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ABSTRACT

Additive manufacturing of iron-based metallic glass alloys enables the creation of customized soft-magnetic components with

unprecedented geometrical freedom. This work presents an efficient workflow for developing parameters for laser-based powder
bed fusion (PBF-LB) of the Fe-Si—-B-Cr-C metallic glass alloy Kuamet 6B2. The development focuses on combining checkerboard

and double-exposure printing to achieve low magnetic coercivity, high amorphous content, high relative density, and low residual

stress. The workflow includes single-tracks and melt-pool imaging with Kerr microscopy to guide the selection of second-exposure

parameters. Samples are analyzed using X-ray diffraction, magnetometry, magneto-optical imaging, and electron backscatter

diffraction. Using the optimized protocol, a ring-shaped core with a diameter of 5 cm was produced and used for permeability

testing. The relative permeability was 40 at 100 Hz due to crystalline grains up to a few microns in size. The size of the crystalline

grains needs to be reduced for better soft-magnetic properties. Designing novel Fe-based soft-magnetic metallic glass alloys for

PBF-LB manufacturing, with excellent soft-magnetic properties, is an important future research direction.

1 | Introduction

Soft-magnetic materials are crucial for efficient energy conversion
in electrical machines [1, 2]. Electrical steel (Fe-Si) has dominated
the soft-magnetic market since the beginning of the 20th century,
and power losses in electrical steel cores still account for over 5% of
the global electrical power consumption [2, 3]. Lamination, where
thin sheets of electrical steel are stacked and glued with an insu-
lating interface, is required to reduce the power losses originating
from eddy currents [1]. This stacking of steel plates comes with
severe design constraints; the 2D laminations do not allow for
3D magnetic flux paths without substantially increasing the
eddy-current losses. Additive manufacturing (3D printing) stands
out as a disruptive production method, as it offers the possibility of
producing soft-magnetic components with 3D flux paths almost
without geometrical constraints [4-13].

Iron-based soft-magnetic metallic glasses exhibit considerably
lower power losses compared to electrical steel due to lower mag-
netic coercivity and higher electrical resistivity [1, 2, 14, 15].
Metallic glasses are typically produced as thin ribbons by rapid
quenching from a melt to avoid crystallization and achieve a solid
with an amorphous atomic structure [14]. The rapid and local
heating and cooling of laser-based powder bed fusion (PBF-
LB) enable the manufacturing of metallic glasses in shapes
and sizes that exceed what can be achieved with traditional cast-
ing methods [16-25]. However, metallic glass composites (con-
sisting of small crystallites in an amorphous matrix) are often
created due to local crystallization in the heat-affected zone
(HAZ) during PBF-LB manufacturing [24]. The soft-magnetic
properties of Fe-based metallic glasses composites are strongly
affected by the size and the amount of crystallites [15].
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Controlling the crystallization during PBF-LB manufacturing of
metallic glasses involves fine-tuning many parameters, such as
the alloy composition, printing parameters, printing protocol,
and the shape of the laser beam [26-28].

For a given alloy and laser printer, the printer parameters (laser
power, scanning speed, and hatch spacing) are the first param-
eters that need to be optimized [29]. So far, most works involving
PBF-LP printing have focused on structural materials and on
obtaining fully dense parts without defects [30, 31]. However,
a trade-off exists between obtaining a dense part and a high
amorphous content for metallic glasses [27, 32]. It is therefore
very challenging to print metallic glass parts exhibiting both a
high amorphous content and a high relative density without
pores and cracks [33, 34].

For soft-magnetic materials, a low magnetic coercivity yields low
hysteresis losses. In an amorphous-nanocrystalline composite,
the coercivity increases with the amount and size of crystallites
[15]. Optimizing the printing parameters to obtain a high amor-
phous content and fine crystalline grains should therefore be a
good strategy for low coercivity. The electrical conductivity
should, in addition, be low to minimize the eddy-current losses.
Goodall et al. showed in recent works that stochastically cracked
printed Fe-Si soft-magnetic parts exhibit low eddy-current losses
and that they can be reinforced with epoxy resin to improve the
mechanical properties to meet the requirements of motor appli-
cations [35, 36].

A general problems in PBF-LB printing is residual stress in the
printed parts related to the local and rapid cooling after the laser
heating [29, 37, 38]. The residual stress depend strongly on the
details of the scanning procedure, and in particular on the laser
scanning length that should be short to reduce the stress
[19, 29, 37, 38]. One way to implement this is by using an island
or checkerboard scanning procedure, where the laser exposure is
subdivided into smaller regions, like a patchwork. Laser rescan-
ning can also be used to reduce stress during PBF-LB printing
[39]. A checkerboard laser scanning pattern combined with laser
rescanning have been reported to significantly reduce the resid-
ual stress of printed Fe-based metallic glass parts [19].

For new alloys, suitable printing parameters are often deter-
mined by systematically varying the process parameters, within
reasonable limits, while printing multiple small parts on a single
build plate [40]. The purpose of this parameter optimization is to
control the temperature in the melt pool and avoid defects due to
lack-of-fusion, keyholing, or balling [29]. For a better insight into
the printing process, single-tracks can be used to extract informa-
tion related to the size and shape of the melt pool [41]. A work-
flow combining melt pool visualization with modeling has been
suggested for finding the optimal process window [42]. However,
modeling requires prior knowledge about several material
parameters as input. Any workflow involving modeling is there-
fore better suited for alloys that are already well characterized
[43] than for novel alloy compositions.

The aim of this work is to explore an efficient parameter devel-
opment workflow for PBF-LB processing of soft-magnetic iron-
based metallic glasses, such as Kuamet 6B2. The focus is on
combining checkerboard scanning and laser rescanning (double
exposure) to achieve low magnetic coercivity and high amor-
phous content combined with high enough relative density
and low enough residual stress, so that large parts can be

produced. A single-track study, with magneto-optical imaging
of the melt pools, is used to speed up the process development
for the second exposure. The structural and magnetic properties
of parts manufactured using a broad range of printing parameters
are investigated using X-ray diffraction, magnetometry, and sev-
eral imaging techniques.

2 | Materials and Methods

The material used in this work was supplied by Heraeus AMLOY
GmbH and consists of Kuamet 6B2 powder sieved to particle sizes
<53 pm. The Kuamet 6B2 alloy includes Fe (86.3-88.8 wt.%), Si
(6.2-7.2 wt.%), B (2.2-2.8 wt.%), Cr (2.3-2.7 wt.%), and C (0.5~
1.0 wt.%). A cubic 1 cm? part, produced from Kuamet 6B2 powder
using a Trumpf TruSint TP1000 printer, was also supplied. The part
is, to a large extent, amorphous, as shown in the Supplementary
Materials. It was cut into several pieces and three pieces were pol-
ished, and used for the single track study (Section 3.2).

In this work, PBF-LB manufacturing from the Kuamet 6B2 pow-
der was performed in argon atmosphere using an EOS M100 3D
printer equipped with an Yb-fiber laser. The laser has a minimum
beam diameter of 40 pm at the focal plane, and a maximum laser
power of 170 W. The powder layer thickness was 20 pm and both
aluminum and steel build plates were used. No significant differ-
ence was identified between the parts built on steel versus alumi-
num plates. Initially, the produced parts were printed with a single
exposure and were of cylindrical shape, 6 mm in diameter. Each
cylinder was parted into quarters with a 90° rotation of the scan
direction between adjacent quarters and a 67 rotation between
each layer. Next, laser rescanning is introduced and the scanning
pattern is remodeled into smaller patches to avoid excessive heat
accumulation. The laser scanning direction is changed by 90°
between neighboring patches, and from the first to the second
exposure, as illustrated for a subset of 4 patches in Figure 1.
The checkerboard scanning pattern used 12 x 12 patches to distrib-
ute the heat over a 6mm X 6mm surface area in a way that
allowed for local heat dissipation in each patch before the adjacent
patches were exposed to the laser (see the Supplementary
Materials for details about the full scanning pattern).

X-Ray diffraction measurements were performed using a Bruker
D8 Powder system with a Lynxeye XE-detector and Cu K-a radia-
tion. Magnetic hysteresis loops were collected using a LakeShore
7404 vibrating sample magnetometer (VSM). The magnetic

Next round of
First Second powder and

exposure exposure double exposure
| | | | rotated 67°

DEMY ©

FIGURE 1 | Overview of the double exposure printing process, for a

Powder layer

<
I

subset of four square patches. First, the powder is spread across the build
plate, and the first exposure is performed to fuse the powder. The red lines
indicate the laser scanning direction, which is rotated by 90" between
neighboring patches. In the second exposure, the scanning direction is
rotated 90° with respect to the first exposure. For each new layer of powder
being spread, the laser scanning direction is rotated by 67° with respect to
the previous round.

2 of 10

Advanced Engineering Materials, 2026

85U8017 SUOWILLOD 8A1I.1D) 3|ceo! (dde au3 Aq peusenob 818 Se ol O ‘8sN JO S8|nJ o} Akeud 1 8UljUQ AB|IA O (SUOTHPUOD-PUE-SWBILO" A3 1M A e1q Ut |Uo//:Sdny) SuonIpuoD pue suis 1 ay) 88S *[9z02/80/Tz] o Ariqiauluo A|im ‘Ariqi Aisieaiun eresddn Aq 190205202 Wepe/z00T 0T/I0p/W00" A8 1M Ake.q 1 Bul U0 "peoueApe//Sdny Wolj pepeoiumod ‘9 ‘920 ‘892.2ST



coercivity, He, is determined from each hysteresis loop with the
uncertainty taken as the magnetic field resolution. Induction
measurements were performed on a ring-shaped printed part, over
a frequency range of 100 Hz-20 MHz using a Keysight Agilent
E4980A Precision LCR Meter. Optical and magneto-optical images
were taken using a Kerr microscope from evico magnetics. The
Kerr microscope is equipped with lej’s luxyr LED-compensator
system, so that it can measure in three different modes: longitudi-
nal, transversal, and polar, as well as combinations of these. Before
imaging, the investigated areas of the printed parts were polished
to a mirror finish in a Struers Tegramin 20 automatic polisher.
Each part was first embedded in Bakelite and then polished using
a series of steps, including diamond suspension, with sizes decreas-
ing at each step down to 1 pm. The final polishing step was with
SiO,-suspension to achieve a light etching and alleviate possible
stress caused by the previous polishing. For evaluation of the rela-
tive density, the percentage of dark pixels (related to large cracks
and pores) was determined from optical images using a script in
MATLAB sorting the pixels according to a RGB threshold of 15%
brightness. The uncertainty in the relative density is calculated
from the standard deviation when applying the three different
RGB thresholds: 10%, 15%, and 20% brightness. Electron backscat-
ter diffraction (EBSD) mapping was carried out at an angle of 70"
on polished cross sections of selected printed parts using a Zeiss
Merlin scanning electron microscope. The data was recorded with
a Nordlys Max detector and processed with the AZtec HKL soft-
ware. The stepsize was set to 0.3 pm and a-Fe was indexed.

3 | Process Development and Results

The PBF-LB parameter development is carried out in three stages
with the goal of finding a fast route to develop processing param-
eters for low magnetic coercivity and high amorphous content
combined with high enough relative density and low enough
residual stress, so that large parts can be produced. At first, single
exposure printing parameters yielding parts with low magnetic
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coercivity are developed in Section 3.1. Next, melt pools of single
tracks (scanning individual laser lines on top of a polished sam-
ple piece) are studied using Kerr microscopy in Section 3.2. The
size and shape of the melt pool of a single-track are important
parameters in the optimization process for finding suitable
parameters for the second exposure. The melt pool can easily
be identified using Kerr microscopy, because of the characteristic
domain pattern influenced by magneto-elastic coupling [40]. The
advantage of this magneto-optical imaging technique compared
to other optical techniques is that it does not rely on detecting
crystallites in the heat affected zone (HAZ) around the melt pool.
Therefore, it can be employed even if the melt-pool, the HAZ,
and the surrounding material are all fully amorphous [40]. In
Section 3.3, parts are printed with checkerboard scanning pat-
terns and laser rescanning by combining the suitable printing
parameters determined in Section 3.1 for the first exposure
and in Section 3.2 for the second exposure.

3.1 | Single Exposure Parameter Development

PBF-LB processing of Kuamet 6B2 powder was performed with a
single exposure protocol, varying the laser power (P =100 — 140 W)
and the hatch spacing (h =110 — 150 pm), while the laser scanning
speed (s=1200 mm/s) was kept constant. These parameters yield
volumetric energy densities (VED),

VED =

h-s-d ™

in the range 28-53 J/mm?3, with the layer thickness, d, taken as
the powder layer thickness of 20 pm.

The parts manufactured with P> 100 W and small hatch spacing
(h=110 pm) showed signs of over-melting and/or delamination.
Only P =100 W resulted in a stable build process for all values of
hatch spacing used. Figure 2 shows diffraction patterns and mag-
netic hysteresis loops of selected printed parts. All diffraction pat-
terns show sharp peaks related to crystallinity in the printed

150 ——P =140W, h =120um, s = 1200mm/s ]
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(a) X-ray diffraction patterns of printed parts, produced with single exposure using different laser powers (P), hatch spacing (h), and one

laser scanning speed (s). The background, measured with the sample holder, has been subtracted from the signal. (b) Magnetic hysteresis loops for two of

the parts.
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parts. The presence of crystallites is also reflected in the relatively
high values of magnetic coercivity, H. ~ 2.1 —4.0kA/m. The
lowest coercivity is found in the parts produced with the param-
eters P=100 W and h=130 or 150 pm, while the highest coer-
civity was measured for the part produced with P=140 W and
h=120 pm.

3.2 | Single Track Study

A single-track study was carried out using the cubic printed part
supplied by Heraeus AMLOY. Different combinations of laser
power, P, and laser scanning speed, s, were selected for the laser
scans to cover a wide range of linear energy densities, LED =P/s.
For each combination of parameters, three single tracks were
produced on top of the polished surface. Figure 3 shows selected
single tracks imaged with Kerr microscopy after polishing the
cross-section. The parameters used to produce the single tracks
are summarized in Table 1, together with the average width and
depth of the melt pools determined from three Kerr images.

In a double exposure protocol, the purpose of the laser rescan is
to increase the amorphous fraction and remove lack-of-fusion
defects. It is therefore important that the melt pools of the sin-
gle tracks are at least as deep as the powder layer thickness
(d =20 pm) to ensure that they remelt the entire previous layer.
All melt pools reported in Table 1 fulfill this criterion. However,
the P and s parameter values yielding LED > 0.1 J/mm resulted
in significant melt pool instability with sputtering and pore for-
mation and were therefore excluded as candidate parameters
for the laser rescan.

3.3 | Double Exposure and Varying Scanning
Pattern

The double exposure protocols were designed considering both the
results in the single exposure parameter development and the
results from the single track evaluation. The selected parameters
from the single exposure parameter development, used for the first
exposure, were P =100 W, s = 1200 m/s, and & =120 — 150 pm. For
the second exposure, the P and s parameters were selected among
the single track parameters with LED < 0.1 J/mm. The hatch spac-
ing was chosen to be h =80 pm for all values of P and s. This is the
largest hatch spacing which fulfills the criterion of being similar or
slightly smaller than the width of the melt pools of the single
tracks with the selected P and s parameters (ST2, ST3, ST5, and
ST6 in Table 1).

It is not straightforward to use the single-track parameters in the
double-exposure protocol. Heat is accumulated during the laser
scanning, and while the time it takes to spread a new layer of
powder allows for the print to cool, no such time delay exists
between the first and the second exposure. To mitigate the heat
accumulation problem, a scan pattern was constructed with mul-
tiple patches that allowed for local heat dissipation in each small
patch before the next laser exposure (see the Supplementary
Materials for details). The smaller patches reduce, in addition,
the scan length and hence the residual stress [19, 29, 37, 38].

The first part printed with double exposure and a refined check-
erboard scanning pattern is shown in Figure 4. Gaps between the
patches are clearly visible. They result from the exposure bound-
ary included in the scanning pattern by the EOS software. To
evaluate how to achieve a dense solid part with high amorphous

170| * Six parameter combinations
3 » Three tracks each
T Y Y
2
o
o
50
100 ym
300 500 1000 2500 4000
Speed (mm/s)
FIGURE 3 | Kerr microscopy images of the single track melt pools sorted according to power and speed of the laser beam. All images are taken at

magnetic remanence. The parameters used to produce each single track (ST1-ST6) are summarized in Table 1.

TABLE1 | Single track parameters (ST1-ST6), used to produce single tracks on the polished surface (build plane) of the supplied printed part. P is the

laser power, s is the laser scanning speed, and LED is the linear energy density. Three tracks were fabricated per set of parameters and the melt pool of

each track was imaged using Kerr microscopy. The average dimensions of the melt pools are presented with the statistical uncertainty.

Param. P,W s, mm/s LED, J/mm Width, pm Depth, ym
ST1 170 1000 0.17 182 £ 11 112 + 44
ST2 170 2500 0.068 93 £6 34+2
ST3 170 4000 0.043 110 = 16 56 + 17
ST4 50 300 0.17 171 £ 21 96 £ 30
ST5 50 500 0.1 94 £ 9 44 + 22
ST6 50 1000 0.05 79 £ 8 28 £ 2
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FIGURE 4 | Photoofa 6 mm X 6 mm printed piece. The parameters
were DE1-A.

fraction, we employed i) three different levels of contact between
the laser exposed areas in the checkerboard patches: the initial
separation boundary (model A); patches aligned edge to edge
(model B); slight overlap of about 70 pm between patches (model C),
and ii) extra laser contouring around the initial checkerboard
patches (model A + contour). Details about how the models
are implemented are provided in the Supplementary
Materials. Figure 5 shows the diffraction patterns of parts pro-
duced with the four models and two sets of printing parameters,
DE1 and DE2. All diffraction patterns exhibit a broad feature
that indicates the presence of an amorphous fraction in addition
to diffraction peaks identified to belong to a-Fe and the fcc
phase Fe,;Bg. It is possible that some Si is solved into the
a-Fe phase, but the resolution of the data is not high enough
to determine to which degree. There is also a possible presence
of the phase bce-Fe;Si (the dominating diffraction peaks overlap
with a-Fe). Comparing the height of the crystalline peaks, it is
clear that the main crystalline phase is a-Fe. It is however not
possible to accurately determine the crystalline versus amorphous
fraction from these diffraction patterns. Instead, we focus on the
magnetic properties for a quantitative analysis. Magnetic hystere-
sis loops were measured for the same parts and the magnetic coer-
civity values are summarized in Table 2. The magnetic coercivity
of the part produced with the parameters DE1-A + contour is
3.4 kA/m, which is significantly higher than H.=1.9 kA/m for
DE1-A (without contour). The lowest value of coercivity is
obtained with model B, H.=1.2 kA/m.

The relative density is also an important property to take into con-
sideration. A low relative density, caused by lack of fusion, pores,
and cracks, deteriorates the mechanical stability. Figure 6 shows
images of the polished cross-sections for two printed parts (DE1-B
and DE2-C), with enhanced white/black images showing the
result of sorting the pixels. The relative densities of parts manu-
factured to compare model B and model C are summarized in

vaFe R ——— DE1-A contour
a bee Fe;Si
o fcc Fey;Bg
A P
- ——DE1-B
=}
g
T : ‘ : !
3 T T T T
= ——DE1-C
c
2
= | A ]
—— DE2-C
30 40 50 60 70 80

20 (°)
FIGURE 5 | X-Ray diffraction patterns of printed parts DE1-A + con-
tour, DE1-A, DE1-B, DE1-C, and DE2-C showing a mix of crystalline and
amorphous features. The identified phases are a-Fe/Fe;Si and Fe,;Bg.
The process parameters in the first exposure are P=100 W, h =130 pm,
and s=1200 mm/s. In the second exposure P=170 W, h=80 pm, and
5§=2500 mm/s for DE1 or 4000 mm/s for DE2.

TABLE 2 | Relative density and magnetic coercivity (H,) of the parts
manufactures with model A (with and without contouring), B, and C. The
printer parameters in the first exposure are P=100 W, h=130 pm, and
s=1200mm/s. In the second exposure P=170W, h=80 pm, and
s=2500mm/s for DE1 or 4000 mm/s for DE2. Values for two different
DE1-B parts are reported.

Relative

Param. H_, kA/m density, %
DE1-A + 3.36 = 0.01 —
contour
DE1-A 1.89 = 0.01 —
DE1-B 1.25 £ 0.01, 92.8+1.5,

1.17 £ 0.01 949+1.1
DE1-C 1.64 = 0.01 97.2+1.2
DE2-C 1.65 £ 0.01 98.5+0.8

Table 2. All relative densities are above 90%. However, the highest
relative densities were obtained using model C, at the price of a
higher magnetic coercivity compared to model B.

Since the main interest here is to optimize the soft-magnetic prop-
erties we continued only with model B in a wider parameter
study. In the first exposure, we varied only the hatch spacing
(h=120-150 pm), while in the second exposure the hatch spacing
was the parameter that was kept fixed (h =80 pm). The magnetic
coercivities and relative densities of the manufactured parts are
compared in Table 3. The lowest magnetic coercivity is obtained
for the printing parameters DE1-B. Comparing the magnetic
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FIGURE 6 | (a.c) are representative images of the polished cross-sec-
tions of parts produced with the parameters DE1-B and DE2-C, respec-
tively. (b,d) are the resulting black/white images after thresholding. The
white areas mark where material is missing due to pores and cracks. The
number of black pixels is divided by the total number of pixels to obtain
the relative density. For each part, the entire cross-section was mapped
and the relative density was calculated based on multiple images. The
build direction is upwards in the image.

coercivities for parts with different hatch spacing in the first expo-
sure, but all other parameters identical (i.e., DE1-B vs. DE3-B and
DE2-B vs. DE6-B) the lowest H. is obtained with a hatch spacing of
130 pm in the first exposure. For the parts produced with a hatch
spacing of 130 pm in the first exposure, a slower laser scanning
speed in the second exposure yields a lower magnetic coercivity,

both for P=170 W (DE1-B vs. DE2-B) and for P=50 W (DE4-B
vs. DE5-B). DE6-B has the highest coercivity overall and the lowest
volumetric energy density (VED) during the second exposure. The
magnetic coercivity is, however, not directly dependent on the VED
in the second exposure. In terms of a low magnetic coercivity,
DE1-B, and DE2-B outperform DE4-B, so the combination of a
high laser power and a high VED is, in this regard, better than
a low laser power and an even higher VED. However, the param-
eters yielding the highest values of LED in the single track study
(that would have given higher VED values during the second expo-
sure than the parameters reported in Table 3) were excluded due to
melt pool instability (see ST1 and ST4 in Figure 3).

Refining the parameter optimization further would likely
improve the properties. However, considering the variations in
coercivity, we see that the overlap between the patches is as
important as the printing parameters. Hence, local geometry-
dependent variations during printing are important and should
be considered. Insitu monitoring of the PBF-LB process com-
bined with in-operando control could be a good option to obtain
such local control over the printing process [44-46].

3.4 | Microstructure and Magnetic Domains

Electron backscatter diffraction (EBSD) mapping was performed
to investigate the microstructure. Inverse pole figure (IPF) maps
of two printed parts (DE1-B and DE2-C) are shown in Figure 7.
Analysis of the mapped surfaces gives an estimated amorphous
area fraction which corresponds to 70-80 vol.% for both DE1-B

TABLE 3 | Summary of printing parameters and the measured magnetic coercivity, H, of parts produced with double exposure and model B. The
volumetric energy density, VED, is defined in Equation (1). The layer thickness, d, is taken as 20 pm for both exposures. The relative density varies in the

range 89%-95%.

First exposure

Second exposure

P h s VED P

h s VED H,

Param. W) (um) (mm/s) (J/mm?3) W) (um) (mm/s) (J/mm?3) (kA/cm)

DE1-B 100 130 1200 32.1 170 80 2500 42.5 1.25 + 0.01, 1.17%0.01
DE2-B 100 130 1200 32.1 170 80 4000 26.6 1.29 = 0.01
DE3-B 100 120 1200 34.7 170 80 2500 42.5 1.33 = 0.01
DE4-B 100 130 1200 32.1 50 80 500 62.5 1.34 = 0.01
DE5-B 100 130 1200 32.1 50 80 1000 31.3 1.42 + 0.01
DE6-B 100 150 1200 27.8 170 80 4000 26.6 1.60 = 0.01

Build direction —»

FIGURE 7 | EBSD inverse pole figure maps of two parts manufactured with parameters DE1-B and DE2-C.
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and DE2-C. Figure 8 shows the grain size distribution of a-Fe
obtained from the mapping. The average grain size (and statisti-
cal standard deviation) is 1.06 = 0.39 pm for DEI1-B and
1.05 £ 0.34 pm for DE2-C in the respective mapped areas. It
is, however, likely that we overestimated the average grain size
as well as the amorphous fraction, as the minor Fe,; B4 phase is
not indexed and grains smaller than 0.4 pm are not resolved.

Kerr microscopy can be used to image magnetic domain struc-
tures and extract information about residual stress profiles in
printed parts by leveraging the correlation between stress and
magnetic anisotropy. Residual stress influences the magnetic
domains through magneto-elastic coupling, inducing stress-
driven anisotropy in materials with non-zero magnetostriction
[47]. The anisotropy energy associated with magneto-elastic cou-
pling can be described as:

E(,=—;~a~ﬂ~c0s2(9) )

where o is the stress, 0 is the angle between the magnetization
and the local strain direction, and 4 is the magnetostriction con-
stant. For a material with a positive 1, (Which is generally the case
for Fe-based amorphous metallic glasses [15]) the domains will
align in the direction of tensile stress [48].

Optical images (without and with Kerr contrast) of two different
areas in the cross-section of a printed part (DE1-B) are shown in
Figure 9. The crystallinity in the HAZ appears to be pinning the
domains. Large domains are visible throughout the cross-section,
but they are separated by a barrier of crystallinity and confined
stress in the HAZ. One might expect that the domains would
always align with the dominant stress direction, which would
be in the build direction for the printed part (on average), but
that is not strictly the case. The situation is evidently more com-
plex. First, the material has a composite microstructure with a
mix of metallic glass and small (=1 pm) crystalline grains, which
are dispersed inhomogeneously with higher concentrations in
the HAZ. Second, the fact that the laser tracks change direction
in each checkerboard square and in each layer results in a com-
plex landscape of stress. The purpose of mixing scanning direc-
tions is to homogenize the part on a macroscale, but on the
microscale the as-printed part is not homogeneous.

30

) e DE1-B |o ¢ DE2-C

251

20+

151 Foe

Frequency (%)

100

ol o w Pt
1 2 3 1 2 3

Equivalent Grain Diameter (um)

FIGURE 8 | Grain size distribution of a-Fe grains obtained in the
EBSD-mapping of the parts manufactured with parameters DE1-B and
DE2-C.

4 Longitudinal contrast

Build direction—
uonoalip pfay paiddy
>

Transversal contrast

FIGURE 9 | Microscope images (a,c) and the corresponding Kerr
images (b,d) of two regions obtained from a part manufactured with
the parameters DE1-B. The longitudinal Kerr contrast (build direction)
dominates in (b), while the transversal Kerr contrast (build plane) dom-
inates in (d).

Figure 10 shows optical and Kerr images of the cross-section in
another printed part (DE2-C). When imaging this part, no region
was found with the same wide domains as in DE1-B in Figure 9.
This is consistent with the higher H, of the DE2-C part reported
in Table 2. The sizes and amount of large a-Fe crystallites are,
however, similar in the EBSD IPF maps of the two printed parts.
The higher magnetic coercivity for DE2-C might be related to a
larger amount of small crystallites not detected in the EBSD map-
ping. The areas corresponding to the HAZs in Figure 10 have a
more refined domain structure, probably associated with the
crystalline grains in those regions.

3.5 | Producing Soft-Magnetic Components

To further investigate how the developed printing protocol per-
formed on a larger scale, we produced a ring-shaped core with a
diameter of 50 mm and a square cross-sectional area of 25 mm?.
The printing parameters were DE1-B, and the size of each patch
was approximately the same as before, although the entire

Build direction—

Longitudinal contrast
<>
Applied field direction

FIGURE10 | (a)Microscopic image and (b) Kerr image of a region in
a part manufactured with the parameters DE2-C.
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Diameter: 50 mm
Thickness: 5 mm
Ring width: 5 mm

-
[¢)]

Relative permeability, ty
3 3

5

O 1
102 10° 10 10°
Frequency (Hz)
FIGURE11 | Relative permeability (u,) versus frequency measured on
a ring which was produced with parameters corresponding to DE1-B. The
inset shows the ring as built and after it has been removed from the build
plate and wound with Cu-wire for the induction measurements.

scanning pattern had to be adapted to the larger size and circular
geometry. The ring is shown in Figure 11 before and after remov-
ing it from the build plate to perform induction measurements.
The relative permeability u, versus AC-frequency is also shown
in Figure 11, where y, is calculated from the measured induction
considering the ring’s dimensions and number of windings. The
relative permeability is u, ~ 40 at 100 Hz, and it drops dramati-
cally close to 1kHz. The relatively low permeability in the
low-frequency limit is related to the crystallinity. To reduce
the magnetic coercivity and increase the permeability, the most
important thing is to reduce the size of the crystalline grains [15].
Similar values of relative permeability at 100 Hz were reported in
a previous study on the same compound [25]. Another recent
study reports that it is difficult to print parts with Kuamet
6B2 powder with coercivities lower than 1kA/m [34]. We con-
clude that choosing wisely a different Fe-based alloy composition
(and starting all over with the parameter development following
the method outlined in this work) is probably the most fruitful
method to improve the soft-magnetic properties.

The relatively low cut-off frequency in the permeability versus fre-
quency data is related to the absence of lamination. Reducing eddy
currents in parts manufactured with PBF-LB has so far mostly
been attempted for electrical steel (Fe-Si), where the most com-
mon method has been to include cavities in the printed structure
[9, 10, 12]. To manipulate and control the cracking naturally
occurring during PBF-LB additive manufacturing has also been
shown to be a feasible method [35].

4 | Summary and Conclusions

The aim of this work is to explore an efficient workflow for find-
ing PBF-LB printing parameters in a combined checkerboard
scanning and double exposure printing process for Fe-based
soft-magnetic metallic glasses. The focus is on producing parts
with low magnetic coercivity and high amorphous content. In
addition, the residual stress should be low enough and the rela-
tive density high enough to produce large parts, such as a ring-
shaped core, 5cm in diameter.

The workflow is divided into three parts: i) a parameter study for
single exposure. ii) a single-track study to find suitable parame-
ters for the laser rescanning, based on the size and shape of the
melt pool produced by the laser tracks. iii) a parameter study
combining the results from the first two studies to explore a lim-
ited process window for the double exposure printing. A refined
scan pattern was constructed with multiple small patches to
reduce the residual stress as well as to allow for local heat dissi-
pation in each small patch before the next laser exposure. The
spacing between the checkerboard patches is varied, using three
models. This spacing is shown to be important for the magnetic
properties and the relative density of the printed parts. Extra laser
contouring around each patch resulted in the highest magnetic
coercivity. Overlapping the patches (model C) resulted in higher
relative density, but also higher magnetic coercivity compared to
making the patches match edge to edge (model B).

The lowest coercivity obtained was 1.2 kA/m, and crystalline
grains up to a few microns in size were observed by EBSD.
The coercivity increases rapidly with grain size [15]. Therefore,
controlling the microstructure with finer grains is vital for reduc-
ing the magnetic coercivity. Controlling the crystallization dur-
ing PBF-LB manufacturing of metallic glasses involves, however,
fine-tuning of many more parameters than the scan and process
parameters. The metallic glass alloy composition is the most fun-
damental property. In general, Fe-Si-B—-Cr-C metallic glasses
exhibit a strong tendency for crystallization during PBF-LB
manufacturing [18, 21, 25, 32, 34], while X-ray amorphous
printed parts have been reported for other Fe-based metallic glass
alloys [40, 49].

In future work, it would be interesting to use powder of an Fe-
based metallic glass alloy, designed considering both the soft-
magnetic properties and the production challenges related to
PBF-LB manufacturing [50, 51]. The workflow and scanning pro-
cedure suggested here could, mutatis mutandis, be applied to any
novel metallic glass alloy. Furthermore, in situ monitoring com-
bined with in-operando control over printing parameters is a very
interesting current development within additive manufacturing.
Due to the narrow process window of metallic glasses, such con-
trol is likely to be an important improvement for local control
over the properties of soft-magnetic components with complex
geometries.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: a) DSC scans on the Kuamet
6B2 powder and the supplied printed part, showing a common onset of
crystallization close to 550°C. The inset shows the differential of the DSC
signal. b) XRD patterns of the as-received powder and printed piece.
Supporting Fig. S2: Magnetic hysteresis of the as-received powder and
printed part. The values of themagnetic coercivity are H. = 93(10) A/m
for the powder and H, = 795(10) A/m for the printedpart. Supporting
Fig. S3: The exposure order for a 6 mm X 6 mm part consisting of 12 X
12 patches. Supporting Fig. S4: Schematic visualization of a subset of four
patches and how they were assembled toachieve separation (model A),
matching edges (model B), and overlap (model C). The length ofthe edges
of each patch is 0.5, 0.6, or 0.7 mm. Supporting Fig. S5: a) Microscopy
image and b) the Kerr image with longitudinal contrast. The imaged part
is produced with the parameters DE2-C. Regions which show the typical
domain behavior for crystallinity and compressive stress are circled with
black and white lines, respectively.
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