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Additive manufacturing makes the production of bulk metallic glasses possible in thicknesses exceeding the
critical casting thickness. However, a crucial challenge is the build-up of thermally induced stress, often resulting
in printed parts suffering from cracking. In this study, the process parameters are optimised for printing soft-
magnetic metallic glass samples of an Fe-based alloy (Fe,5 gP;, Mo, 5B, 3Si, 5Cg ,), using laser beam powder bed
fusion. In addition, the structural and magnetic properties of as-received and heat-treated powder are investigated
and compared to those of the printed samples. Kerr microscopy is used for imaging the magnetic domains on single
track cross-sections produced on top of a polished printed sample. This reveals the shape of the melt pool of a
single laser track, as well as the magnetic domains around it and in other regions of the printed sample. The shape
and size of the magnetic domains reflect the residual stress in the sample through the effect of magneto-elastic
coupling. This magnetic contrast could be used to get further insights into how to control the development of

stress during the printing process.

1. Introduction

Additive manufacturing (AM) techniques such as laser beam powder
bed fusion (PBF-LB/M) have proven useful for the production of func-
tional materials that are brittle or require high cooling rates to reach
their ideal state [1-4]. An important class of functional materials re-
quiring high cooling rates are the metallic glasses. They exhibit unique
mechanical properties [5-7], high corrosion resistance [8], catalytic
properties [9], and excellent soft-magnetic properties [10]. Metallic
glasses have traditionally been synthesised using different rapid solid-
ification techniques, such as melt spinning and suction casting, with
cooling rates of typically 105-10° K/s [11]. With these techniques, bulk
metallic glasses (BMGs) with high glass-forming ability can be produced
in thicknesses up to typically a few millimetres [10]. This critical casting
thickness can be exceeded in PBF-LB/M additive manufacturing, since
the sample is built linewise, layer by layer, with rapid local heating and
cooling as the laser is scanned across the build [12-14]. PBF-LB/M addi-
tive manufacturing is therefore one of the most promising techniques for
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producing parts of metallic glass alloys of almost arbitrary shape [15].
An additional advantage of this technique is the possibility to locally
control the microstructure [16].

Using soft-magnetic materials with low losses in inductive applica-
tions is of great importance for increasing the efficiency of the entire
electrical energy system [17,18]. As an example, in 2008 the sum of all
world-wide annual transformer core losses was estimated to be 285 TWh
and it was estimated that these losses could be cut in half if the soft-
magnetic transformer core material was changed from the most com-
monly used Si-steel to commercially available soft-magnetic metallic
glass alloys [19]. While applications for soft-magnetic metallic glasses
with simple geometries are commercially available (such as transformer
cores made out of thin metallic glass ribbons), the soft-magnetic parts
in electrical machines can have highly complicated shapes. Effective
fabrication methods for such metallic glass cores have yet to be de-
veloped [20]. The option to additively construct soft-magnetic metallic
glass parts with complex shapes is therefore very attractive, in partic-
ular since it opens up for opportunities to create entirely new machine
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designs [21-24]. However, AM comes with its own set of complications
[25]. Much effort is required when optimising the printing methodol-
ogy as well as the process parameters. Otherwise, the components can
be prone to cracking, have high porosity, or not the sought-after struc-
ture [26-28,9,29,30]. Structural changes during PBF-LB/M printing of
metallic glasses, such as nanocrystallisation, most often occur in the heat
affected zone (HAZ) [31,32], where the reheating temperature is above
the crystallisation temperature for a short time during the printing pro-
cess [13]. Depending on which crystalline phase forms, as well as the
size of the nanocrystallites, this can either enhance or deteriorate the
soft-magnetic properties [11]. It has been shown that for AM of metal-
lic glasses, a low crystal growth rate is more important than a high glass
forming ability when the intention is to avoid nanocrystallites in the
HAZ [33]. With this in mind, there is still room for improvement in re-
gard to tailoring the alloy compositions. However, it is not the only way
to control and improve the material and often the best glass-former does
not give the best soft-magnetic performance. Therefore, the key to un-
locking the full potential of PBF-LB/M printing of soft-magnetic metallic
glasses lies, to a large extent, in the processing.

Adjusting the printing process to reduce residual stress is still one
of the major unsolved challenges for AM of metals [34,35]. High local
stress might result in cracking, especially for brittle metallic glasses re-
quiring rather high thermal gradients to achieve the amorphous state.
The printing methodology has a large influence on the thermal stress.
For instance, it has been shown that a chessboard printing pattern as
well as low-energy laser re-scanning are useful processing options for
minimising the cracking of metallic glasses [26,29,36]. The ability to
visualise the stress profile would be a great advantage when optimis-
ing the printing methodology and parameters. Traditional non-invasive
stress- and microstructural analysis methods based on diffraction are
not easily applied on amorphous materials due to their homogeneity
and lack of long range order. However, residual stress also affects the
magnetic properties through the magneto-elastic coupling [37,38] and
causes stress-induced magnetic anisotropy, which can be used to our
advantage. The anisotropy energy associated with magneto-elastic cou-
pling can be described as:

E, =-K_cos’(0) = —%o-/l cos(6) €}

where o is the strain, 6 is the angle between the magnetisation and the
local strain, and 4 is the magnetostriction constant. If A is positive, as for
amorphous Fe-based metallic glasses [11], the local anisotropy easy axis
is parallel to the local residual stress. Hence, by probing the outcome of
the magnetoelastic effects, it is possible to obtain information about the
local stress, using methods such as Kerr microscopy [39], which is one
of the main tools employed in this study. This technique is based on
the magneto-optic Kerr effect (MOKE), i.e. that polarised light that is
reflected off of a magnetic surface will shift its polarisation in a manner
which is linearly dependent on the local magnetisation [40]. With this
method, it is possible to image magnetic domains and see in real-time
how they are affected by an applied magnetic field.

In the present study, we investigate thermal, structural, and mag-
netic properties as well as residual stress in a metallic glass with the
composition Fe,3 gP1g Mo, 5B, 3Si, 3Cq 7 (at.%). The properties of as-
received and heat-treated powder are compared to samples printed
by PBF-LB/M. Utilising the relation between stress and magnetic
anisotropy, the direction of the residual stress is deduced from Kerr
microscopy images. In addition, we demonstrate the possibility to im-
age the shape and size of the PBF-LB/M melt pool using Kerr microscopy
and a single track approach to isolate the melt pool characteristics from
the complex overlapping printing patterns that compose the PBF-LB/M
build. The origin of the domain pattern inside the melt pool, captured
by the MOKE contrast, is the compressive stress caused by the thermal
compression during cooling. The larger surrounding domains and their
radial direction around the melt pool are influenced by the tensile stress
in the surrounding parts. We conclude that MOKE imaging is an excel-
lent tool to visualise the local residual stress together with defects, such
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as cracks and pores, in printed parts of soft-magnetic metallic glasses.
The detailed knowledge gained from magnetic metallic glasses concern-
ing the influence of the printing parameters on stress in the build can
additionally be useful for understanding the PBF-LB/M process as a
whole.

2. Materials and methods

All herein presented samples are based on gas-atomised powder with
the composition Fe;3 gP1g Moy 5B, 3Sis 3Cs 7 (at.%) supplied by Ho-
gands AB. The presented composition was determined by inductively
coupled plasma - optical emission spectrometry (ICP-OES), and the con-
tents of lighter elements including C, O, N, and S were analysed using the
LECO combustion method. The density of 7.22(3) g/cm? was measured
using a pycnometer. The imaging of the morphology of the powder as
well as the cross-section profile of a printed part was performed using
scanning electron microscopy (SEM) with a Zeiss LEO 1550. All struc-
tural analysis was performed with X-ray diffraction (XRD) using a Bruker
D8 Powder system a Lynxeye XE-detector and Cu K-« radiation in Bragg-
Brentano geometry. A LakeShore 7404 vibrating sample magnetometer
(VSM) was used to measure magnetic hysteresis loops.

Differential scanning calorimetry (DSC) was performed using NET-
ZSCH STA 449C instrument with an oxygen trap system (OTS). The
sample was placed in an Al,O5 crucible and a continuous heating rate of
20 K/min was applied with argon as the protective gas. Based on the re-
sults from the DSC measurement, three temperatures were selected for
annealing of the powder, just above the onset of each exothermic reac-
tion. The purpose of using temperatures slightly above the reaction onset
was to identify which phases are forming when the sample is heated, as
well as the impact of crystallisation on the magnetic properties. Subse-
quently, three powder samples were enclosed in vacuum ampules and
heat treated at 500 °C for two days, at 540 °C for two days, and at 670 °C
for one day, followed by water quenching. The heat treated powder sam-
ples were then analysed with XRD.

The Fe-based amorphous powder was processed in an EOS M100
(EOS GmbH) in argon atmosphere (purity > 99.9997%) with an over-
pressure of 30 - 60 mbar compared to ambient conditions. The system
is equipped with a Yb-fibre laser having a minimum beam diameter of
40 um at the focal plane [41]. The samples were built using a chess-
board inspired island-based scanning pattern with 67° rotation. The
scan speed was set to 1200 mm/s and the layer thickness was 20 pm.
The laser power and hatch spacing were varied in the range of 110-170
W and 130-220 um respectively. The sample area was up to 5xX5 mm?
and thickness was >1 mm. The samples were produced in two versions:
printed directly on a steel substrate and printed on a support structure
so that they could easily be removed from the substrate. The first version
was used for Kerr imaging and the second for VSM and XRD analysis.

From the investigated parameter space, four samples (I-IV) were se-
lected for further analysis. Sample I was built with the power 110 W and
hatch spacing 140 um, sample II with 130 W and 140 um, and sample III
and IV with 110 W and 130 pm. For imaging, the additively manufac-
tured samples had to be polished. They were first embedded in bakelite
and then polished using a series of steps including diamond suspension
to obtain a mirror-like surface. In the last step, SiO,-suspension was
used to alleviate stress caused by the polishing. The top-surface, i.e. the
build plane, was polished for sample I, IT and IV. Sample III was instead
polished to reveal the cross-section, along one of the sample edges. Sam-
ple IV was selected for the single track study, where single laser tracks
were produced on the polished top-surface in order to study the effects
of processing in closer detail. The single tracks were produced with 110,
130, and 150 W laser power and a laser scan speed of 1200 mm/s. A
cross-section was then cut through the single tracks to reveal the plane
normal to the scanning direction of the laser. This cross-section was pol-
ished, with the same method as previously described. SEM imaging was
carried out with a secondary electron (SE) detector to image the surface
and a backscattering electron (BSE) detector to investigate Z-contrast.
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Fig. 1. (a) SEM image of powder particles (b) DSC measurement with a heating rate of 20 K/min. Crystallisation onset temperatures and enthalpies: 486, 528, 649 °C
(17, 44, 11 J/g). Melting onset temperatures and enthalpies: 904, 925, 980 °C (-2, -120, -7 J/g).

—a-Fe

E—Feap
\J \~—FCC-(Fe, Mo)
b—M, X

2376

)_/\.,,J\____/J

——Annealed at 670 C

H h N —— Annealed at 500 C

—— Amorphous powder

Intensity

30 40 50 60 70 80
20 (°)
(a)

1.5 T T
—— Amorphous powder
1 —Annealed, 500°C
—— Annealed, 670°'C

05}
E o :
=
05 /i/
1t
-10 0 10
H (kA/m)
15 - ‘ ‘
Joo0  -500 0 500 1000
H (kA/m)

(b)

Fig. 2. a) XRD patterns of the as-received powder and powder annealed at 500 and 670 °C, respectively. b) Corresponding magnetic hysteresis loops with an inset

showing a close up indicating the coercivities.

The sample was later etched with Aqua Regia for 10 s in an attempt to
enhance any crystalline features, but no additional contrast within the
printed sample region was achieved.

Compositional mapping was carried out at the scanning nuclear mi-
croprobe beamline [42] in the Tandem Laboratory of Uppsala University
[43], using micro-elastic backscattering spectrometry (u-EBS). A He?*
beam was focused to a spot of ~5 pm and scanned across the single track
cross-section. The primary beam energy was set to 3045 keV in order to
allow for the detection of oxygen slightly under the surface by the use of
the narrow 16O(az,ato)lﬁo resonance [44]. The backscattered projectile
particles were detected by an annular-type solid-state particle detec-
tor. Element maps were constructed by the selection of element specific
regions in the EBS spectra for each beam position coordinate on the
sample, with the spectrum counts in these regions corresponding to the
yield for that element in the corresponding coordinate. Particle-induced
X-ray emission (PIXE) spectra were simultaneously captured and y-PIXE
element maps were constructed similarly to those for u-EBS.

An evico magnetics Kerr microscope was used for magnetic imaging,
revealing the magnetic domain structure of the polished surfaces of all
selected samples. The Kerr microscope can measure in three different
modes: Longitudinal, transversal, and polar. These modes each represent
a component of the magnetisation that is detected in relation to the
plane of incidence of the light. The top view images were taken in a
combination of longitudinal and polar mode, for maximum contrast,
however it was the polar (out of plane) component which contributed
the most. The single track images were taken in pure versions of each of
the three modes. All images shown were taken at the state of magnetic
remanence and a differential image is presented, with either a saturated
(top view images of sample I and II) or demagnetised (all cross-section
images) state used as the background image. The difference in choice of

background image was motivated by a field induced translation of the
samples in the cross-section images at saturation, relative to the position
they had in remanence. Using the saturated image as the background
image would in those cases have introduced artefacts in the differential
image from this slight shift in sample position.

3. Results and discussion
3.1. Characterisation of as-received and heat-treated powder

The as-received powder, shown in Fig. 1a, consist of smooth spher-
ical particles with a particle size distribution of 15-45 pm. The thermal
characterisation of the as-received powder, depicted in Fig. 1b, shows a
clear trace of the glass transition with an apparent onset (7,) at approx-
imately 470 °C for a heating rate of 20 K/min. No plateau indicating the
super-cooled liquid region is observed. Instead, the first crystallisation
event directly succeeds the glass transition. There are in total three crys-
tallisation events (T, Ty,, and T,3), where the largest crystallisation
enthalpy with 44 J/g is observed for the second event. The following en-
dothermic melting also occurs in three steps, with the initial onset close
to 900 °C. From the observed crystallisation events, the temperatures at
exothermic maxima were used in three heat treatments, to identify the
structural and magnetic properties of the crystallised material.

Fig. 2a shows the XRD-patterns of the as-received amorphous pow-
der, together with the measurements corresponding to the powders an-
nealed at 500 and 670 °C. The powder annealed at 540 °C has a similar
level of crystallinity and the same phases as the one annealed at 670 °C
and will therefore not be included in the further discussion. The mate-
rial databases ICDD and Pearson were used for the phase identification
of the powder annealed at 670 °C. The crystallised material is found to
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Fig. 3. a) XRD patterns of three printed samples with the parameters 110 W 140 um, 130 W 140 pum, and 110 W 130 pm b) Corresponding magnetic hysteresis loops
measured with VSM. The density was estimated using the measured density of the original powder.

Table 1
Magnetic saturation of the amorphous powder as well
as the powders annealed at 500 and 670 °C.

Powder samples Magnetic saturation, J

Amorphous powder 1.07(5) T
Powder annealed at 500 °C 1.16(6) T
Powder annealed at 670°C 1.19(6) T

Table 2
Magnetic saturation of samples with the three com-
binations of printing parameters in focus.

Power Hatch spacing Magnetic saturation, J
110W 140 pm 1.03(5) T
130 W 140 pm 1.07(5) T
110W 130 pm 1.08(5) T

consist of phases with structures matching a-Fe (Im3m) [45], FCC-(Fe,
Mo) (Fm3m) [46], Fe;P (14) [47] and M,;X, (Im3m) [48].

The VSM measurements of the as-received powder and the powder
samples annealed at 500 and 670 °C show the effect of the crystalline
fractions on the magnetic properties of the alloy (Fig. 2b). Both the mag-
netic saturation and coercivity are found to increase with annealing.
The measured values of J, are reported in Table 1. A higher J, is a
reasonable result given the presence of a-Fe with high saturation mag-
netisation. The increased coercivity is also expected from the presence
of the crystallites, which nucleate and grow upon annealing.

3.2. Characterisation of additively manufactured bulk samples

XRD-patterns obtained from three printed samples with the selected
printing parameters are shown in Fig. 3a. The diffraction reveals that
all samples are X-ray amorphous, to the degree which can be confirmed
with the achieved signal-to-noise ratio. Fig. 3b depicts the measured
magnetic hysteresis curves of the corresponding samples. Just like the
amorphous powder, the samples show soft-magnetic properties with a
H, <1 kA/m, and J of ~ 1 T. Within the uncertainty of the measure-
ments, the magnetic saturation does not differ between the samples, as
seen in Table 2. The difference in slope is likely caused by the fact that
the measured samples were solid pieces of an uneven geometry and thus
the demagnetising factor, which is dependent on the shape of the sam-
ples, could be slightly different for the different samples. The outcome
that it is possible to produce three very similar samples using a range of
slightly different parameters shows that there is some tolerance in the
production of these materials.

Kerr images of the top view of the polished sample I and II are shown
in Fig. 4. The images show the magnetic domains in remanence, with the

Applied field direction

Fig. 4. Kerr images from the polished top-surface of samples a) I and b) IL
White arrows indicate areas of larger magnetic domains, while both samples
also exhibit regions of maze-like domain patterns. The image was taken with
the samples in remanence. The magnetic field used to initially magnetise the
samples close to saturation was applied in the sample plane, as indicated.

fully saturated single domain image as the background. The polar signal
was found to be the dominating contribution to the contrast, suggesting
that the magnetisation is, to a large extent, out of plane. When taking
these images, other areas of the samples were also investigated and the
domains in both samples have a combination of maze-like domains as
well as broader features (pointed out with white arrows in Fig. 4). Some
cracks and pores are also evident in these images. Cracking is in itself
indicative of the stress built up during the printing process and the pres-
ence of pores is a common defect appearing in additively manufactured
samples as a consequence of melt pool instability. A benefit of Kerr mi-
croscopy, related to this, is the possibility to view the magnetic domains
together with these defects. It becomes possible to directly evaluate the
influence defects might have regarding e.g. stress relief, as well as the
effects of different scanning paths or parameters.

Further information can be gained from the cross-section profile of
printed samples, since the magnetic anisotropy is directed mainly in the
build direction. The cross-section of a printed piece was investigated for
sample III. The Kerr images reveal diverse magnetic landscapes, shown
in Fig. 5, with larger domains at the surface, then smaller just below,
followed by larger domains further down in the build. This can be re-
lated to the complex stress situation in these PBF-LB/M printed samples,
which is also a subject of interest for predictive modelling [49-52]. Sim-
ilar domain behaviour in soft-magnetic BMG ribbons has been observed
in previous studies where it was linked to the tensile and compres-
sive stress, yielding large domains in the direction of the stress induced
anisotropy in the areas experiencing tensile stress and smaller domains
in regions which are in a state of compression [53]. The corresponding
areas to these different states of stress are marked out in Fig. 5Sc.

To isolate the features of the PBF-LB/M melt pool, the top-surface
of sample IV was polished and processed with non-overlapping single
track laser scans. This way, the base material is still the same, but the
single tracks and their corresponding HAZ can be viewed without the in-
fluence of other laser tracks created on top or overlapping to the sides.
Kerr images of sample IV in cross-section with the single track of the
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Fig. 5. a) Schematic overview of the printed piece, Sample III, illustrating the investigated region b) Kerr microscopy image overview, taken with a combination of
longitudinal and polar signal for maximum contrast c¢) Close-up with tensile and compressive stress states marked out.
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Fig. 6. Single track of 110 W, imaged with Kerr microscopy using a) polar mode b) longitudinal mode and c) transversal mode. The field was applied in the sample

plane and perpendicular to the single track.

power 110 W are displayed in Fig. 6. The images show the magnetic do-
mains in remanence for the polar, longitudinal, and transversal mode.
The relatively large domains in the areas surrounding the melt pool in-
dicate that the material is magnetically soft and rather homogeneous,
with minimal pinning of the domains. The smaller domains in and at
the border of the melt pool suggest that there is significant compressive
stress within the melt pool, and the direction of the flame-like larger
domains surrounding it is a sign of tensile stress in its radial direction.
The contrast of the Kerr image in the transversal mode (Fig. 6¢) as well
as the direction of the domain stripes show clearly that the stress in
the area around the melt pool is directed vertically with respect to the
build plane and towards the melt pool. This is a reasonable result con-
sidering the stress profile originating in the thermal expansion during
melting and the following shrinkage compared to the surrounding ma-
terial [52,54].

Looking at the top of the melt pool, the domains are larger, indi-
cating that they are not under compressive stress, which is reasonable
considering that they are free, with no attachment or interface except
to the surrounding air or loosely to the bakelite embedding. The same
domain behaviour is seen in sample III in Fig. 5. The melt pool of the sin-
gle track has a conductive mode shape, which is known to be ideal for
high density in PBF-LB/M printing. This way of imaging the shape and
size of the melt pool can support efforts to tailor the melt pool, which is
useful when considering factors such as controlled crystallisation [16].
Between melt pools, shown in Supplementary Figure S.1, the smaller
domains are not present in the same extent for sample IV, compared to
sample III. This is an expected result, considering that sample IV had a
polished top-surface and the images of that sample show the behaviour
close to the substrate, unlike sample III where the as-produced surface
section is in focus.

Other single tracks produced with 130 W and 150 W were also inves-
tigated and Kerr images of these are shown in Supplementary Figure S.2.
The single track made with 150 W also appears to have incipient key-
hole features [55]. The 150 W track was polished to a position where a
pore inside of the melt pool is clearly visible. The presence of this void

has a seemingly less dramatic impact on the domain structure in terms
of size and directionality than the melt pool interface.

The areas around and including the single track melt pools on sam-
ple IV were additionally studied in cross-section using SEM and the ion
based technique u-EBS. An overview of the main techniques used to
study the shape and composition of the single track of 110 W is shown
in Fig. 7, with a schematic of the studied sample area in Fig. 7a. The re-
sult from SEM imaging using the backscattering electron (BSE) detector
is shown in Fig. 7b. There is no contrast which could be related to the
melt-pool nor the HAZ, which was also the case for the secondary elec-
tron detector. However, in the shown BSE-image, one can distinguish
the interface between the steel substrate and the printed BMG. Addi-
tional images with higher magnification are included in Supplementary
Figure S.3-5. Fig. 7c shows the Fe map as a result of the y-EBS measure-
ment. Maps were additionally constructed for Mo and O. A summary of
these results can be found in Supplementary Figure S.6, which also in-
cludes the separate Fe signal with a scaling bar, as well as the Fe signal
identified simultaneously with PIXE in Figure S.7. All measurements in-
dicate that the sample composition is homogeneous at the y-meter scale
within the area which exhibits a clear contrast in the Kerr images, as
shown for comparison in Fig. 7d.

4. Conclusions

In this work, Fe,5 gP; ¢Mo0y4 9B, 3Si, 3Cg 7 (at.%) bulk metallic glass
has been successfully printed using laser beam powder bed fusion and
shows no detectable levels of crystallinity, low H, <1 kA/m, and a rel-
atively high J; of ~1 T. In order to study how the process parameters
influence the melt pool characteristics, single tracks were fabricated
onto the polished surface of a printed part. No contrast was observed
by secondary or backscattered electron imaging. Kerr microscopy was
used to achieve an image through the magnetic contrast instead, which
showed the magnetic domain structures associated with the melt pool.

We conclude that the shape of the magnetic domains reflects the
residual stress via the magneto-elastic coupling, indicating tensile stress
around the melt pool and compressive stress within. In addition, this
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Fig. 7. a) Schematic overview of a single track being produced on top of sample
IV, a printed piece with a polished top-surface. b) An SEM image taken with
a backscattering detector, showing the cross-section profile of the single track,
but no contrast from nanocrystallinity in the heat affected zone. c¢) EBS image
showing the Fe signal which also appears to be homogeneous. d) Single track
with magnetic domain contrast measured with Kerr microscopy, showing the
shape of the melt pool. The melt pool has small domains inside it and larger
domains outside, emanating from the boundary of the melt pool as would be
expected from stress originating in the thermal profile of the single track.

gives a clear contrast of the melt pool shape and size, which was not
possible with electron microscopy. When it comes to metallic glasses,
these features are far more challenging to investigate by traditional
diffraction and microscopy techniques compared to crystalline alloys.
Consequently, we suggest this Kerr microscopy based approach as an
accessible alternative for evaluating both residual stress and melt pool
characteristics in additively manufactured magnetic amorphous alloys.
It could also be used to relate stress to microstructural features, such as
cracks and pores, common for this production method.

In summary, the production parameters, and in extension the phys-
ical properties of these materials, can be improved by using magnetic
imaging as a tool to view and optimise melt pool size and shape as well as
characterising build-up of stress. This methodology shows great promise
and has not been used in this combination with laser beam powder bed
fusion of bulk metallic glass before. These findings will support further
development of the printing parameters of more Fe-based bulk metallic
glasses for energy applications and functional components. The knowl-
edge gained from such studies would also be valuable for the printing
of non-magnetic metallic glasses.
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