation samples have more mixed grain sizes and
shapes, giving intermediate hardness values. After annealing,
the reduction in hardness for the 0°, 45°, and 67° samples fol-
lows the recrystallization and grain growth seen in Figure 3.
The slight increase in hardness for the 90° sample is likely due
to the bimodal microstructure (Figure 3d), where finer grains
remain between coarsened regions.

Electrical resistivity was measured on the XZ cross-sec-
tions (parallel to the build direction) using a four-point probe
method (Figure 6b). In the as-printed condition, the 0° rotation
sample showed the highest resistivity (228 pQ-cm), while the
45°,67°, and 90° samples exhibited values of 88, 87, and 144
pQ-cm, respectively. After annealing, the resistivities changed
to 161 pQ-cm (0°), 97 pQ-cm (45°), 96 uQ-cm (67°), and 67
pQ-cm (90°).

The exceptionally high resistivity of the 0° rotation sam-
ple in the as-printed condition can be primarily attributed to
its narrow columnar grains and the associated high density
of grain boundaries, which act as effective electron scatter-
ing centers.*”>" The mixed grain structures in the 45° and
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67° samples result in resistivity values close to the reported
value of ~82 uQ-cm for Fe—6.5 wt% Si.'>!* In contrast, the
relatively high resistivity observed in the 90° rotation sam-
ple, despite its larger grain size, indicates that factors beyond
grain boundary density also contribute. In this case, the strong
(001) texture, columnar grain morphology, and the orienta-
tion of grain boundaries with respect to the measurement
direction can introduce electron scattering.’! Furthermore,
residual stresses and microstructural heterogeneities inherent
to the PBF-LB process may additionally influence resistivity.
This highlights that electrical resistivity in these samples is
governed by a combination of grain-boundary characteristics,
crystallographic texture, and processing-induced microstruc-
tural features rather than grain size alone.

After annealing, both the 0° and 90° rotation samples show
a clear reduction in resistivity, consistent with reduced elec-
tron scattering due to grain growth and a decrease in micro-
structural anisotropy. In contrast, the slight increase observed
for the 45° and 67° rotation samples falls within the standard
deviation. Although grain growth occurs in these cases, the
microstructures remain heterogeneous after annealing, and
changes in grain-boundary character and orientation can offset
the expected reduction in scattering.

Overall, the ability to achieve both exceptionally high
resistivity in some cases and a broad tunability of hardness
and resistivity across scan rotations highlights the potential
of PBF-LB to tailor Fe-6.5 wt% Si for multi-property appli-
cations, where reduced eddy current losses and adequate
mechanical strength are essential.

All these findings demonstrate that the mechanical, elec-
trical, and magnetic properties of PBF-LB fabricated Fe—6.5
wt% Si soft magnetic alloys are strongly dependent on the
laser path rotation. Modifying the rotation angle provides a
means of tailoring grain morphology, texture and grain bound-
ary density, thereby enabling tunability of both functional



and structural performance. In this work, samples produced
without laser path rotation showed increased electrical resis-
tivity, which is very important for controlling eddy current
losses, as well as balanced magnetic and mechanical behav-
ior, and remained stable after annealing. On the other hand,
the 90° rotation sample yielded superior magnetic proper-
ties while maintaining satisfactory electrical and mechanical
characteristics. This process flexibility offers the potential
for manufacturing Fe—Si components with spatially varying
microstructure. For example, alternating layers with differ-
ent microstructures could be tailored so that certain layers
are optimized for optimal magnetic properties and others for
increased electrical resistivity. This allows the material to act
as its own insulating layer, eliminating the need for separate
non-magnetic interlayers, improving both magnetic perfor-
mance and component compactness. Compared to specialized
route such as chemical-vapor-deposition used for high-silicon
steels, this approach offers a simpler pathway with improved
material efficiency and recyclability.

Conclusion

Laser path rotation was found to strongly influence melt pool
geometry, grain morphology and the resulting mechanical,
electrical and magnetic behavior of PBF-LB processed Fe—6.5
wt% Si. Narrow columnar grains formed when using no laser
path rotation (0°) promoted higher resistivity, reflecting the
increased grain-boundary density, while coarser and better
aligned grains produced with 90° laser path rotation increased
the soft magnetic properties. As printed samples exhibited
pronounced magnetic anisotropy due to the elongated grain
structure along the build direction. Annealing reduced this
anisotropy through grain growth and stress relief, leading to
a more uniform magnetic response across rotation conditions.
Notably, coercivity values near 35 A/m were achieved after
annealing. Reaching such low coercivity along with high resis-
tivity in additively manufactured Fe—6.5 wt% Si represents a
significant improvement, as this composition is difficult to pro-
cess by conventional routes due to its intrinsic brittleness and
strong ordering tendencies. The findings underline the central
role of grain size, grain-boundary density and crystallographic
alignment in governing the magnetic and electrical behavior
of high-silicon steels. Laser path rotation therefore provides
a practical route for tuning the balance between soft magnetic
performance and resistivity, enabling the design of additively
manufactured Fe—Si components with tailored microstructures
and application specific functionality.
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