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Abstract

Manufacturing stable grain-oriented electric steel with fewer procedures remains a challenge due to the
formation of detrimental y-fiber//ND texture. In this work, Laser Powder Bed Fusion (LPBF) process
was employed to obtain a strong A-fiber (//ND) texture in a Fe-3.5wt%Si electrical steel. The texture and
microstructure were characterized by Electron Backscatter Diffraction (EBSD), Scanning Electron
Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS) and High-Resolution Transmission
Electron Microscopy (HRTEM). The EBSD results showed a strong A-fiber texture on the top plane of
Fe-Si alloy. It included {001}<001> Cube texture, {001}<110> rotated cube texture and {100}<105>
texture. With the low energy density, an area fraction of 16% y-fiber texture was formed on the top plane.
Additionally, the formation of amorphous precipitates in additively manufactured Fe-Si alloy was firstly
reported. The lattice constant of 2.7975A was calculated in the matrix area. The work has shown LPBF
can open a new door to manufacture grain-oriented electrical steel for industrial applications.
Keywords: Additive manufacturing; Laser bed powder fusion; Microstructure; Amorphous precipitates;
Texture;

1. Introduction

Electrical motors have greatly piqued the interest of researchers all around the world, because of rapid
growth of the electric vehicle market and ever-higher efficiency criteria. Currently, electric motors are
primarily designed with lamination structure of silicon steel, benefitted from their economical cost,
outstanding magnetic performance, and adequate mechanical strength. Since its invention in 1880s, Fe-
Si alloys have still been the main material to produce laminated cores for electrical equipment [1]. Fe-Si
alloys can be categorized into two major groups, namely non-oriented electrical steel (NOES) and grain-
oriented electrical steel (GOES), with doping varied silicon content to meet the needs of diverse
applications. The GOES with Goss texture ({110}<001>) exhibits outstanding magnetic performance of
low core losses and strong magnetic induction parallel to the rolling direction. Therefore, the GOES have
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been widely employed as the transformer core. But this is not the case in the transverse direction, where
the optimal GOES for a rotating magnetic field is not available. Although NOES is referred to “non-
oriented” in comparison to GOES, it is magnetized to all directions of the laminated plane in the motor
core, i.e., the easy magnetization <100> axes lie in the sheet plane and a <100>//ND texture is needed.
Cube texture ({100}<001>) contains two easy magnetization directions, i.e., lie in the transverse and
rolling direction, to optimize the efficiency of electric motors. The NOES are manufactured with several
procedures, such as purification, hot rolling, pickling, cold rolling annealing, temper rolling and
insulation coating [2]. However, these conventional manufacturing processes are difficult to create cube
texture, because cube orientation is unstable and tends to transform into y and a-fiber texture in the final
products [3].

Numerous innovative trials have been made to investigate the formation of electrical steels with strong
{100} texture or cube texture. Cross rolling and subsequent annealing lead to a secondary
recrystallization of cube texture in NOES by Taguchi et al. [4]. Tomida et al., [5] acquired {001} texture
in NOES using the transformation of y— o phases by the decarburization under a vacuum. Liu et al.,[6]
developed columnar grains with A-fiber (<001>//ND) texture using twin-roll strip casting technique,
followed by cold rolling and annealing in 3.2wt%Si-0.7wt%Al NOES. Fang et al., [7] reported a
phenomenon with remarkable abnormal grain growth of {100} grains appearing in the as-casted strip
after annealing. Grain size advantage and surface energy is attributed to the formation of abnormal grain
growth of {100} grains in NOES. Unlike the conventional rolling and annealing routes, Mehdi et al., [8]
proposed to alter the initial texture by a simple rolling scheme before cold rolling. Such pre-engineering
process resulted a rotated Goss texture that would produce cube crystallites after rolling process within
the shear bands where nucleated a strong cube texture in the final sheet. Zhou et al., [9] acquired a strong
cube texture with orientation distribution function (ODF) density of 50.73 mrd using cross-rolling and
pulsed electric current technique in the grain-oriented electric steel.

Apart from the above techniques, Laser Powder Bed Fusion, is another promising way to induce
crystallographic textures [10]. With its characteristics of computer-aided-design, the conventional
lamination structure of electric motors could be integrated into an integrated structure without multiple
conventional processes such as cutting, punching and coating insulating layers. Recent investigations
showed that Fe-Si alloys can be successfully printed using additively manufacturing techniques. A near-
full density high-silicon steel (Fe-6.9wt%Si) was successfully fabricated with LPBF by Garibaldi et al.
[10]. They reported a <001> fibre-texture along the build direction, which transforms into a cube texture
when the laser energy increases. They also found that the annealed sample can still retain the
crystallographic orientation induced by as-printing process [11]. Goll et al. developed large columnar
grains along building direction in Fe-6.5wt%Si alloy [12]. It was found that scan pattern and geometry
also have a critical influence on the microstructure of Fe-Si alloy during the LPBF process. Both single
and double scanning strategy have induced fibre texture (<100> type) on the normal (XY) and parallel
(XZ) planes, while the double scanning strategy exhibited stronger texture intensity in comparison to
single scanning. Additionally, Plotkowski et al., [13] designed and fabricated a Hilbert-curve inspired
Fe-3wt%Si and Fe-6wt%Si transformer core via laser powder bed fusion. The magnetic performance
showed the AM transformer have comparable or even better performance in comparison to NOES sheet.
However, the core losses are higher than the GOES sheet. Although the grain size increased dramatically
after annealing, the y-fibre or near y-fibre texture were also formed in both IPF maps of the annealed



83
84
85
86
87
88
89
90
91
92
93
94
95

96

97
98
99
100
101

102
103

104

3wt%Si and 6wt%Si sample. In the electric motor area, Koo et al., [14] also designed and printed
structurally-layered stators (Fe-6.5wt%Si alloy) for novel axial-flux motors using LBPF and surface
insulation (SiO- layer) After heat treatment, the Fe-Si sample exhibits enhanced magnetic performance,
i.e. 34.6A/m Hc, 7393 Urmax, and 1.68T Ms However, it is insufficient to analyse the microstructure and
texture of the as-printed or the as-annealed Fe-Si sample. And the microstructural analysis of additively
manufactured Fe-Si alloys is still far away from complete.

Therefore, in this work, a LPBF machine was employed to print Fe-Si electrical steel bulks, followed by
microstructural characterizations using SEM-EDS, EBSD and HR-TEM techniques. An extremely
strong A-fibre texture was successfully produced in the additively manufactured Fe-Si alloy via LPBF.
The purpose of this study is to create strong A-fibre texture for the fabrication of components of transverse
flux electric motors as the flux inside the motor is three-dimensional, which might optimize magnetic
route and increase power density while maintaining high efficiency.

2. Material characterization and experimental procedures

The atomized Fe-3.5wt%Si (supplier: Coatec, Ltd Singapore) with particle size distribution of
D10=15.62um, Dsp=27.29um, Dgo=46.93um, shows the uniform spherical morphology in Fig. 1b. The
nominal chemical composition of the Fe-3.5wt%Si powder is: 3.44wt% Si, 0.052 wt% O, 0.006wt% C,
0.009 wt% P, 0.003wt% S and balanced Fe.
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Fig. 1 The schematic diagram of the sample coordinate (a), laser scanning strategy (b) and the BSE
image of 3.5Si Spherical powders(c)
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Fig. 2 Densification curves(a); Optical Microscope image for Parameter 1(b); OM image for the top-
view of Parameter 2 (c) ;OM image for the top-view of Parameter 10 (d)

Table 1 The detailed parameters of laser powder bed fusion process

Rotate Energy
Laser Layer Hatch Speed ) L
. . angle (°) density Nomination
Power (W) thickness(um)  spacing(um) (mm/s)
(I/mm3)
1100 75.76 P10
1000 83.33
900 92.59
800 104.17
150 20 90 67 750 111.11 N.A.
650 128.21
600 138.89
550 151.52
500 167 P2
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The 3D printing work was carried out using TruPrint 1000 manufactured by Trumpf ptd Ltd., equipped
with a 200w Yb-YAG fibre laser with a focal diameter of 30um. The powders were deposited onto a
steel substrate with a diameter of 100mm. Argon gas (purity: 99.999%) was used to reduce the content
of oxygen to around 100 ppm to avoid any oxidation happened during the printing process. As shown in
Fig. 1Fig—1a, Athe stainless steel plate without preheating was employed as substrate to support the
printing work. The strips scanning strategy with a rotation angle of 67° by layers was employed to reduce
the internal residual stress and thermal effects;-as-shewn-in-Fig—ta. More detailed LPBF parameters with
corresponding nomination can be found in Table 1. The density measurement of the printed samples was
carried out using Archimede's Principle with XSE204 Analytical Balance, Mettler-Toledo Itd., Swiss.
All the samples in this work were in as-built condition without any heat treatment.

The microstructure of additively manufactured Fe-3.5wt% Si alloy was characterized by SEM/EDS,
EBSD and TEM techniques. The as-received bulk sample with a dimension of 5 by 5 by 5 mm was cut
into sample pieces, followed by the procedures of grinding using silicon carbide papers and polished
with 9um, 3um, OPS polishing suspensions to the mirror-like surface. The EBSD detector (symmetry,
Oxford instrument, UK) was equipped on a Field Emission Scanning Electron Microscopy (FESM, JEOL
Model 7800, Japan). The texture was characterized by ODF and the deviation angle for texture
component is 20°. The TEM sample was prepared with FIB (Focusing lon Beam) on a Zeiss SEM 550
Model using various currents (30nA, 3nA, 300pA, 50pA and low kV polishing). A JEOL 2100F electron
microscope was used for TEM/HRTEM observation.

3. Results

3.1 Textural characterization

As contrast, Fig. 3 illustrate the crystallographic orientations of the as-received 3.5Si powder. From the
pole figure (Fig. 3b), it can be seen that the orientation of grains distributed randomly and the maximum
m.u.d is 10.88. The large angle (>10°) grain boundary is indicated by black lines while the low angle
(2°~10°) boundary is shown by grey lines. There are more than 2 grains with different orientations inside
one powders and the subgrain boundary can also be found inside the grains. This is because nuclearation
in a coarser particle nucleartion can occure at a greater number of places than those in a finer particle.
Furthermore, the latent heat and re-solidifcation caused—remiting—isare more likely to cause
remeltinghappen in coarser particles, and hence-which leading-te the coarse particles to have multiple
fine grains. [15]

There are many works showing 3D printed microstructure could exhibit strong crystal textures with <001>
orientation parallel to the build direction [16-19]. In this work, a strong {001}//BD (A-fiber) texture is
obtained in all three samples along Z direction, as seen in Fig. 4. The <001> crystal orientations of the

as-built sample (P1&P2) are nicely aligned with the building direction. As previously stated, there are

several beneficial texture components (e.g., {001}<001> Cube texture, {001}<110> rotated cube texture

and {110}<001> goss texture) in the electrical steels. In Fig. 4a, the IPF Z map of the P1 top plane (X&Y

plane) showed that almost all grains are aligned along the ND direction. The responding texture mapping

(Fig. 4b) of P1 top showed that there are no {110}<001> texture and {111}//BD. The largest composition

part is {001}<110> texture (40.1%), followed by {001}(105) texture (30.9%) and {001}<001> Cube
5
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texture (19.1%). Additionally, there are limited grains whose axis is along with <110> direction as
indicated by green color. As reported by S.Takajo et al. [3, 20], Rotated Cube texture also exhibited
outstanding magnetic properties in the direction of 45° to the rolling direction. However, the formation
of Rotated Cube texture is difficult since it is stable during rolling processing, but it is difficult to grow
during annealing or is devoured by the growth of other grain orientations like {111}//BD grains. The
phenomena come with the fact that the Rotated Cube texture gets less stored energy during the cold
rolling processing. Rotated cube was found in a low carbon steel after severe cold rolling at 99.8%, but
the 99.8% cold rolled sample also show an abnormally strong a-fiber deformation texture [20]. Sam et
al., [21] found that only 5% Rotated Cube texture was obtained after the first heavy cold rolling in Fe-
3%Si electric steel. With the annealing processing, it increased to 40% but nearly no changes in the
subsequent cold rolling and annealing processing. As shown in Fig. 4, nearly one-third with orientation
{001}<105> is formed. Zhou [9] et al., found a specific recrystallization texture rotation path in the cross
cold rolling together with electric pulsed treatment, namely: {114}<261> —{114}<151>
—{114}<041>— {001}<150> — {001}<150> —{001}<010>. Additionally, Liu et al., [6] developed
A-fiber texture with a peak at {001}<510> in a non-orientated Fe-3.2wt%Si sheet with cold rolling and
annealing. The magnetic induction was greatly strengthened. The favoured nucleation and grain growth
via the strain-induced grain boundary migration mechanism result in the formation of {001}<510>
texture.

In Fig. 4c and Fig. 4d, the laser scanning paths can be observed sharply. The dominate texture is
{001}//BD fiber texture with peaks at {100}<001>, {100}<110> and {100}<105>. The {110}<001>
texture (Goss) is nearly not formed on the P2 top plane while the {111}//BD start to emerge with an area
fraction of 0.02%. The {111} oriented grains of blue colour are distributed randomly on the P2 top plane
as shown in Fig. 4c.
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Fig. 3 The IPF EBSD mapping and its corresponding pole figure showing the crystallographic
orientations of the as-received Fe-3.5wt%Si powders.

As the energy density of P10 is the lowest among the samples, there are lots of defects such as pores of
unmelted particles on the P10 top plane, as seen by the grey background in Fig. 4e. The crystallographic
orientation is dominated by {001}//BD texture (including {001}<110> texture, {001}<110> texture and
{100}<105> texture), while the {110}<001> texture is extremely weak. It should be noted that the area
fraction of {111}//BD fibre texture increases dramatically to 16%, as indicated in blue colour, with much
more {111} oriented grains formed on the P10 top plane. Therefore, the laser energy density is proven
to be an effective method to regulate the crystal orientations of magnetic components.



186
187
188
189

L Texture Components
12.0%

) 20
’l-‘.' Rotated Cube 209%
0 (*1 20
IPF Coloring || ZO e
Fe-BCC
Goss 1L3%
001 ] 2
w1 16.6%
} ° ] 20
101 111 -

Fig. 4 Inverse pole figure mapping and corresponding texture mapping (20° deviation) of the top-view
plane of the additively manufactured Fe-Si alloy: (a)-(b) P1. (c)-(d) P2. (e)-(f) P10. The scale bar is 500

um



190

191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

0 P e

a e d
- - L . @OD<1-10> (001 <1-50= (O01)< 150> (001)=-1-10=
o < —_— T ]
| | (O01)<0-10 /
9 | | M-fiber |
a0
b 11

o 9t 26

o — a-liher' ]
1 ° EEEEN ‘
(1ly=1-10> | (<1-21> (i{)=ttii=

| 1 / M-z

| | [y-fiber

o< | [ I (10)001>

[

i

1075 /mm3)
- P10 (75 J/mm3) 17.54 - P2 (166 J/mm3)
P2 (166 J/mm3) 1598 - PI ( 185 I/mm3)
I P1 (185 J/mm3)

40+

Area fraction (%)

Cube  Rotated Cube {100{<108>  Goss

(HLAZ Others Goss iz
Crystal orientations Crystal orientations

Fig. 5 The texture and area fraction analysis of Fe-Si alloys: (a) ODF mapping of Fe-Si samples. (b)
Guide for crystal orientations in @,= 45° ODF section. (e) Area fractions of various texture components
in the Fe-Si alloys. (f) Magnified mapping for Goss texture and {111} texture.

As shown from Fig. 5a to Fig. 5¢, the ODF mappings illustrate the distribution of the crystallographic
orientations whose dominated orientation for the P1 to P10 samples is {001}//BD fiber texture. The ODF
maximum intensity of {001}//BD fiber texture on the P1 top plane is 10.34 m.u.d, followed by P2 (7.96
m.u.d) and P10 (5.86 m.u.d). In Fig. 5e, it gives out the area fraction of different crystal orientations. The
area fraction of rotated cube and {100}<105> texture have a positive correlation with the laser energy
density while {111}//BD texture and other textures have a negative one. It should be noted that the area
fraction of cube texture does not change with respect to the energy density. In addition, the magnified
Fig. 5f illustrates the extreme weak Goss texture on the top plane of the LPBF Fe-Si alloy. The
“detrimental” y-fiber texture is formed on the top plane, when the laser energy density is not high enough,
i.e., the optimized laser energy or scanning speed should be chosen to avoid the formation of {111}//BD
texture on the top plane.
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Fig. 6 Cross-scetion EBSD maps: IPF Z (a), IPF Y (b), IPF X(c), the scale bar is 200um.
Since the conventional EBSD is a 2D surface texture orientation analysis technique, the cross-sectional
microstructure should also be evaluated to understand the grain orientation in the additive manufactured
bulk sample. Fig. 6 illustrates the IPF mappings of the X&Z plane (P1 sample) from Z (a), Y (b), and X(c)
directions. It can be seen that there are {110} and {001} fiber textures in Fig. 6a& Fig. 6c while in Fig.
7b, the grains are all oriented at the <001> direction. Combining with the surface orientation data in Fig.
4a&Fig. 5a and X&Z plane data in Fig. 6, a {001} grain-oriented electrical steel is printed via laser
powder bed fusion.

10
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3.2 Microstructural characterization

2= N A bt
Fig. 7 Amorphous precipitates analysis by TEM and SEM-EDS maps: (a)-(c) SEM-EDS maps showing
the elements distributions and enrichment of Si, O in the precipitates. (d) As-prepared sample by FIB
technique. (f) TEM image of the amorphous precipitate. (e) Phase contrast of interface between crystal
matrix and amorphous precipitate.

In the metallurgical images shown from Fig. 2b to Fig. 2d, the densifications and microstructural defects
of Fe-Si samples vary with the energy density. As shown in Fig. 2d (P10, energy density of 87 J/mm?q),
there are many defects like pores from unmelted particles with dimension from several microns to
hundred microns. By contrast, the Fig. 2b illustrates the top-plane microstructure of the P1 sample, where
nearly no defects were seen under the optical microscopy. In order to further investigate the
microstructure of LPBF Fe-Si alloy, a FIB sample from the P2 sample, as shown in Fig. 7d, was prepared.
Features such as precipitates (as shown in Fig 4f) were found on the FIB sample surface. The dimensions
of the features vary from a few nanometers to hundreds of nanometers. The “holes” may be the gas pores

11
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or precipitates formed during the LPBF. Therefore, EDS was employed to analyze the elements
distribution on the TEM sample surface. The clear elemental segregation was observed from Fig. 7a to
Fig. 7c. Element silicon and oxygen were enriched in the precipitates while element iron is much lower
in the precipitates area. In addition, a HRTEM image was taken from the precipitates as shown in Fig 4e.
The FFT map of matrix region of interesting is given in Fig. 7e. As highlighted by red circles, the selected
pair of diffraction spots is employed to calculate the d spacing (i.e., 0.9891 A). By matching with PDF
card 04-007-9753, the diffraction plane is (220) and the lattice constant was calculated to be 2.7975A.
By contrast, the FFT image of the precipitate in Fig. 7f illustrates that it is amorphous. Therefore, the
amorphous precipitates are formed during the LPFB process.

It should be noted there are many small black spots distributed uniformly on the top-plane of the P2
(166J/mm?3) samples. The black spots are pores, while it can be found in the additively manufactured
pure Fe from the work of Zafari et al., [22]. The formation of pores is attributed to the lack-of-fusing ,
i.e., insufficient laser energy density to accomplish optimal melting and solidification conditions during
the LPBF processing. In Fig. 8, the SEM-EDS maps shows the area of the black spots are not Si and O
enrichment phenomenon. This means the circle-like defects are not precipitates formed during the SLM.
It is believed these black spots could be the precursor of the amorphous precipitates, while more tests
needed to be carried out to support this guesstimate.

Fig. 8 SEM/EDS images of the P2 sample: (a) SEM image of the P2 sample; (b) to (d) Fe, Si, O EDS
maps.

4. Discussion

It is well known that LBPF is a rapid melting-and-cooling process whose cooling could reach to ~ 10°

12
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K/s[23]. And during the fusing, the maximum temperature in the melting pool could also reach to 4000K
in the argon atmosphere[24]. The solidification texture is determined by local temperature and
competitive grain growth at the liquid-solid interface [25]. The temperature of the melting pool can be
influenced by LPBF parameters such as laser power, laser spot size, scanning strategy, layer thickness,
etc. As reported by Higashi et al.[26], in additive manufactured Mo samples, crystallographic texture
varied with volumetric energy density: a strong <110> fiber texture was observed at high laser powder
and low scan speed(400mm/) while a <001>fiber texture dominated in the microstructure when the scan
speed was increased to 800mm/s. In terms of competitive grain growth, it can also be classified as surface
energy-driven preferential grain growth. In the conventional high-temperature annealing processing, the
{100} texture of the electric steel corresponding to the lowest surface energy preferentially grows in
vacuum or high purity inert gas[27]. According to the first principle of DFT calculation, the {100} family
of planes possess the lowest surface energy, which means that grains with the (00I) orientation (in the
surface-normal direction) or (h00) orientation (in the surface-parallel direction) have the lowest surface
energy thereby growing more faster than other crystallographic directions[28]. According to the Vito's
full charge density (FCD) calculation[29], the surface energy of Fe(100)&Fe(110) are 2.22J/m? and
2.43J/m? while this value of Fe(111) is 2.733J/m? This may explain why there are strong (100) fiber
textures and (110) fiber textures on the X&Z plane of additively manufactured FeSi alloy. Fig. 9
illustrates the process of LPBF and the crystallographic orientation inside the additive manufactured FeSi
bulk samples. Combing with the ODF data and IPF mappings, there are {001} and {110} grains
consisting of the FeSi alloy. And the deviation angle between the Z-axis and the grain abnormal axis is
within 20°.

it : 3 _._YsbY) Y(SDY)

’ ; 5
\ - /

A ’ i // {001} // {110}
¥ il | SRsDX #
R (SDX) 4
Dt O
R A

Fig. 9 The schematic diagram of LPBF process and texture distribution (a) before LPBF; (b) after
LPBF;(c) crystallographic orientation in the additive manufacture FeSi alloy.

5. Summary

In this work, the texture and microstructure of additively manufactured Fe-3.5wt% alloy were
investigated. The conclusions are summarised as follows:
1) Astrong A-fiber//ND texture was observed on the top plane of additively manufactured Fe-
3.5% alloy.
2)  There is almost no Goss texture on the top plane of LPBF Fe-3.5 wt% alloy.

13
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3) Rotated Cube texture was obtained on the top plane of LPBF Fe-3.5 wt% alloy.

4) A Si&O-rich amorphous precipitate was formed in the Fe-3.5wt% alloy after LPBF processing.
Our findings illustrated that LPBF can be used to manufacture grain-oriented electric steel. In terms of
the effects of amorphous precipitates, more detailed investigations will be carried out.
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