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By careful selection of the scanning strategies (SS), researchers in this study were able to realize a simple al-
gorithm to control the grain orientation with the extremely strong Rotated Cube and Cube texture obtained in
laser powder bed fusion (LPBF) fabricated electrical steel. Microstructure was characterized by optical micro-
scopy (OM) and electron backscatter diffraction (EBSD), and quasi-static magnetic properties were measured
through DC closed magnetic circuit method. The findings show that sufficient remelting with a stable thermal
field induces a strong < 001 > parallel to the building direction (BD) texture by promoting epitaxial growth
aligned with BD. In-plane grain orientation rotates from < 011 > //X-axis towards < 001 > //X-axis (X-/Y-axis
denote length/width directions of samples, respectively) with the reduction of the track length. By promoting
< 001 > //BD and < 001 > //X-axis textures, double scanning introduced a strong Cube texture in the D-XY
samples (double scan along X-axis and Y-axis successively in one layer). Sample heat treatment (HT) considered
in this study only induced abnormal grain growth. Coarse grains and desirable texture components contribute to
improving permeability during magnetization of domain wall displacement and rotation of the magnetization
vector, respectively, and coarse grains also reduce coercivity (H.). Benefitting from corresponding microstruc-
ture, D-XY samples annealed at 1000°C for 2 h exhibited the highest maximum relative permeability (Hrmax) of
4450, while S-X samples (single scan along X-axis) annealed at 1150°C for 4 h showed the highest initial
permeability (p;) of 0.34 mH/m and lowest H. of 44.5 A/m in this study. This study provides an insight into the
relationship between the manufacturing route, microstructure, and magnetic properties of LPBFed electrical steel
and establishes a firm basis for controlling the texture components and grain morphology of Fe-3.5 wt%Si via
judicious selection of SS and HT.

1. Introduction

Electrical steel, also called silicon steel, for several decades has been
the principal engineering choice of soft magnetic material in electric
machines and is commonly used to fabricate electromagnetic compo-
nents (such as iron cores in electric motors). Its excellent saturation
induction, permeability, low coercivity, and high electrical resistivity in

combination with a relatively low cost make it an ideal candidate for
electrical machine applications [1-7]. Recent advancements in metal
additive manufacturing (AM), specifically laser powder bed fusion
(LPBF), have presented new opportunities for these well-developed
materials and electric machines [8-11]. LPBF’s ability to create com-
plex structures has opened up new possibilities for designing and
fabricating lightweight motors with customized functionalities, showing
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the potential to expand the range of applications for electric motors
beyond traditional uses [12].

The soft magnetic properties of electrical steel are strongly depen-
dent on the microstructure. The presence of residual stress, defects,
precipitates, and impurities can affect the domain wall movement dur-
ing the magnetization/demagnetization process, leading to a degree of
magnetic hardening reflected in lower maximum relative permeability
(Mrmax) and higher coercivity (Hc) [5-7]. Secondly, the grain crystallo-
graphic orientation may have a great effect on the magnetization
response since in a body-centered-cubic (BCC) structure the easy
magnetization axis is associated with the < 001 > direction, while the
hard axis of magnetization lies along < 111 > [5-7]. Consequently,
according to the texture components present, electrical steel is typically
categorized as grain-oriented (GO) and non-oriented (NO) types.
Thirdly, the grain size also plays a role in affecting the values of pymax
and H.. Based on the Grain Size Dependence of Coercivity and Perme-
ability (GSDCP) theory, the enlargement of grain size exceeding the
domain wall width can reduce H, as well as improve p;max, Where the

domain wall width of the ferromagnets can be calculated from 65 =

ﬂ'\/Kzl (8p, A, and K; are the domain wall width, exchange constant, and

magnetocrystalline anisotropy constant, respectively) [13-17]. The
typical domain wall width of ferromagnets is tens of nanometers, which
is much smaller than grain sizes of electrical steels [13-17].

Previous research on electrical steel primarily focused on investi-
gating the microstructure evolution during conventional fabrication
processes (i.e., casting, rolling, and annealing), aiming to obtain desired
crystallographic texture components and grain sizes [18-34]. In general,
during solidification, the texture is often dominated by the texture with
< 001 > direction parallel to the normal direction (i.e., 6-fiber texture)
due to the < 001 > solidification direction in the BCC structure [18-21].
Subsequent plastic deformation in the rolling process induces a rotation
of crystallographic orientation, leading to the development of the
texture with < 011 > direction parallel to the rolling direction (i.e.,
a-fiber texture) and the texture with < 111 > direction parallel to the
normal direction (i.e., y-fiber texture) at the expense of the O-fiber
texture [20-22]. Song et al. [22] found that this change in the dominant
texture can be intensified by increasing the hot rolling reduction,
especially, a strong Goss texture was observed when the reduction
reached 50 %. For the last annealing process, researchers such as Sha
et al. [20], Liang et al. [23], and Jiao et al. [21] found that the suitable
annealing conditions can revert a- and y-fiber textures back to 6-fiber
texture through the oriented nucleation mechanism of recrystallization.
This shift in the major texture type is often accompanied by abnormal
grain growth (AGG) of Goss grains. The AGG phenomenon may be
mostly attributed to the more frequent occurrence of Coincident Site
Lattice (CSL) boundary between Goss grains and 35°-45° large angle
grain boundaries between Goss grains and y-fiber texture grains in rolled
microstructure, where the higher mobility of these two types of grain
boundaries allows Goss grains to initiate growth with a lower driving
force [24-28]. The pinning effect of grain boundary precipitates further
enhances this advantage, ultimately leading to AGG of Goss grains
[24-29]. Notably, recent research by Birosca et al. [35] suggested that
the differences in the thermal conductivity along specific crystal planes
may also contribute to the AGG of Goss grains. Specifically, the higher
thermal conductivity along the (011) plane in the BCC structure is ad-
vantageous for abnormal growth when more (011) planes are parallel to
the heat flux during annealing in Goss grains.

For LPBF-manufactured electrical steel, several methods have been
explored to control grain orientation distributions, such as adjusting
processing parameters [36-41], annealing [42], and in-source beam
shaping [43]. Macknojia et al. [38] and Galbusera et al. [43] success-
fully obtained < 001 > //BD fiber texture through optimizing the pro-
cessing parameters and in-source beam shaping, respectively. Although
Stornelli et al. claimed to have achieved the Cubic texture in Fe-3.0 wt%
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Si and Goss texture in Fe-6.5 wt%Si by controlling the processing pa-
rameters and annealing process, their determination of these textures
was based solely on XRD results from the cross-section parallel to BD
[42]. Not only in electrical steels, Ahmadnia et al. also achieved the
texture of < 111 > paralleling to the magnetic field in Fe-50Ni alloy by
controlling both processing parameters and annealing process [44]. It
could be found that the above methods can only align the grain orien-
tations with a single direction (usually BD) but not multi-directions, thus
only fiber textures were obtained.

To further realize the control of crystallographic texture components
in LPBF, searching for a suitable scanning strategy (SS) may hold po-
tential. For example, Nadammal et al. [45] demonstrated that compared
to the alternating SS, the rotational SS formed more complex thermal
fields, thus introducing a more random distribution of grain orienta-
tions. Marattukalam et al. [46] fabricated the 316 L stainless steel
samples with a bidirectional SS without rotation and obtained a strong
< 100 > and < 110 > single crystalline-like texture along the scanning
direction (SD) and building direction (BD), respectively. Sun et al. [47]
successfully obtained a single-crystalline-like texture with a short-range
order of Mo atoms in Ni-25 at% Mo alloys by using both bidirectional
scanning along one axis (X-scan) and bidirectional scanning with a 90°
rotation in each layer (XY-scan). Regarding the LPBF-manufactured
silicon steel, Haines et al. [48] reported achieving different textures
by using longitudinal and transverse SS, however, the texture strength
was relatively low and the corresponding magnetic properties were not
measured. Through simulation, they demonstrated that the formation of
different textures was primarily due to the variations in the thermal field
under these two SS. This finding can provide a way of thinking that
modifying the thermal field of molten pools by designing SS could be a
potential approach to achieve desired textures. However, most studies to
date into microstructure control during LBPF have been devoted to
structural materials and primarily concerned the mechanical properties
influenced mostly by the structural defects (porosity, associated cracks),
rather than by crystallographic texture [49-54]. Residual stress in
LPBF-manufactured components was shown to be affected by SS [55,
56], hence the research largely focused on finding suitable SS to reduce
the residual stress, leading to the introduction of the island SS (also
called chessbox) SS now [51-56].

For the LPBF-fabricated soft magnetic materials, the optimized heat
treatment (HT) remains the first option to increase the grain size. Liogas
et al. [57] obtained the LPBF-manufactured Fe-Co alloy with notably
soft magnetic properties (Urmax = 8197, H. = 112 A/m) introduced by
optimizing HT, which were found to be superior to commercial products
HIPERCO® 50 A [58] and VACOFLUX 50 [59]. They also demonstrated
that these superior soft magnetic properties were induced by the com-
bination of large grain size and chemical ordering. In terms of
LPBF-fabricated electrical steel, the work on improving the magnetic
properties through grain growth was also reported in some studies
[38-41,60,61], but the aforementioned relationship was not sufficiently
clarified. On the other hand, the magnetic properties of additively
manufactured brittle electrical steels (e.g., high-silicon-content elec-
trical steel) may also deteriorate due to grain boundary cracking during
grain growth, which Adamczyk et al. observed this cracking phenome-
non and successfully mitigated it by applying suitable scanning strate-
gies (SS) and annealing conditions [62].

In summary, there is limited research conducted on LPBF of electrical
steel, with little emphasis on controlling the crystallographic orienta-
tions and a lack of in-depth investigation into the influence of micro-
structural characteristics on the soft magnetic properties. The present
work aims to control the orientation of grains via SS and to elucidate the
distinct effects of various microstructural characteristics on the mag-
netic properties of LPBF-fabricated electrical steel. The results seek to
identify possible manufacturing routes to improve the electrical motor
performance through the introduction of the easy magnetization axis
induced by additive manufacturing within the microstructure of soft
electromagnetic components that allows aligning with the designed
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magnetic flux. Furthermore, the identification of the optimized heat
treatment that promotes AGG allows further improvement in the per-
formance of these components.

2. Materials and experiments
2.1. Materials

Pre-alloyed gas-atomized spherical Fe-3.5Si (wt%) powder (supplied
by Coatecs Pte. Ltd., Singapore) with the diameter range of 15-35 pm
was used to fabricate bulk samples via LPBF. Detailed morphology and
chemical composition of the powder can be found in [37]. The phase
diagrams of the Fe-Si binary system assessed by [63] are provided in
Fig. S1, which demonstrates that the materials used in this study are the
single phase. The LPBF fabrication was conducted on a TruPrint 1000
(TRUMPF SE + Co. KG) equipped with a 200 W TRUMPF fiber laser with
1070 nm wavelength and 30 pm laser beam spot size. The scanning
parameters were set to the laser power of 150 W, scanning speed of
400 mm/s, hatching space of 90 pm, and layer thickness of 20 pm. The
above scanning parameters were selected based on the authors” work
[37], in which the parts fabricated with the above parameters achieved a
high relative density (i.e., 99.9 %) and also developed an extremely
strong < 001 > //BD fiber texture. In the coordinate system shown in
Fig. 1, this < 001 > //BD texture not only ensures the distribution of the
< 001 > (easy axis) within the XY-plane, but also prevents the forma-
tion of < 111 > (hard axis) in the XY-plane. Two types of samples, i.e.,
thin-wall-structure pillars (10 mm (L) x 1.5 mm (W) x 50 mm (H)) and
square cores (24 mm (inner side length) x 27 mm (outer side length)
x 6 mm (H)) were fabricated with various SS for microstructure char-
acterization and quasi-static magnetic testing, respectively. All the
samples were fabricated without the borders. All the SS applied to
fabricate the pillars are illustrated in Fig. 1 with their designations in
this study, where “S-” and “D-” refer to laser scanning once and twice in
each single layer, respectively. S-X/Y is the same as the most used island
SS with an island size of 5 mm x 5 mm and scan rotation of 67° after
every successive layer was used. S-X and S-Y were scanned along the
X-axis and Y-axis, respectively. “D-” samples can be considered as
combining S-X and S-Y in the single layer, where laser scanned along the
X-axis first and then the Y-axis in D-XY while D-YX was the reversed
order of X- and Y-axis. S-X/Y, S-X, and D-XY sequences were also
selected to fabricate square cores, in which each side of the square core
was assumed to be one thin-wall-structure pillar so that the S-X and

Thin-wall-structure pillar

Square core

24 mm

Z

]

(80)

Y

Scanning strategies (SS)

Layer n+1
Layer n

— 1st scan
------ > 2nd scan

Fig. 1. Geometries of thin-wall-structure pillars and square cores, and sche-
matic for different axes and all the scanning strategies with their denotations
used in this study.
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D-XY could be applied.

After fabrication, the samples were removed from the substrate plate
using electrical discharge machining (EDM). Heat treatment (HT) was
conducted in a muffle furnace with nitrogen (N3) used as the protective
gas. HT was chosen to provide a simple one-step annealing process
(heating-soaking-cooling) by using the heating rate of 5 °C/min fol-
lowed by furnace cooling. The soaking temperatures included 1000°C,
1100°C, 1150°C, and 1175°C, and the soaking time was set to 2 h, 4 h,
and 6 h. The combinations of soaking temperature and time are labeled
in the related figures.

2.2. Microstructure characterization

The morphology of the molten pools (MP) was obtained by observing
it under an optical microscope (DSX1000 Digital Microscopes). The top
morphology (XY-plane) was captured directly from the top surface of the
as-fabricated (AF) samples. To obtain the side morphology (YZ-plane) of
MP, the samples were mounted in conductive resin, then the side surface
was prepared using standard metallographic techniques and oxide pol-
ishing suspension to obtain a mirror surface finish, and finally etched
with 3 % Nital for approximately 40 seconds. Microstructural analysis of
the grain orientations was performed using electron backscattered
diffraction (EBSD) in a field emission scanning electron microscope
(FESEM, JEOL JSM-7800F PRIME) with step sizes of 0.117 um (Fig. 8)
and 1.95 pm (other EBSD maps). The post-analysis of EBSD data was
performed by AZtecCrystal software (Oxford Instruments Nano-
Analysis), in which the half-width for the calculation of both inverse
pole figures (IPF) and orientation distribution function (ODF) was
defined as 10°.

2.3. Quasi-static magnetic property testing

The quasi-static magnetic properties were tested using closed-circuit
methods under direct current (DC) based on ASTM standard (ASTM
A773/A773M-21) [64]. The samples were first thinned by around
0.25 mm from both inner and outer contours by EDM to smooth the
surface and remove the oxidation layer of HT samples. The quasi-static
magnetic testing was performed on a MATS-2010SD (HUNAN LINKJOIN
TECHNOLOGY CO., LTD.). The primary and secondary windings of the
samples were 80 and 40 turns, respectively, and the samples were
demagnetized before each test. The magnetic field (H) was applied along
the contour direction of the square samples with a maximum strength of
3000 A/m. Except that the p,-H curve and maximum relative perme-
ability (prmax) Were derived by calculating the slope of the magnetiza-
tion curve, all the other data (including magnetization curve, hysteresis
loop, magnetic flux at 3000 A/m (Bsggo), remanence (B,), and coercivity
(H,) were directly provided by the machine.

3. Results
3.1. Influence of scanning strategies on texture

Fig. 2 displays the grain orientations of AF samples observed from
the cross-sections perpendicular to BD (i.e., XY-plane). The out-of-plane
and in-plane features of grain orientations are characterized by IPF-
colored EBSD maps with respect to BD (Fig. 2 (1)) and X-axis (Fig. 2
(2)), respectively, and the corresponding IPF intensity sets are shown in
Fig. 2 (3).

The distributions of grain orientations with respect to BD as pre-
sented in Fig. 2 (1) generally show a dependency on the sample regions,
namely, the shell and the core. Through the blue-red-blue pattern of IPF
color in Fig. 2 (1), it can be ascertained that grains located at the shell of
the samples tend to align with non-< 001 > crystalline orientations
parallel to BD, while the core regions are dominated by the grains with
< 001 > //BD, forming a strong 6-fiber texture. The influence of
different SS on the out-of-plane features mainly reflects on the area
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Fig. 2. (1)-(2) are the EBSD maps of AF samples in the XY-plane with IPF-Z coloring and IPF-X coloring, respectively, and (3) are the corresponding inverse pole
figures (IPF) sets. (a)-(e) represents S-X/Y, S-X, S-Y, D-XY, and D-YX, respectively.
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fraction of the shell and the core. In the single-scanned samples, the shell
regions occupy a considerable fraction, especially, in S-Y, with the non-
< 001 > //BD texture being enhanced into a strong < 111 > //BD
texture (i.e., y-fiber texture) on almost half of the cross-sectional area.
On the other hand, it was shown that additional scanning in the double-
scanned samples can effectively reduce the area fraction of the shell
region, with only a few non-< 001 > //BD grains detected in D-XY and
D-YX samples. The analysis of the in-plane features reveals the domi-
nance of the 0-fiber texture in the core region. In the single-scanned
samples, the in-plane feature represented in Fig. 2 (a2-c2) shows a
relationship with the scanning track length. As the scanning track length
reduced from S-X to S-Y, the grain orientation with respect to the X-axis
shifted from < 011 > to < 001 > at the core of the samples. This change
in preferred orientation with respect to the X-axis is also evident through
the appearance of < 001 > peak and the reduced MUD value of
< 011 > in IPF-X set from Fig. 2 (b3) to (c3). It should be noticed that
this shifting of preferred grain orientation also applies to the scanning
coordinating system (SD-Width-BD) due to its geometric relationship
with the sample coordinating system (X-Y-Z in Fig. 1). Therefore, the
grain orientation with respect to SD also changed from < 011 > to
< 001 > with the reduction of scanning track length.

Particularly, in S-Y, on one hand, it is good to see that < 001 > //X-
axis was formed stably in the core of the samples, which offers the po-
tential to align the easy axis with the applied magnetic field when
designing magnetic testing samples. On the other hand, it is inefficient to
align the easy axis with the applied magnetic field with a single scanned
SS, since only the limited numbers of the grains with < 001 > //X-axis
can be found in S-Y. Consequently, the enlarged area of < 001 > //X-
axis in Fig. 2 (d2, e2) and notable increase of the MUD value of
< 001 > in Fig. 2 (d3, e3) shows that the usage of double scanning can
overcome this problem. Particularly, in D-XY, the area of the sample
exhibiting < 001 > //X-axis was substantially enlarged, resulting in the
highest MUD value of 7.89 for < 001 > //X-axis — almost twice that of
the other SS.

To further clarify the texture features, an inspection of texture
components was additionally conducted based on Fig. 2 by calculating
the ODF maps (Fig. 3) and quantifying the area fraction of each texture

(a)oo S'?,ﬁ/Y
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component (Fig. 4). In general, the pronounced intensity distribution
along the 0-fiber axis in Fig. 3 with it constituting over 50 % of the area
fraction in Fig. 4 further confirms that the 0-fiber texture is the pre-
dominant texture type in this study (except in the S-Y samples). Addi-
tionally, the strong {001}< 110 > (Rotated Cube texture) and {001} <
100 > (Cube texture) were detected in the S-X sample and the D-XY
sample, respectively, both of them account for around one-third of the
cross-sectional area.

Since the S-X sample and the D-XY sample exhibited pronounced and
distinctive texture components, they were selected for the following
study about annealing and quasi-static magnetic testing. S-X/Y, as the
mostly used SS in LPBF research, was also included in the comparison.

3.2. Influence of annealing on microstructure

The HTed microstructure is shown in Fig. 5 through IPF-X colored
EBSD maps, where (a)-(c) correspond to the samples manufactured by
using S-X/Y, S-X, and D-XY, respectively, and (1)-(3) represent the HT
conditions of 1000°C for 2h, 1100°C for 2 h, and 1150°C for 2 h,
respectively. The investigation of the HT microstructure will primarily
focus on two critical aspects: grain size (including grain growth) and
texture components because both are key factors influencing magnetic
properties.

Compared to Fig. 2, the HTed microstructure in Fig. 5 demonstrates
the effects of HT varied among the different SS-fabricated samples.
When the samples underwent annealing at 1000°C for 2 h or 1100°C for
2 h (Fig. 5 (al-c2)), the microstructure remained unchanged from the AF
condition with no visible grain growth. Thus, it can be inferred that only
the recovery occurred without the visible recrystallization under these
two HT conditions. This finding deviates from previous research on
HTed microstructure of the LPBFed electrical steel [40,41,48,60,61]. As
compared to the AF microstructure in these studies, the AF micro-
structure in this study exhibits larger grain sizes and stronger texture.
Under this condition, the surface energy is already minimized [33,35,
65], and the occurrence of high energy boundaries (defined as bound-
aries between grains misorientated by the angle of 20°-45°) with higher
mobility is significantly reduced [25-27,34,35]. Therefore, less driving

(c) S-Y
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Fig. 5. EBSD maps of HTed samples in XY-plane with IPF-X coloring, where (a)-(c) represent S-X/Y, S-X, and D-XY, respectively, and (1)-(3) refer to HT conditions of
1000°C for 2 h, 1100°C for 2 h, and 1150°C for 2 h, respectively.
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force can be provided for grain growth in this study [25-27,33-35,65],
which is the possible reason for the differing findings to previous studies
mentioned above. The texture components of the samples HTed under
1000°C for 2 h were evaluated by using the ODF images calculated from
Fig. 5 (al, b1, and c1), which are shown as Fig. 6. The high intensity of
{001}< 110 >and {001}< 100 >in Fig. 6 demonstrates their
remained dominance in the S-X sample and the D-XY samples, respec-
tively, suggesting no texture evolution under these two HT conditions,
too. However, as the HT temperature increased to 1150°C, the different
effects of HT on the microstructure of different SS-fabricated samples
were observed. In the S-X/Y sample and the D-XY sample, both the grain
size and texture still remained consistent with the AF condition, while a
notable occurrence of AGG was observed in the S-X sample, as evidenced
by the labeled coarse grain in Fig. 5 (b3).

To further investigate the phenomenon of AGG in the S-X samples,
additional HT conditions were applied to the AF S-X samples, and the
corresponding microstructure is illustrated in Fig. 7. Upon comparing
the microstructure shown in Fig. 5 and Fig. 7, it can be deduced that
grain growth (i.e., recrystallization) occurred primarily through the
mechanism of AGG, with no instances of normal grain growth (NGG)
observed.

Under the HT temperature of 1150°C in Fig. 7, although the coarse
AGG grains already became the dominant grain type in the cross-section
of the samples, the other regions within the cross-section retained the
same microstructure as the AF condition (i.e., matrix grains). Even when
the AGG was further promoted by the increasing of the HT temperature
with an exceeding 0.5 mm grain size of the AGG grain, the matrix grains
were still not all consumed by the AGG grains, as indicated by the black-
circled regions in Fig. 7 (d). Besides, it should be noticed that after the
AGG reached an extent under a certain HT temperature (from Fig. 5 (b3)
to Fig. 7 (a)), the additional increase in HT time could neither promote
the growth of AGG grains nor expand the area fraction of AGG grains in
the cross-section (as compared Fig. 7 (b) to (a)). Finally, even though the
HT temperature was raised to 1175°C with the HT time expended to 4 h,
AGG grains had yet to entirely replace the matrix grains, in other words,
a 100 % AGG microstructure was not achieved in this research.

To assess the uniformity of the microstructure within AGG grains and
matrix grains, the Kernel Average Misorientation (KAM) map of the S-X
sample HTed under 1175°C for 4 h is presented in Fig. 8 (a), with the
variation of misorientations along A-A’ (inside the AGG grain) and B-B’
(inside matrix grains) plotted in Fig. 8 (b). Notably, the AGG grain
exhibited a relatively uniform microstructure internally, characterized
by a low KAM level and nearly 0° misorientation variation inside. In
contrast, a higher misorientation level was detected within the matrix
grains due to the existence of substructures. To clarify if there is a
preferred grain orientation of AGG (i.e., recrystallization texture), the
grain orientations of AGG grains were extracted and presented in
Table 1. According to Table 1, the AGG grains neither display a strong
tendency to inherit grain orientations from the matrix grains nor
develop a distinct new preferred orientation. Unlike the highly textured
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el 90° 0° el
14.28
12.85
11.42

10.00

Near {114}<110>
f(g) = 14.28

5.71
4.28
2.86
1.43

90¢ 0.00

8.57 {001}<110>
7.14 f(g) = 32.46

Additive Manufacturing 97 (2025) 104614

matrix grains, the AGG grains exhibited a relatively random distribution
of the grain orientations. It should be declared that the mechanisms
underlying AGG (such as occurrence conditions, nucleation, grain
boundary movement, etc.) are not the primary research focus of this
study, so an in-depth investigation into the AGG phenomenon was not
pursued.

Finally, two kinds of HTed microstructure were obtained in this
study: (1) the microstructure remained the same as the AF condition (i.
e., 100 % matrix grains), and (2) the microstructure with the dominated
AGG grains and a few matrix grains.

3.3. Quasi-static magnetic properties

The quasi-static magnetic properties were investigated with the AF
samples and the HTed samples. The selected HT conditions were 1000°C
for 2 h (denoted as HT-1) and 1150°C for 4 h (denoted as HT-2). Since
the AGG grains were only observed in the HTed S-X sample, HT-2 was
exclusively conducted on the S-X sample. The magnetization charac-
teristics and hysteresis loop of the AF and HTed samples are presented in
Fig. 9 and Fig. 10, respectively. Additionally, a visual comparison of
several key quasi-static magnetic properties is provided in Fig. 11, with
the detailed values listed in Table 2.

Compared to the HTed samples, the AF samples show extremely low
iy and Bsgoo, and doubled H, suggesting their considerable resistance to
magnetization and demagnetization. This hard magnetic response of the
AF samples was then greatly softened by the HT. Especially, even though
neither the grain growth nor the texture evolution happened during HT-
1, the HT-1 samples exhibited much softer magnetic behavior than the
AF samples, which is characterized by the remarkable increase in p; and
B (Fig. 9), and a halving of H, (Fig. 10). Furthermore, the HT-1 D-XY
sample, benefiting from its pronounced < 001 > //H texture, exhibited
the superior fast magnetic response, which can be determined from its
relatively high p, in Fig. 9 (c). Especially, the highest piymax = 4450 in this
research was also obtained in the HT-1 D-XY sample (as shown in Fig. 11
and Table 2), approximately 18 % higher than that of the HT-1 sample
fabricated with SS of S-X/Y (the mostly used SS in the LPBF research).

Compared to the HT-1 samples, the formation of coarse AGG grains
in the HT-2 S-X introduced additional modifications to the quasi-static
magnetic characteristics in some aspects. On one hand, the coarse
AGG grains further reduced the magnetic hardness at the weak H field
(H ~< 50 A/m), where the HT-2 S-X sample exhibited the highest i, in
Fig. 9 (d). This softening effect of the coarse AGG grains on the magnetic
behavior also enabled the HT-2 S-X sample to achieve the lowest Hc
=44.5 A/m and B; = 0.390 T in this research (Fig. 11 and Table 2). On
the other hand, this fastest magnetic response of the HT-2 S-X sample
was not kept at the entire H field with a significant reduction of . as H
beyond around 50 A/m, as shown in Fig. 9 (c). As a result, the HT-2 S-X
sample also exhibited the lowest B3ppo = 1.493 T and prmax = 3692
among all the HTed samples.

(c) D-XY
90° 0° o1 90°
32.46 44.63
29.22 40.17
25.97 35.70
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19.48 e 26.78
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Fig. 6. @2 = 45° section of ODF maps calculated from the Fig. 5 (al)-(c1).
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Fig. 7. EBSD maps of HTed S-X in XY-plane with IPF-X coloring, where HT conditions in (a)-(d) are 1150°C for 4 h, 1150°C for 6 h, 1175°C for 2 h, and 1175°C for
4 h, respectively.

()
——AA

—— B8
35

P e | od w
wn =) 0 o

Misorientation (cumulative) (°)

g
o

0.5

0.0

20 25 30

15
Distance (um)

Fig. 8. (a) the Kernel average misorientation (KAM) map of the S-X sample annealed under 1175°C for 4 h, (b) shows the cumulative misorientation distribution
along the arrows in (a).

Table 1

Grain orientations of the labeled AGG grains in Fig. 5 and Fig. 7.
Grain No. Euler angles The closest grain orientations with respect to

@1 (%) o2 () @3 (%) X-axis Y-axis Z-axis

#1 26.26 (£ 0.27) 17.58 (+0.10) 31.95(+0.38) < 3-41 > < 32-1> <114 >
#2 31.90 (£0.17) 36.89 (£0.11) 51.68 (£ 0.15) <1-41 > < 30-2> <112 >
#3 58.80 (£ 0.14) 26.50 (£ 0.09) 1.04 (£ 0.11) < 3-42 > < 42-1 > <012 >
#4 158.57 (£ 0.24) 20.99 (£ 0.20) 8.99 (+0.25) < —4-11 > <1-31> <013 >
#5 179.29 (£ 0.90) 6.96 (+ 0.26) 48.28 (£ 0.89) < -110 > < —4-41 > <001 >
#6 126.89 (£ 0.27) 40.65 (£ 0.12) 37.18 (£ 0.22) < —4-13 > <1-21> <234 >
#7 355.16 (+ 1.03) 10.14 (+0.19) 23.14 (+£1.05) < 3-10 > <14-1> <014 >
#8 126.80 (£ 0.25) 27.20 (£0.14) 85.42 (+0.24) < —432 > < —2-41 > <102 >
#9 34.87 (£ 0.26) 28.03 (£ 0.34) 31.24 (£ 0.17) < 2-41 > < 31-1> <124 >
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Fig. 9. (a) and (c) are quasi-static magnetization curves and corresponding i, respectively. (b) and (d) are magnified versions of H = 0-100A/m in (a) and (c),

respectively.

EBSD maps in XZ- and YZ-plane are also provided in Fig. S3, in which the
well-developed epitaxial grain growth can be demonstrated from the
columnar grains exceeding dozens of layers exhibiting the same grain
orientations with respect to BD. The formation of different texture types
at the shell and the core of the samples can be explained by two char-
acteristics of the side morphology of MP, which are (i) the lack or

4. Discussion
4.1. Formation of texture under different scanning strategies

To clarify the formation mechanism of texture components, the
morphology of MP in YZ-, XZ-, and XY-plane was investigated and

presented in Fig. 12, Fig. S2, and Fig. 13, respectively.

4.1.1. Formation of out-of-plane texture

In Fig. 12 and Fig.S2, the dashed lines represent molten pool
boundaries (MPB), and the directions of epitaxial growth are approxi-
mately illustrated by the arrows. As < 001 > is the preferred solidifi-
cation crystal orientation in BCC structures, these arrows also signify the
direction of the < 001 > crystal orientation. Besides, IPF-Z colored

absence of remelting in the first and last scanning tracks of each layer in
Fig. 12 (a), and (ii) the heat concentration induced deeper MP at the
head/tail of the scanning track in Fig. 2 (b).

As illustrated by the dashed lines in Fig. 12 (a4) and Fig. S2 (b2), a
single scanning track exhibited a keyhole shape with the laser pene-
trating much deeper than its affecting width. As the direction of the
epitaxial grain growth is essentially perpendicular to the MPB [67], only
the bottom region of the keyhole-shaped MP enabled the grains to grow
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Fig. 11. The comparison of B3pgg, Hrmaxs He, and B, of AF and HTed samples.
Table 2
The statistics of the quasi-static magnetic properties in Fig. 10 and Fig. 11 with a comparison to other work.
Materials Fabrication Condition B3000 (T) Hrmax yi (mH/m) H. (A/m) B, (T) Ref.
Fe—3.5 wt%Si S-X/Y AF 1.353 1476 0.2093 117.1 0.423 This work
S-X AF 1.456 1292 0.1850 177.2 0.527
D-XY AF 1.387 1397 0.2198 133.5 0.447
S-X/Y HT-1 1.594 3759 0.2258 62.3 0.775
S-X HT-1 1.569 4349 0.2820 80.2 1.054
D-XY HT-1 1.584 4450 0.3164 62.4 0.900
S-X HT-2 1.493 3692 0.3383 44.5 0.390
Fe—3 wt%Si LPBF HTed 1.641 (Bsooo) 3370 N.A. 92 0.763 [66]
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Fig. 12. The side morphology of MP in YZ-plane. (a)-(c) represent S-X, S-Y, and D-XY, respectively, and (2)-(4) are the magnified versions from the left-side
boundary, center, and right-side boundary of the entire width of the samples (i.e., (1)), respectively. The dashed lines and blue arrows show the MPB and

epitaxial growth direction, respectively.

parallel to BD, forming the < 001 > //BD texture, while the grains in the
upper region tended to grow at various angles with respect to BD under
the additional affected by Marangoni flow. This was also observed in the
LPBF-manufactured FeCrAl alloy by Dovgyy et al., where only the grains
located in the center of the MP can outgrow grains from the side of MP to
across multiple layers with a preferred orientation of < 001 > //BD,
making them highly textured and columnar [68]. Therefore, the grain
orientations with respect to BD varied along the depth direction of the
MP within a single track rather than forming a uniformly < 001 > //BD
texture. To finally form the strong < 001 > //BD texture in Fig. 2, the
remelting of the MP by the following scanning played a crucial role. The
different morphology of MP in Fig. 12 (a3) and Fig. S2 (b1) (the core of
the samples) from Fig. 12 (a4) and Fig. S2 (b2) suggests that the
remelting from the adjacent tracks not only enlarged and flattened the
bottom region of the MP but also removed the side part of the MP, which

11

enhanced the strength of the < 001 > //BD texture and eliminated
non-< 001 > //BD grains, respectively. When the successive layers
were added, the non-< 001 > //BD grains in the upper region of the MP
were also removed by the remelting effect from these layers. Ultimately,
only the bottom region of the MP with < 001 > //BD grains remained
leading to the formation of a strong < 001 > //BD texture. However, for
the first (Fig. 12 (a2)) and the last scanning tracks (Fig. 12 (a4)) in each
layer, the remelting process by the adjacent tracks was insufficient or
even absent, respectively, resulting in the curved MPB. Since the curved
MPB was not conducive for grains to grow with < 001 > //BD, the
non-< 001 > //BD grains were observed at the shell of the S-X sample in
Fig. 2 (b).

The morphology of MP in Fig. 12 (b) suggests that the heat con-
centration at the head/tail of the scanning track was another factor
causing the formation of non-< 001 > //BD grains at the shell of the
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Fig. 13. (a)-(c) are the top surfaces of S-X, S-Y, and D-XY, respectively, and (d)
is the entire width version of D-XY. The solid lines, dash lines, and yellow ar-
rows represent the MPB, center lines of laser movement, and approximate
thermal gradient, respectively.

sample. In the center of the scanning tracks, the continuous movement
of the laser and sufficient cooling time were beneficial for forming a
stable and uniform thermal field. However, at the head/tail of the
scanning tracks in the unconnected zigzag scanning pattern, the short
interval for cooling and the high energy input from the starting laser
pulse of each scanning resulted in an unstable MP with heat concen-
tration. Thus, the MPB appeared relatively straight and flat at the center
of the scanning tracks (Fig. 12 (b3)), but drooped at the head/tail of the
scanning tracks (Fig. 12 (b2, b4)). As indicated by the blue arrows in
Fig. 12 (b), the former scenario was beneficial for grains to grow
epitaxially along the BD, while the latter scenario led to a deviation of
the directions of epitaxial growth of grains from the BD. Therefore,
< 001 > //BD and non-< 001 > //BD grains appeared at the shell and
the core of the S-Y sample, respectively.

According to Fig. 12 (c) and Fig. S2 (c), the enhancement of the
0-fiber texture in the D-XY sample can be inferred as the result of the
more regular MP formed during the second scanning pass. On one hand,
the MP in Fig. 12 (c) and Fig. S2 (c), exhibited similar characteristics to
the S-X samples and S-Y samples at the shell (lack or absence of
remelting) and the core (straight and flat MPB) regions, respectively. On
the other hand, the MP in Fig. 12 (c) showed a much more regular
pattern with the almost parallel MPB. This refinement in the MP
morphology of the D-XY sample may be due to the more uniform and
stable thermal field during the second scanning pass. In comparison to
the powder bed in the first scanning pass, the solidified bulk bed with a
smoother surface in the second scanning pass had a smaller specific
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surface area and higher laser reflectivity, which can efficiently reduce
the energy absorption of the laser beam by the printed materials.
Benefiting from this reduced energy absorption, when the second
scanning pass of the D-XY sample moved along the same route as S-Y, the
heat concentration, which happened in the S-Y sample, was effectively
relieved, and the deeper MP was thus avoided. As a result, the straight
and flat MPB in the core of the sample was even retained in the shell
region of D-XY samples (Fig. 12 (c2, c4)), which significantly eliminated
the strong < 111 > //BD texture at the shell of the S-Y sample. Conse-
quently, with the benefits of the refined MP morphology, epitaxial
growth was significantly promoted to align with BD in the D-XY samples,
even in the shell region, ultimately leading to the enhancement of the
0-fiber texture in the D-XY sample.

Except above two characteristics of the side morphology of MP, the
aspect ratio of columnar grains was also reported as the factor influ-
encing grain orientations with respect to BD. Specifically, an aspect ratio
greater than 4 promotes the formation of < 001 > //BD texture, while
an aspect ratio below 4 tends to result in little texture development [68].
According to Fig. S3, the aspect ratio of nearly all columnar grains
clearly exceeds 4, suggesting that this factor is likely not the primary
reason for the formation of different texture types in this study.

4.1.2. Formation of in-plane texture

In Fig. 13, the solid lines, dashed lines, and yellow arrows represent
the MPB, laser movement route (i.e., scanning track center), and the
approximate thermal gradient directions, respectively. In the following
discussion about the formation mechanism of in-plane texture, only the
0-fiber texture will be taken into consideration due to its dominance in
the texture components in this research.

Similar to the findings in our previous study [37], the MP in the S-X
samples exhibited a teardrop shape, a result of the combination of high
laser power and fast scanning speed, which can be characterized by
straight and sharp MPB tails. Since the thermal gradient is essentially
nearly perpendicular to the MPB (as indicated by the yellow arrows in
Fig. 13 (a)), the direction of the grain growth, which is also the
< 001 > crystal orientation in BCC, would also approximate be
perpendicular to the MPB. Considering the geometric relationship be-
tween < 001 >and < 011 > (represented by the yellow cube in
Fig. 13), the < 011 > crystal orientation pointed to the SD (i.e., X-axis).
The combination of < 011 > //X-axis and < 001 > //BD ultimately
enabled a strong Rotated Cube texture formed in the S-X samples.

In S-Y samples, the short length of the scanning tracks led to shorter
intervals between adjacent scanning tracks as compared to the S-X
samples. As a result, although the laser scanned along the Y-axis in the S-
Y samples, the overall thermal field was generally distributed along the
X-axis with the thermal gradients in a similar direction. As evidence, the
MPB in Fig. 13 (b) even crossed the center of the scanning track. This
finding was also confirmed by Haines et al. with the simulation of the
thermal field of the short scanning tracks (0.5 mm) [48]. This feature of
the thermal field enabled the grains to grow with their < 001 > crystal
orientations along the X-axis, forming a Cube texture in the S-Y samples.
However, since most grains in the S-Y samples oriented with
non-< 001 > //BD, only limited grains at the core of the samples finally
exhibited Cube texture.

Similar to the previous analysis of the side morphology of MP, the top
morphology of MP was also refined due to the more uniform and stable
thermal field during the second scanning pass. The above thermal field
feature in the S-Y samples was enhanced by the refined MP, where
except for the centerline of the scanning track, no other fusion lines are
observed at the center of the sample in Fig. 13 (c). The absence of fusion
lines further also demonstrated that the overall thermal field was
distributed along the X-axis, as illustrated by the red region in Fig. 13
(d). As the preferred solidification direction is essentially parallel to the
thermal gradient, it can be inferred from the schematic of this thermal
field and the observed fusion lines at the shell of the samples in Fig. 13
(d) that the grains most possibly solidified with their < 011 > //X-axis
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and < 001 > //X-axis at the shell and core of the D-XY samples,
respectively, which is well matched with IPF-X color pattern in Fig. 2
(d2). Finally, taking advantage of the enhanced < 001 > //BD grains by
the second scanning pass, the strong Cube texture was formed in the D-
XY samples.

4.2. Relationship between microstructure and quasi-static magnetic
properties

In this study, the quasi-static magnetic properties were influenced by
three microstructural factors: (i) the residual stress and dislocation
density, (ii) the texture components, and (iii) the grain size.

Since the texture components and the grain size of AF samples were
not changed after HT-1 annealing, the improvement of the quasi-static
magnetic properties of HT-1 samples mainly resulted from the relief of
the residual stress and reduction of the dislocation density by the re-
covery. In AF samples, the existence of high residual stress and the
dislocations could cause lattice distortion, which increased magnetic
anisotropy and reduced the permeability. Besides, the dislocations
themselves also acted as obstructions hindering the domain wall
displacement during the magnetization process. Therefore, the AF
samples exhibited a much harder magnetic response, and the p, was
increased significantly after annealing.

Additive Manufacturing 97 (2025) 104614

After HT, it could be considered as that the residual stress was fully
relieved, and the dislocation densities were reduced to a similar level.
The texture components and grain size then became the primary factors
affecting quasi-static magnetic properties, and the details of the grain
sizes of the HT samples are provided in Fig. 14. In general, the stronger
<001 > //H texture and the larger grain size are beneficial for
achieving a softer magnetic behavior due to lower required magneti-
zation work, but their effect on the quasi-static magnetic characteristics
differed at the different magnetization stages. When the samples were
magnetized under a weak H (i.e., H ~< 50 A/m), the magnetization
process occurred only in the manner of the domain wall displacement,
which can be hindered by domain wall pinning from the grain bound-
aries. Therefore, the HT-2 S-X sample, which took great advantage of its
large grain size (66.8 pm) induced by AGG, exhibited the softest mag-
netic response (i.e., the highest p,) at this stage, even though the grain
orientations of the AGG grains were random instead of the preferred one
(as in the HT-1 D-XY samples). As H increased, the magnetization
mechanism of the samples gradually changed to the rotation of the

magnetization vector (M), so differences in magnetocrystalline anisot-
ropy of different texture components started to affect the magnetization
hardness. Specifically, the strong < 001 > //H texture in the HT-1 D-XY

sample made its retained M closer to the direction of H than other HT

s . . -
samples, so less magnetization work was required for it to rotate M
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Fig. 14. The grain sizes of the HTed samples.
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pointing to the direction of H. Therefore, the HT-1 D-XY sample with the
extremely strong {100}< 001 > crystallographic texture and larger
grain size (46.1 pm) achieved the softest magnetic response at this stage,
characterized by its excellent p, and the highest pymax. In contrast, the
HT-2 S-X sample became the most difficult one to be magnetized due to

the highest magnetization work required to rotate M in the AGG grains
with random crystallographic orientations pointing to the direction of H.
Similar to [69], the same magnetization behavior has been seen in
conventional manufactured soft magnetic materials in different
magnetization regions.

The effect of above microstructure characteristics on H can be dis-
cussed by the GSDCP theory, in which H, is described as a function of
average grain size (D). Specifically, when the grain size is larger than the
domain wall width, this function could be expressed as [70]:

kpT.K; 1
ad

~

Hc (€8]

D

Where kg is the Boltzmann constant, T, is Curie Temperature, K; is
magnetocrystalline anisotropy, a is lattice constant, and J; is magnetic
saturation polarization. In Eq. 1, the influence of microstructure features
other than grain size (such as residual stress, lattice defects, lattice
distortion, and disordering structure, etc.) on the H. is reflected on
affecting K; and o, which is why the H, of the AF samples was signifi-
cantly higher than that of the HT-1 samples, even though there was no
grain growth during HT-1., The H. and D~ of all the measured samples
in this study were summarized in Fig. 15 for further exploration of their
relationship. Since the residual stress and lattice distortion have been
relieved by annealing and Fe-3.5Si (wt%) is a single-phase structure, the
K; and o can be assumed as constants in the HT samples. Taking T,
=1043K, K; =34 x 10° J/m% o = 2.86 A, and J; =2 T [5,7,71,72]
into Eq. 1, the expression becomes:

(2)

Meanwhile, the relationship between H, and D! of the HT samples
in this study was also fitted with a linear function, which the expression
is:

H.=2776.2x D!

H, =7.94+2542.4 x D! 3)

Eq. 2 and Eq. 3 were plotted as dashed and solid lines in Fig. 15,
respectively. It could be found that the fitted expression is well matched
with the theoretically calculated expression in Fig. 15. This not only
confirms the relief of residual stress through annealing but also suggests
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Fig. 15. Comparison of H, vs D! obtained in this study.
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that texture components do not significantly affect H.. Moreover, it
provides valuable insights into the numerical relationship between grain
size and H. in this research.

4.3. Proposed method to control in-plane grain orientation distribution of
LPBFed electrical steels

According to the findings in this research, a method to control in-
plane grain orientation distribution of Fe-3.5Si (wt%) of a certain
shape can be proposed. The basic idea is illustrated in Fig. 16 as the
example. The long scanning along the contour shape of the object
(shown as blue arrow lines) would enable the < 011 > crystal orienta-
tion to align with the contour shape. Subsequently, performing another
short scanning perpendicular to the initial scan (shown as red arrow
lines) in the same layer can replace this < 011 > crystal orientation with
< 001 > crystal orientation.

5. Conclusions

In this research, the laser powder bed fusion (LPBF)-manufactured
Fe-3.5Si (wt%) with extremely strong Rotated Cube texture (i.e.,
{001}<011 >) and Cube texture (i.e., {001}<001 >) was obtained by
using scanning strategy (SS) of the single scanning along X-axis (denoted
as S-X) and double scanning along X-axis and Y-axis successively in the
same layer (denoted as D-XY), respectively. A comprehensive charac-
terization and comparison of the quasi-static magnetic properties of as-
fabricated (AF) and heat-treated (HTed) samples was conducted using
DC closed magnetic circuit testing. Furthermore, the formation mecha-
nism of texture and microstructural effects on quasi-static magnetic
properties were investigated. The key findings of this study can be
summarized as follows:

(1) Regarding the out-of-plane texture, the sufficient remelting and
the uniform and stable thermal field in molten pools (MP) located
at the core of samples facilitated the formation of a strong 6-fiber
texture by promoting epitaxial growth aligned with building di-
rections (BD). However, the epitaxial growth at the shell of the
samples deviated from BD due to the lack or absence of remelting
and deeper MP induced by heat concentration, which led to the
formation of non-< 001 > //BD grains.

(2) As the scanning track length decreased, the in-plane grain ori-
entations of O-fiber texture shifted from < 011 > //X-axis to
< 001 > //X-axis due to the different cooling conditions. The
sufficient cooling time of MP in a long scanning track enabled to
form a teardrop-shaped thermal field, while the heat concentra-
tion due to the shorter intervals between shorter tracks led to the
formation of a larger elliptical thermal field across the entire
width of the samples. The distinct thermal gradients in these two
thermal fields resulted in grains at the core of the samples
growing with < 011 > //X-axis and < 001 > //X-axis in the long
and short scanning tracks, respectively.

]

Fig. 16. Illustration for the proposed method of controlling grain orientations.
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(3) In the D-XY samples, the morphology of MP can be refined by the
more uniform and stable thermal field in the second scanning
pass. This refinement of the MP enhanced the characteristics
beneficial for the formation of both < 001 >//BD and
< 001 > //X-axis grains, ultimately developing into a strong
Cube texture.

The grain size and the texture components in the HTed S-X/Y and
HTed D-XY samples retained the same as the AF condition. In this
research, grain growth only occurred in the manner of abnormal
grain growth (AGG) and was observed only in the S-X samples
under specific heat treatment (HT) conditions. All the HT con-
ditions used in this research cannot promote AGG grains to
consume all the matrix grains to obtain the microstructure with
the entirely AGG grains.

Quasi-static magnetic properties of AF samples were deteriorated
seriously by the residual stress and dislocations, which can be
eliminated by HT. When the samples were magnetized through
domain wall displacement (magnetic field strength (H) ~< 50 A/
m) and rotation of the magnetization vector (H ~>50 A/m), the
magnetic response could be softened by the large grain size and
the desirable texture component (i.e., <001 >//H), respectively.
According to Grain Size Dependence of Coercivity and Perme-
ability (GSDCP) theory, the large grain size can also reduce the
coercivity (Ho). Benefitting from the corresponding microstruc-
tural advantages, the D-XY sample annealed at 1000°C for
2 hours (HT-1) exhibited the excellent overall relative perme-
ability () and highest maximum relative permeability (jmax) of
4450, and the S-X samples annealed at 1150°C for 4 hours (HT-2)
achieved highest i, at H ~< 50 A/m and lowest H. of 44.5 A/m.

(€]

5

-

Finally, a method to control the in-plane grain orientation distribu-
tion of Fe-3.5Si (wt%) of a certain shape was proposed. Based on this
method, it will be possible to control the < 001 > or < 011 > crystal
orientations distributing along the wanted direction in the electric
motor with a certain geometry by designing SS, hence providing po-
tential methods to improve motor performances.
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