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« Near grain-oriented and near non-
oriented Fe-3.5 wt.%Si were
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« The relationship between processing
parameters, microstructure, and

magnetic properties was established.
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formation mechanism were
investigated by EBSD and the
morphology of molten pool,
respectively.

« Effect of texture components and
defects on magnetization process,
permeability, and magnetic flux
density was discussed.
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ABSTRACT

Silicon steel is a widely used soft magnetic material that requires different texture components for dif-
ferent applications, typically classified as grain-oriented or non-oriented. However, the methods of fab-
ricating such types of silicon steel via laser-powder bed fusion (LPBF) have not been fully investigated. In
this study, near grain-oriented and near non-oriented Fe-3.5 wt.%Si silicon steel is fabricated using LPBF
by controlling processing parameters. Different textures are investigated using electron backscatter
diffraction (EBSD), and the morphology of the molten pool is characterized by optical microscopy (OM)
and scanning electron microscopy (SEM). Magnetic properties are measured with alternating current
(AC) method. The results show that reducing both the linear energy density (LED) and laser power leads
to a change in the side morphology of the molten pool from large, flat, and well-overlapped to small, pro-
tuberant, and less-overlapped, resulting in an extremely strong 0-fiber texture or a random distribution of
grain orientations, respectively. Additionally, reducing both the laser power and scanning speed causes
the top morphology of the molten pool to change from teardrop to elliptical shape at the trailing edge,
resulting in a shift in the angle between the (001) of grains in the 6-fiber texture and the scanning direc-
tion from 45° to 30°. Samples with fewer defects (i.e., larger grain size and fewer pores) and a larger area
fraction of (001)//H exhibit higher permeability, although this superiority is not so significant due to
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residual stress and high dislocation in the as-built samples. This study provides insight into the relation-
ship between processing parameters, texture evolution, and magnetic properties in LPBFed silicon steel.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

With the rapid growth of the electric vehicle (EV) industry, the
power system in EVs requires better motors with higher power
density, reduced volume, new electromagnetic design, and integra-
tion of electronics, among other things. Consequently, many new
motor designs have emerged in recent years to meet these require-
ments [1-3]. Nevertheless, the complexity of a motor’s design has
to be reduced to meet the limitations of conventional manufactur-
ing techniques, which in turn limits the resulting performance of
the motor [4-6]. In response to this, laser-powder bed fusion
(LPBF), as an additive manufacturing (AM) technique, has been
considered a promising candidate due to its significant advantage
in fabricating objects with intricate structures [7-11]. Since most
of these new structures are designed for the iron core, which is
the most important part of the motor and is usually made of soft
magnetic materials, it is necessary to investigate the microstruc-
ture and magnetic properties of LPBFed soft magnetic materials
before building the AMed motors.

Soft magnetic materials with a combination of high permeabil-
ity (), low coercivity (H), large saturation magnetization (M),
and high Curie temperature (T.) are highly desirable [12-14].
These properties depend on both intrinsic material properties, such
as magneto-crystalline anisotropy constant and magnetostriction
coefficient, and microstructure features, such as texture and
defects. In LPBF research, intrinsic material properties are consid-
ered during phase transformations, especially the ordering-
disordering transformation, due to the high cooling rate involved
in the process [15,16]. According to the grain size dependence of
coercivity and permeability (GSDCP) theory, when the grain size
exceeds the domain wall width, the coercivity decreases and per-
meability increases with the increase of grain size [17-21]. Defects,
precipitates, impurities, and residual stress act as obstructions hin-
dering the domain wall movement during magnetization, leading
to a deterioration of soft magnetic properties, such as larger coer-
civity and lower permeability [12-14]. Crystal orientation also
affects permeability; more grains with their easy axis (such
as (001) in BCC) parallel to the magnetic field lead to higher per-
meability of the material [12-14]. Generally, an ordered phase
with a large grain size, fewer defects and precipitates, and good
texture (easy axis parallel to the magnetic field) is preferred to
achieve good soft magnetic properties.

Of the common soft magnetic materials, which include Fe-Si
alloy, Fe-Co alloy, Fe-Ni alloy, amorphous and nanocrystalline
alloys, and soft magnetic composites (SMCs), Fe-Si alloy (i.e., sili-
con steel/electrical steel) is most widely used in the fabrication
of the iron core of the motors due to its balance between electro-
magnetic performance and price [12-14,22-24]|. However,
although much research has been carried out to investigate the
microstructure and properties of materials fabricated by LPBF,
almost all of these studies focus on the structural materials (such
as 316L stainless steel, Ti alloys, Al alloys, etc.) and their mechan-
ical properties [25-42]. While studies on LPBF-manufactured soft
magnetic materials and their magnetic performance are rare, some
research has been conducted to explore these properties. For
instance, Mohamed et al. [43] demonstrated that tilting the build-
ing orientation of LPBFed NiFeMo-based alloy to align the easy axes
along the building direction (BD) improved the shielding factors
(SF) in both normal and transverse directions with respect to the

BD. The magnetic shielding properties were further improved
60-100-fold by hot isostatic pressing (HIP) and heat treatment
(HT), which relieved stress, consolidated gas pores, and caused
recrystallization and grain growth. The highest soft magnetic prop-
erties were achieved by tilting the building orientation at 35°,
resulting in Mg = 637 KA/m, H. = 195 A/m, SF.ya = 592%, and
SFirans = 887%. Moreover, Liogas et al. [16] showed that the quasi-
static magnetic properties of HTed LPBFed Co-Fe alloys depend
on both the degree of structural ordering and the grain size.
Through optimization of the HT, they achieved a fully ordered B2
(CsCl) structure with lower magneto-crystalline anisotropy, higher
lattice constant, and higher magnetic saturation polarization, as
well as a larger grain size of which influence on H, and p is well
matched with GSDCP theory. The resulting LPBFed Co-Fe alloy
exhibited noteworthy soft magnetic properties with piy.x = 8197,
Hc. = 112 A/m, B, = 1.75 T, and Bsggo = 2.28 T. These values were
superior to those of commercial Co-Fe grades such as HIPERCO®
50 A (Mmax = 3350, and H. = 209 A/m) [43] and VACOFLUX 50
(Mmax = 7000, and H. = 100 A/m) [44].

In terms of Fe-Si alloys, several studies have explored the
impact of LPBF energy input on the microstructure and magnetic
properties of Fe-Si alloys. Garibaldi et al. [45,46] found that
higher linear energy density (LED =£) led to longer grains in
the side and top planes and increased the depth of the molten
pool, resulting in a shift from crystallographic (001) fiber texture
to cube texture. The best magnetic properties were observed at
280 J/m, with maximum relative permeability, coercivity, and
power losses of 5300, 49 A/m, and 4 W/kg, respectively. Gao
et al. [47] investigated the effect of LED on the surface morphol-
ogy, microstructure, and magnetic properties of Fe-Si, discovering
that while higher LED increased surface flatness and grain size,
the best magnetic performance was achieved at an optimal LED
due to changes in microhardness. Plotkowski et al. [48,49] exam-
ined the influence of process conditions and sample geometry on
magnetic performance, demonstrating that a thin wall sample
with a cross-sectional Hilbert curve design reduced eddy current
loss. They also built a transformer core based on this geometry,
which showed higher power loss than Goss-oriented steel but
performed comparably to or better than the conventional non-
oriented sheet.

In the existing research on LPBFed silicon steel, the relationship
between processing conditions, texture, and magnetic properties
was discussed. However, there was no effort to achieve parts with
varying texture components, i.e., fiber texture and random texture,
and their effects on the magnetic performance of LPBFed silicon
steel have not been studied. It is good to note that different appli-
cations of silicon steel have varying requirements for the specific
texture characteristics or components. Therefore, the ability to
obtain these different texture components is a key research focus
in conventional silicon steel manufacturing [50-58]. Specifically,
silicon steel with the {110} (001) Goss texture (i.e. grain-
oriented silicon steel) is used to manufacture transformers, while
the iron core of the motor is fabricated with silicon steel with a rel-
atively random distribution of grain orientations (i.e., non-oriented
silicon steel), suitable for magnetization directions that are unidi-
rectional and rotated when in-service. Therefore, in this work,
methods of obtaining different texture components are explored,
and the reasons behind such texture evolution are studied. Addi-
tionally, the influence of different microstructures (including tex-
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ture components) on the magnetic properties of LPBFed silicon
steel is investigated. The results could provide a design reference
for LPBFed soft magnetic materials, and hence leading the research
on AM techniques to motor development.

2. Materials and experiments
2.1. Materials

Bulk samples were fabricated via LPBF process using pre-
alloyed and spherical gas atomized Fe3.5Si (wt.%) powder (sup-
plied by Coatecs Pte. Ltd.) with powder diameter range of 15 -
53 wm, which morphology and chemical compositions are shown
in Fig. 1 and Table 1, respectively.

The LPBF machine (TruPrint 1000, TRUMPF SE + Co. KG) is
equipped with a 200 W TRUMPF fiber laser with 1,070 nm wave-
length and 30 pm laser beam spot size. Two sample types, namely
the quadrangular pillar (5 mm (L) x 5 mm (W) x 50 mm (H)) and
the ring (26 mm (ID) x 31.5 mm (OD) x 8 mm (H)), were fabricated
for microstructural characterization and magnetic property test-
ing, respectively. Constant layer thickness (t) of 20 pm was
employed, with four sets of laser power (P), scanning speed (V),
and hatching space (h) combinations for the LPBF fabrication pro-
cess. Island scanning strategy with an island size of 5 mm x 5 mm
was used, in addition to a scan rotation of 67° and island shift of
2.5 mm in both X and Y directions after every successive layer.
The process parameter combinations, along with the associated
porosity levels are listed in Table 2. The porosity levels (%) of the
samples were measured based on microscopy techniques on a rel-
atively large area (>2 mm?) for each sample. The representative
cross-sectional images of each sample can be seen in Fig. S1.

Fig. 1. SEM image of the silicon steel powder size and morphology.
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The laser parameters were chosen by varying the laser power
and LED at two distinct levels while keeping VED constant
(208 J/mm?), which is defined as +£[59-62]. As such, LED of S1,
S2 (0.375 J/mm) are higher than S3, S4 (0.125 J/mm). Meanwhile,
the laser power employed for S1 and S4 (both 150 W) is higher
than for S2 (60 W) and S3 (50 W). The samples were removed from
the base plate with electrical discharge machining (EDM) upon
fabrication.

2.2. Microstructure characterization

The top surface of the as-built samples was observed using an
optical microscope (DSX1000 Digital Microscopes) to capture the
shape of the boundary at the trailing edge of the molten pool.
The samples were then mounted in conductive resin and prepared
using standard metallographic techniques and oxide polishing sus-
pension to obtain a mirror surface finish. In some cases, the pol-
ished samples were additionally etched with 3% Nital for
approximately 60 s to observe the molten pool boundaries.
Microstructural analysis was performed using a field emission
scanning electron microscope (FESEM, JEOL JSM-7800F PRIME)
on the prepared samples. The chemical compositions of the as-
printed solid parts were measured with Energy-dispersive X-ray
spectroscopy (EDS), which is equipped on FESEM. The grain orien-
tation map was obtained using an electron backscattered diffrac-
tion (EBSD) detector attached to the FESEM, with the step size of
2.34 pm and 1.17 pm employed in Fig. 3 and other EBSD maps,
respectively. The AZtecCrystal software (Oxford Instruments
NanoAnalysis) was used for the post-processing of the EBSD data.
Unless otherwise specified, grain boundaries were defined with a
cutoff misorientation of 15°. To investigate the crystal orientation
of grains inside the molten pools, orientation distribution function
(ODF) calculation was performed in a restricted area with paral-
lelly arranged scanning tracks. Coordinate rotation was performed
to simplify the data interpretation, with the X0-axis (rolling direc-
tion (RD)) and YO0-axis (transverse direction (TD)) respectively
aligned with the molten track scanning direction (SD) and its width
direction (WD). The schematic to show the different axes and cross
sections of the bulk sample and directions of a molten pool can be
seen in Fig. 2 (a) and (b), respectively.

2.3. Dynamic magnetic property test

The magnetic tests in this research were conducted according to
ASTM standard (A927/A927M - 11) [63]. The as-built ring samples
were first thinned from both the outer and inner contours by EDM,
and the final size of the ring samples for testing was 30.4 mm x 27.
4 mm x 8 mm (length x width x height). Magnetic property mea-
surements were conducted using a MATS-3000 M Hysteresisgraph
(HUNAN LINKJOIN TECHNOLOGY CO., LTD.). The alternating
current (AC) test mode was selected with a defined maximum

Table 1
Chemical compositions (wt.%) of silicon steel powders used for L-PBF.
Si C o P S Fe
3.440 0.006 0.052 0.009 0.003 Bal.
Table 2
Processing parameters of LPBF processes associated porosity levels.
No. P (W) v (mm/s) h (um) LED (J/mm) VED (J/mm?) Porosity (%)
S1 150 400 90 0.375 208 0.01
S2 60 160 90 0.375 208 0.15
S3 50 400 30 0.125 208 0.24
S4 150 1200 30 0.125 208 0.09
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Fig. 2. Schematic for (a) the different axes and cross sections of the bulk sample and (b) the different direction indicators in a molten pool.

Fig. 3. (a)-(d) are the grain orientation maps of samples S1-S4 from the top view, respectively, where IPF-BD coloring is used. Grain boundaries (misorientation > 2°) are

represented by black lines. The IPF legend is based on a-Fe (BCC).

magnetic field intensity (Hy) and fixed frequency (f). Hy, was
increased from 50 A/m to 6000 A/m, while the frequency was fixed
at 50 Hz, 400 Hz, and 800 Hz. The samples were subjected to pri-
mary and secondary windings of 80 and 40 turns, respectively,
and were demagnetized before each testing under various AC fre-
quencies. The magnetization curve was obtained by plotting the
maximum magnetic flux density (B,,) under the corresponding Hy;,.

3. Results
3.1. Influence of scanning parameters on texture
3.1.1. Overall texture

The chemical compositions of the S1-S4 solid parts were mea-
sured with EDS and the results are provided in the supplementary
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Fig. 4. (a)-(d) are the inverse pole figures (IPF) sets of samples S1-S4 in Fig. 3 (a)-(d), respectively, showing the grain orientations with respect to BD.

materials (Table S1 and Fig. S2), which demonstrate that there was
no significant change in chemical compositions from the powder to
the as-printed solid parts. This indicates that the chemical compo-
sitions of the solid parts are consistent with the powder
compositions.

Grain orientation maps of samples S1-5S4 are presented in Fig. 3,
with cross-sections perpendicular to the BD and inverse pole figure
(IPF) colored with respect to BD, and their relative IPF sets are
shown in Fig. 4. In order to facilitate demonstration of the different
textural strengths associated with each sample, IPF sets of S1-54
with the same scale range can be found in the supplementary
information as Fig. S3. Although the VED remained constant, S1-
S4 showed different texture characteristics. Strong (001)//BD tex-
ture, also known as 6-fiber texture, can be observed in Fig. 3 (a) and
(d) for S1 and S4, respectively, which were associated with high
input laser power (150 W). The MUD values, which quantify the
texture strength by varying from 1 (random powder) to infinity
(perfect texture or single crystal) [64], were 41.59 and 20.86 for
S1 (Fig. 4 (a)) and S4 (Fig. 4 (d)), respectively. By reducing the input
laser power to 50-60 W, (111)//BD texture appeared in S2 (Fig. 3
(b) and Fig. 4 (b)) and S3 (Fig. 3 (c) and Fig. 4 (c)) and the overall
texture strength diminished significantly (MUD ~ 9.97 for S2
and ~ 2.19 for S3). It is also good to note that a higher input linear
energy density (LED) can be linked to the formation of stronger
texture when the laser power was kept at a similar level. This is
evident in S1 and S2 (LED ~ 0.375 J/mm, MUD 41.59 (S1) and
9.97 (S2)) in comparison to S3 and S4 (LED ~ 0.125 J/mm,
MUD ~ 2.19 (S3) and 20.86 (S4)). Therefore, the combination of
low laser power and LED is essential to achieving highly random
texture for Fe3.5Si in this study.

To further visualize the grain morphologies, EBSD maps from
the side surface of S1-S4 are shown in Fig. 5. The strong 0-fiber tex-

ture in S1 and S4 corresponded to straight and through-thickness
columnar grains. Meanwhile, the grains in S2 and S3 exhibit a
zig-zag feature that is well-related to the weakened texture.

3.1.2. Texture of parallel scan tracks

To draw further insights into the texture formation, the grain
growth characteristics with respect to multiple parallel single
tracks are observed in this sub-section. Based on Fig. 3 - Fig. 5, it
can be observed that S1 and S4 exhibit similar texture characteris-
tics dominated by 0-fiber texture. In contrast, S2 and S3 demon-
strate significantly different texture components, of y- and o-
fiber texture, respectively. Therefore, to focus on investigating
the specific texture components, only S1-S3 will be considered,
as they represent the different texture characteristics observed in
the samples.

ODFs of multiple parallel single tracks were calculated from the
EBSD data of S1 (Fig. 6 (a)), S2 (Fig. 6 (b)), and S3 (Fig. 6 (c)), shown
respectively in Fig. 6 (d), (e), and (f). ODF sets of S1-S3 with the
same scale range are included in the supplementary information
as Fig. S4. In addition to the texture strength reduction from S1
to S3, as described in the previous section, the appearance of y-
and o- fiber texture is observed. Meanwhile, the ODFs also show
an evolution of the most-preferred grain orientation from
{001} (110) (i.e., rotated cube texture) to {001} (210) and finally
{114} (110), albeit with decreasing domination of the particular
grain orientation.

Fig. 7 shows the texture intensity distribution, f(g) along differ-
ent fiber axes (indicated by the black discontinuous arrows in Fig. 6
(d)). The most preferred grain orientations and texture distribution
along different fiber axes shown in Fig. 7 further confirm the find-
ings in the ODF images. A majority of grain in S1 is related to 6-
fiber texture and forms a sharp peak at {001} (110) orientation.
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Fig. 5. (a)-(d) are the grain orientation maps from the side view of samples S1-S4, respectively, where IPF-BD coloring is used.

In S2, 0-fiber texture is significantly weakened, accompanied by
the appearance of y-fiber texture. S3 has an even distribution along
all three fiber axes without obvious undulation, indicating the
presence of all 6-, a-, and y-fiber textures.

The low angle grain boundary (LAGB)/high angle grain bound-
ary (HAGB) ratio and misorientation angle distributions are shown
in Fig. 6 and Fig. 8, respectively. Additionally, the misorientation
angle distribution for a theoretically random grain distribution is
plotted in Fig. 8. The proportion of LAGB reduces as the texture
becomes more random, from S1 to S3. As for the misorientation
angle distribution, S1 skewed toward low misorientation angles
without showing any misorientation angles of >46°. Despite the
weak texture in S2, the distribution of the misorientation angle is
still far from the theoretical random distribution. In contrast to
S1 with dominating misorientations <46°, the misorientation angle
in S2 also distribute beyond the theoretical value at >52° region,
which is contributed by the high misorientation between y- and
0-fiber texture. The distribution angle for S3 coincides with the
theoretically random distribution, which further affirms the
achievement of the random grain orientation in Fe3.5Si via pro-
cessing parameter tuning.

Since the (001) is the easy axis in silicon steel, understand-
ing (001) of 6-fiber texture with respect to the SD/WD could help
dictates the in-plane magnetization ability, which is further bene-
ficial in future planning of laser scanning strategies, especially for
engineering in-plane texture in bulk or thin wall samples. Hence,
the 0-fiber texture in Fig. 6 (a)-(c) were extracted and visualized
on a {001} pole figure (PF) shown in Fig. 9 (a)-(c), respectively.

The (001) direction of the 6-fiber texture has varying preferred ori-
entations for samples S1-S3, which are around 45°, 30°, and 40°
with respect to SD, respectively. This is illustrated in Fig. 9 (d)-(f)
by the unit cells overlaid on EBSD map. It is interesting to note that
despite the weak texture in S3, all samples exhibited columnar
grain morphology (Fig. 9 (d)-(f)) — evidence of a predominant epi-
taxial growth regime. This meant that the texture strength of sam-
ples in this work is dominated by the molten geometry, instead of
the grain growth regime. As shown in Fig. 6 (a)-(c), the angles
between the major axis of grains (white arrow) and SD (black
arrow) in S1, S2, and S3 are different. The angle in S1 (~70°-90°)
is similar to S3 (~68°-86°), while the major grain axis in S2 rotates
more towards the SD (~60°). For grains contributing to the 0-fiber
texture, the rotation of the grain major axis correlates well with
the rotation of crystallographic orientation, prompting a further
investigation from the perspective of molten pool geometry.

3.2. Dynamic soft magnetic properties

Fig. 10 (a) shows the magnetization curve of S1-S3 under differ-
ent AC frequencies, and Fig. 10 (b)-(d) compares the magnitude of
magnetic flux density (B) of S1-S3 in the initial magnetization
region, domain growth region, and domain rotation region, respec-
tively, where these three regions are distinguished with different
background color in Fig. 10 (a). Under the same AC frequency, S1
is the easiest to be magnetized while S3 is the hardest, and S2 is
only marginally better than S3. On the other hand, increasing the
AC frequency will reduce the magnetic flux density of the same
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Fig. 6. (a)-(c) are the enlarged grain orientation maps of samples S1-S3 from the top view, respectively, where IPF-BD coloring is used. The fraction of low angle grain
boundaries (LAGB) and high angle grain boundaries (HAGB) were counted and shown in the lower left corner in (a)-(c). (d)-(f) are ¢, = 45° section of ODF, calculated from the
region inside the black frame in (a), the whole (b), and the region inside the black frame in (c), respectively, and the half width of the ODFs is 5°. The black frames are used to
restrict the area of data extraction to only those with parallelly arranged scan tracks. The black discontinuous arrows in (d) show the 6-fiber axis, o-fiber axis, and y-fiber axis,

along which the f(g) will be plotted in Fig. 7.

sample under the same external magnetic field, which also trans-
lates to a decrease in amplitude permeability. In the domain
growth region, a trend reversal of easy magnetization can be
observed in the order of S3, S2, and S1, at high AC frequencies of
400 and 800 Hz.

Besides the magnetization curve, the hysteresis loop and other
magnetic properties were also investigated under H,, ~ 6000 A/m,
f =50 and 400 Hz, as shown in Fig. 11. Fig. 11 (a) illustrated the sig-
nificant enlargement of the hysteresis area with increasing AC fre-
quency. The results show that S1 is better than both S2 and S3 in
both magnetization and demagnetization processes. S1 exhibits
the maximum magnetic flux density (~1.7 T) and amplitude per-
meability (~227.3), but also the largest coercivity and power loss.
All S1-S3 performed worse under a higher AC frequency, as evident
from the significant increase in coercivity and power loss. Disre-
garding the poor coercivity, it is important to note that S1 does
not have a significant edge over S2 and S3 despite the strong
out-of-plane 0-fiber texture, given that the magnetization direction
is in-plane.

The increase in AC frequency does not have a notable effect on
the maximum flux density and amplitude permeability, but the
coercivity, remanence, and power loss increase greatly with the
increase of the AC frequency. Nevertheless, the magnetic proper-
ties are least affected by the sample type, regardless of the AC fre-
quency. This signifies that there is other texture engineering will
be required to improve the in-plane performance of Fe3.5Si mag-
netic steel.

4. Discussion
4.1. Microstructure and texture formation

The grain growth mechanism in the studied Fe3.5Si samples is
predominantly columnar or epitaxial growth, which is highly
dependent on molten pool geometry and the extent of overlapping.
To investigate the influence of molten pool characteristics on
microstructure and texture formation in samples S1-S3, cross-
sections parallel to BD (side view) were examined, as shown in
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Fig. 9. (a)-(c) {001} PFs of S1-S3 calculated from the grains constituting 0-fiber texture in Fig. 6 (a)-(c), respectively. The deviation angle of which is within 10°. (d)-(f)
elucidate the grain morphology and representative orientation of grains contributing to 6-fiber texture inside the molten pool of S1-S3, respectively.

Fig. 12. It was observed that the usage of high linear energy density
(LED) led to larger molten pools in S1 (Fig. 12(a)) and S2 (Fig. 12(b))
compared to S3 (Fig. 12(c)), which was fabricated with lower LED.
Additionally, under the same LED, the slower scanning speed used
in S2 allowed for more time for heat dissipation, resulting in a mar-
ginally smaller molten pool compared to S1.

The wide and deep molten pool in S1 was found to be beneficial
for promoting (001)//BD or 6-fiber texture, as it not only allowed
for copious overlap between adjacent molten pools (Fig. 12 (a)),
but also aided in remelting a large proportion of the previously
solidified layer (Fig. 12 (d) and Table 3). In a single layer, the copi-
ous overlap of the molten pools ensured that relatively flat molten
pool boundaries were retained, as observed in Fig. 12 (d), enabling
the epitaxial growth direction ((001) ) nearly paralleling BD (yel-
low arrows in Fig. 12 (d)). Then when the next layer was added,
the large proportion of remelting could help “remove” most (may
not all) of stray grains growing towards the center of the molten
pool, near the top surface of the previously solidified layer (see
Fig. 12 (a)). This extensive remelting ensured competitive grain
growth, which is dictated by the (001) easy-growth direction in
a BCC crystal structure (blue arrow in Fig. 12 (d)), and also pro-
moted the formation of straight columnar grain boundary in
Fig. 5 (a). Finally, benefiting from the copious overlapping and large
proportion remelting, the strong (001)//BD texture (or 6-fiber tex-
ture) was formed in S1. Meanwhile, in S2, less adjacent overlapping
allows non-(001)//BD grains to grow, resulting in the appearance
of y-fiber texture (Fig. 12 (b) and (e)).

In contrast, the narrow molten width in S3 significantly reduces
the extent of adjacent molten overlap (despite the smaller hatch
spacing), thereby promoting epitaxial growth of non-(001)//BD
oriented grains (Fig. 12 (f)). Moreover, an unstable molten pool
occurs due to the low LED and power combination, forming uneven
and inconsistent surface topology upon solidification (as shown in
Fig. 12 (c)). This leads to the preferential (001) grain growth direc-
tion in a “random” fashion. Consequently, a weakly textured com-
ponent can be achieved through the manipulation of scanning
strategy. Meanwhile, it should be noted that the porosity levels
of S1-S3 are 0.01%, 0.15%, and 0.24%, respectively. Fig. S5 demon-
strates that lack-of-fusion pores primarily contribute to the poros-
ity level in S2 and S3, while Fig. 13 shows the interruption of
epitaxial growth by the lack-of-fusion defect. Thus, in addition to
the molten pool geometry, the lack of fusion pores in S2 and S3,

which interrupted the (001) epitaxial growth, can also contribute
to the development of non-(001)//BD grains and the introduction
of random structures.

Understanding the characteristics of grain growth with respect
to SD is crucial for controlling in-plane texture. The top surface
characteristics of the solidified molten pool were investigated from
the top view, as shown in Fig. 14 (a)-(c). Two types of molten pool
shapes were observed based on the surface ripples: teardrop shape
for S1 (Fig. 14 (d)) and S3 (Fig. 14 (f)), and elliptical shape for S2
(Fig. 14 (e)). The formation of these shapes can be related to the
laser power and scanning speed. Kou [65] demonstrated that
increasing heat input and welding speed simultaneously could
enlarge the weld pool, leading to molten pool shifting from ellipti-
cal to teardrop shaped.

The direction perpendicular to the trailing molten pool bound-
ary can be regarded as the direction of maximum thermal gradient,
and grain growth typically follows the molten pool boundary in
this direction. As a result of having a sharp trailing edge, the major
axis of grains in S1 and S3 is oriented almost perpendicularly to the
SD and molten centerline. As the molten pool trailing boundary
changes from a teardrop to an elliptical shape, the rotation of the
preferred orientation of 6-fiber texture can occur, as previously
observed in Fig. 9. By understanding the direction of grain growth,
the laser scanning strategy, including scanning pattern and scan
rotation, can be controlled to achieve the desired in-plane texture.
This provides an opportunity to tune magnetization properties in
directions other than BD.

4.2. Microstructure-magnetic properties correlation

Several microstructural parameters such as the crystal orienta-
tion with respect to the direction of the external magnetic field,
grain size distribution, and porosity were quantified, to understand
the variation of magnetic properties across three samples. The
application of the external magnetic field is along the in-plane
direction, which is defined as the H direction hereafter. Accord-
ingly, the distribution of crystal orientation along H (Fig. 15) and
grain size (Fig. 16) were extracted from the samples’ side view
(Fig. 5) and top view (Fig. 3), respectively. From S1 to S3, the area
fraction of grains with (001)//H reduces gradually, while the area
fraction of grains with (112)//H and (111)//H appears and
increases significantly. No significant variation of (011)//H area
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Fig. 10. Dynamic soft magnetic properties: (a) Magnetization curves of S1-S3 measured under f = 50 Hz, 400 Hz, and 800 Hz, respectively. The initial magnetization region,
domain growth region, and domain rotation region are distinguished with different background colors. (b)-(d) show magnetic flux density of S1-S3 at H = 75 A/m (initial
magnetization region), H = 1200 A/m (domain growth region), and H = 4000 A/m (domain rotation region), respectively. (e) amplitude permeability of S1-S3 measured under
f = 50 Hz, 400 Hz, and 800 Hz, respectively.
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Fig. 11. Dynamic soft magnetic properties: (a) Hysteresis loops of S1- S3 measured under f = 50 Hz and 400 Hz, respectively. (b)-(e) show the amplitude permeability (}1,),
remanence (B,), coercivity (Hc), and power loss (Ps) of S1- S3 from the hysteresis loops in (a).

fraction was found between S1-S3. The grains size in S1 is much
larger with the largest grain size over 140,000 um?, while all the
grains inside S2 and S3 are less than 28,000 um?. This difference
is related to the less dominant texture in S2 and S3, which is a con-
sequence of the less competitive directional grain growth. The rel-
atively significant porosity in S3 (0.24%) may have originated from
the unstable molten pool formation, which was a compromise for
obtaining the random texture (if desired). The usability of S3 may
be challenged depending on its intended application as a structural

material or not. It remains a highly desirable conquest to achieve
highly dense LPBFed Fe3.5Si with a random texture.

One possible approach to reduce porosity in the printed part is
by utilizing HIP as a post-processing technique. For instance, Kang
et al. [66] demonstrated successful densification of Fe-Ni-Si alloy
fabricated by LPBF through HIP, resulting in equilibrium austenite
phases (NisSi and FeNi3) and improved mechanical strength. How-
ever, this process also led to an increase in coercivity, which should
be taken into account during the design of electric machines.



F. Meng, S. Huang, K.B. Lau et al.

Top surface

Materials & Design 231 (2023) 112037

Top surface

Fig. 12. Molten pool’s side morphology of (a, d) S1, (b, e) S2, and (c, f) S3. (a)-(c) are the OM images at the top layer of the samples, and (d)-(f) are the SEM images, obtained

from the middle of the samples.

Table 3
The average depth of molten pools and the proportion of remelting in S1-S3.

Sample Average depth Standard Proportion of remelting
(D) deviation &

S1 ~95 pm ~4.3 um ~80%

S2 ~84 pm ~3.0 um ~76%

S3 ~50 um ~6.7 pm ~60%

In the initial magnetization region, the magnetization is mainly
completed by reversible domain wall movement. In addition to the
intrinsic properties of the material, the microstructure is also a sig-
nificant factor that affects this reversible domain wall movement
and the corresponding permeability in this region. The presence
of fewer defects (such as lower porosity and larger grain size), suit-
able texture, and lower residual stress will contribute to a higher
permeability by reducing the resistance of the domain wall move-
ment [12-14]. Therefore, S1 exhibits the highest permeability due

to its lower number of pores, larger grain sizes, and more grains
with their easy axis for magnetization parallel to H. Given that
the microstructure features of S2 and S3 are relatively similar, they
exhibit comparable magnetization curve in the initial magnetiza-
tion region.

As we move to the irreversible domain wall movement region
(i.e., domain growth region), a trend reversal is observed. It is likely
that the microstructural features influenced the eddy current,
which in turn affects the permeability at this stage. Eddy current
produces a magnetic field opposite to H, resulting in the actual
magnetic field applied in the testing ring samples being lower than
the setting value. The value of the eddy current in this experiment
is mainly influenced by three factors: (i) resistivity, (ii) length of
the eddy current path, and (iii) AC frequency. Higher resistivity,
shorter eddy current path, and lower AC frequency all contribute
to a smaller eddy current. Resistivity generally decreases with
increasing grain size and reduction in pores [67,68]. The presence
of pores can divide the eddy current path into several smaller

Fig. 13. EBSD image illustrating the interruption of epitaxial growth due to the presence of a lack-of-fusion defect, which is highlighted through IPF-BD coloring.
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Fig. 14. (a)-(c) are the OM images showing the top morphology of the molten pool in S1-S3, respectively. (d)-(f) show the molten pool schematic (i.e., teardrop- and elliptical-
shaped) of S1-S3, respectively. The squares in (d)-(f) are the representative orientation of grains contributing to the 6-fiber texture in the molten pool.
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Fig. 15. The statistics of the area fraction of each crystal orientation parallel to H in Fig. 5 (a)-(c).

loops, reducing the eddy current by decreasing the length of the
current path. Consequently, the eddy current in the samples
decreases from S1 to S3. The eddy current’s influences in the initial
magnetization region are not obvious when the external magnetic
field is small. However, with a continuous increase in the external
magnetic field, the eddy current increases, and its influence
becomes significant. Thus, the inverse relationship of S1-S3 is
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observed in the domain growth region. This inverse relationship
becoming more apparent with increasing AC frequency serves as
indirect evidence that the eddy current is responsible.

In the domain rotation region, domain wall movement does not
occur, and thus, the relationship between the driven force and
resistance of domain wall movement need not be considered.
The magnetic flux density in this region depends on the alignment
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Fig. 16. (a) The grains size distribution of S1-S3, which is counted from Fig. 3, and (b) the relative area-weighted mean with the standard deviation of grain size of S1- S3.

degree between H and the easy/hard axis of magnetization in the
samples. Therefore, S1, with the most (001)//H and no (111)//H,
exhibits the highest magnetic flux density and permeability. Con-
versely, S3, with the least (001)//H and the most (111)//H, exhi-
bits the poorest performance.

In summary, S1 exhibits the best overall magnetic performance
due to its favorable conditions for magnetic properties, such as
fewer defects (i.e., fewer pores and larger grain size) and more
grains with the easy axis parallel to H. However, it should be noted
that the magnetic properties of the as-built samples are greatly
affected, negatively, by residual stress and dislocation density,
which are considerably high (see Fig. S7). This could be the reason
that S1’s magnetic performance still falls short of commercial
products [69]. Therefore, future plans include performing heat
treatment to reduce dislocations and residual stress.

5. Conclusions

In this research, the different microstructure (especially tex-
ture) of LPBFed Fe3.5Si (wt. %) was obtained by controlling the pro-
cessing parameters, where samples S1 and S3 could be considered
near grain-oriented and near non-oriented electric steels, respec-
tively. The detailed texture features of these samples were ana-
lyzed, and their magnetic properties were measured with the AC
method and compared. According to the results, it was concluded
that:

(1) With constant VED, the side and top morphologies of molten
pools are determined by different laser scanning parameters.
For the side morphology, with the reduction of LED and laser
power, molten pools will change from large, flat, and well-
overlapped (S1) to small, protuberant, and less overlapped
(S3). For the top morphology, fast scanning speed will pro-
duce a tear-drop molten pool (S1 and S3), while the opposite
will yield an elliptical molten pool (S2).

(2) The texture feature is related to both side and top morpholo-
gies of molten pools. For the out-of-plane texture feature,
large, low aspect ratio, and well-overlapped molten pools
yielded strong (001)//BD texture with a strong columnar
feature (seen in S1 samples with high laser power and
LED). While small, unstable, and less overlapped molten
pools tend to form a near-random distribution of grains ori-
entation with no obvious columnar feature. Porosity ensues
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as a by-product of unstable molten pools. For the in-plane
texture feature, when the straight trailing molten pool
boundaries of teardrop-shaped molten pools change to
curved molten pool boundaries of the elliptical molten pools,
the angle between the (001) in 6-fiber texture and SD will
shift from around 45° to around 30°, and the major axis of
grain rotates from perpendicular to SD to closer to SD.

(3) Samples with fewer defects, including larger grain size and
fewer pores, as well as a higher area fraction of (001)//H,
generally displayed a larger amplitude permeability (L,)
and maximum magnetic flux density (By,), but also a higher
coercivity (Hc.) and power loss (Ps) when subjected to exter-
nal magnetization in the direction of H. However, the bene-
ficial effect of these microstructure features on magnetic
properties may be limited by the presence of residual stress
and high dislocation density within the as-built samples.

These results found in this paper could guide to form suitable
texture within the motor structure, and hence providing potential
methods to improve motor performances. Furthermore, future
research work will be necessary to supplement three things. One
is that there are more pores inside S3, thus, how to obtain the near
non-oriented microstructure with relatively low porosity needs to
be studied. The other is that since the magnetic properties of these
samples are worse than the commercial products, further anneal-
ing is necessary, where investigating how these three kinds of fiber
textures and relative magnetic properties evolve during different
annealing processes (i.e., removing residual stress and recrystal-
lization) will be important. Finally, to achieve better-textured
specimens in both out-of-plane and in-plane orientations, it is nec-
essary to explore the texture evolution with respect to SD, as well
as after heat treatment procedures.
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