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Soft-Magnetic Behavior of Fe-Based Nanocrystalline Alloys
Produced Using Laser Powder Bed Fusion

Merve G. Özden,* Felicity SHB Freeman, and Nicola A. Morley

1. Introduction

Ferromagnetic metallic glasses (MGs) have been studied exten-

sively owing to their lack of crystalline defects, resulting in superior
soft-magnetic properties. Crystalline-related imperfections lead to

magnetic anisotropy, which in turn increases the coercive field
within the material. Thus, low coercivity is achieved with a fully

amorphous phase present in the material.[1] Introducing nanocrys-
talline phases into an amorphousmatrix provides higher saturation

magnetization and higher permeability (Figure 1), especially in

Fe-based ferromagnets.[2] Their exceptional soft-magnetic proper-
ties allow them to be utilized as a magnetic core material in

electromagnetic systems to increase their
efficiency by lowering the energy losses con-
siderably for eddy currents.[3] Recently,
Thorsson et al. managed to produce a Fe-
based nanocrystalline complex-shaped elec-
tric motor rotor with a 6 cm diameter by
selective laser melting,[4] enabling its users
to build 3D complicated shapes in one-
production step without the need of postpro-
cessing.[5] The 3D-printed electric motor
rotor possessed high electrical resistivity
(178.2 μΩ cm), high magnetic susceptibility
(9.17), relatively high saturation magnetiza-
tion (1.29 T), and relatively small coercivity
(0.51 kAm�1), which are the key factors
for electric motors. Moreover, the electric
motor rotor was fabricated with much larger
than critical casting thickness (6 cm) due to
the high cooling rate evolving in the whole
part.[4] This can only be achieved by using
laser additive manufacturing (LAM).

Laser powder bed fusion (LPBF), as
one of the LAM techniques, has been

exploited widely for Fe-based amorphous/nanocrystalline ferro-
magnetic materials. LPBF, also known as selective laser melting
(SLM), manufactures dense metallic components in a layer-by-
layer fashion by using a focused laser beam, scanning each
powder layer.[6] Figure 2a shows the main process parameters
of LPBF technique. Optimization of those parameters plays an
important role in producing Fe-based amorphous/nanocrystal-
line alloys as changing parameters affect the microstructural evo-
lution, which is complex and heterogeneous, as shown in
Figure 2b. Because of the laser scanning nature of the LPBF pro-
cess, the microstructure usually contains two distinct regions,
melt pool (MP) and heat-affected zones (HAZ), both of which
experience different cooling rates.[7] One of the main challenges
in LPBF technique is process optimization to control the micro-
structure of Fe-based amorphous/nanocrystalline ferromagnets
to enhance their soft-magnetic properties.

This article addresses this issue to comprehend how
microstructural development influences the magnetic properties
of Fe-based alloys as well as how bulk density changes with dif-
ferent process parameters. To do this, all the major process
parameters were considered: laser power (P), laser scan speed
(v), hatch spacing (h), and layer thickness (t). Researchers have
generally investigated the effects of laser power and laser scan
speed on the properties of Fe-based MG.[3,8–11] This work
provides a comprehensive experimental study to optimize the
LPBF process for the differing process parameters
(P, v, h, and t).
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Herein, an extensive experimental study is presented on the influence of the

major process parameters of the laser powder bed fusion (LPBF) technique on

the bulk density and soft-magnetic properties of Fe-based bulk metallic glasses

(BMGs). For this purpose, 81 samples are manufactured using the combi-

nations of different process parameters, that is, layer thickness (t: 50–70 μm),

laser power (P: 70–130 W), laser scan speed (v: 900–1100 mm s�1), and hatch

spacing (h: 20–40 μm). High bulk density (≥99%) is achieved utilizing low P

and v combined with low h and t in order to decrease energy input to the

powder, preventing cracks associated with the brittle nature of BMGs.

Furthermore, it is indicated that h= 30 μm and v= 1000 mm s�1 play a

determining role in acquiring high saturation magnetization (≥200 Am2 kg�1).

Due to the laser scanning nature of the process, two distinct microstructures

evolve, melt-pool (MP) and heat-affected zone (HAZ). According to thermal

modeling performed in this study, laser power has the major effect on the

thermal development in the microstructure (thermal gradient evolved between

the two hatches and the cooling rate from MP through HAZ).
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2. Experimental Section

2.1. Material

The amorphous ferromagnetic powder (KUAMET 6B2
(Fe87.38Si6.85B2.54Cr2.46C0.77 (mass %))), provided by Epson
Atmix Corporation, Japan, was chosen for this study. This was
because the elements within the Fe–Si–B–Cr–C system are
widely available and more sustainable than its competitive mate-
rials, containing Co or rare earth materials such as Nd and Dy.
The only expensive element in the alloy is boron, however, with a
smaller quantity (2.54%) compared to other amorphous alloys.
The powder characterization results can be found in our previous
work.[12] According to the results, the amorphous spherical pow-
der has a narrow particle size distribution with D10, D50, and
D90 of 9.49, 23.4, and 47.5 μm, respectively. In addition, it shows
soft-magnetic behavior with saturation magnetization of
102 Am2 kg�1 and coercivity of 2.27 kAm�1.

2.2. Methods

First, powder sieving was carried out using a 53 μm mesh-size
sieve to narrow the particle size distribution down for better
spreadability and flowability over the powder bed. An Aconity
Mini machine was used to print the cylindrical samples with
the dimensions of 6mm in diameter and 5mm in height.
Different combinations of process parameters were applied to
study their individual effect on the properties (Appendix A).
For all layer thicknesses, t (50, 60, and 70 μm), same hatch spacing,
h (20, 30, and 40 μm), and laser scan speed, v (900, 1,000,
1,100mm s�1) values were maintained, however, with the increas-
ing layer thickness, it was necessary to increase laser power to
obtain bulk dense parts, as stated in our previous work.[12]

Therefore, at t= 50 μm, P= 70, 80, and 90W (Table A1); at
t= 60 μm, P= 90, 100, 110W (Table A2) and at t= 70 μm,
P= 110, 120, and 130W (Table A3) were used. All the samples
were printed using the hatch filling type with a starting angle of
22.5° and rotation of 70° after each layer and the residual oxygen
content of the chamber was kept below 0.01% to prevent oxidation.

The 3Dmelt pool modeling was carried out in MATLAB using
the Eagar solution for a moving Gaussian heat source.[13] The
modeling provides the cooling rate, thermal gradient, melt-pool
(MP) width, length, and depth at given process conditions and
material’s properties. After the production of the samples, their
densities were measured with an Archimedes technique set-up
three times. The bulk density percentage was quantified using
the mean density and the theoretical density (7.294 gr cm�3)
for every sample, this also gave the porosity as well. Moreover,
the micrographs of the samples were taken by INSPECT F50
HR-SEM after they were ground, polished, and subjected to etch-
ing for 3min with 2% nital solution (98mL HNO3 and 2mL
ethanol). The crystallite sizes were calculated from those micro-
graphs using the ImageJ program. Differential scanning calorim-
etry (DSC) (TA instruments SDT Q600 machine) was utilized by
heating the samples with a rate of 20 °Cmin�1 up to 1,400 °C to
obtain their crystallization enthalpies. Then, the amorphous con-
tent was quantified by using the technique, described in these
articles.[3,10,14] Finally, the magnetic properties (saturation magne-
tization and coercivity) were determined from magnetization

Figure 1. Relative permeability, conductivity, and saturation magnetiza-
tion of soft-magnetic materials, where the color shading represents the
relative permeability and the $ represents the relative cost of the
material.

Figure 2. a) The studied process parameters of LPBF technique
(Reproduced under terms of the CC-BY license.[28] 2019 by the authors,
published by MDPI) and b) the schematic illustrations of microstructural
development of BMGs during LPBF process (Reproduced with
permission.[29] 2022, Elsevier).
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hysteresis (M–H) loops, which were obtained using a SQUID
magnetometerMPMS3 fromQuantumDesign at 300 K and fields
up to 160 kAm�1.

3. Results and Discussion

As stated in our previous work,[12] due to the high thermal

gradients ð5.67� 11.9� 106Km�1Þ evolved between the two

hatches, the cooling rate ð5.1� 12.9� 106K s�1Þ significantly dif-
fers so that four phases develop in the distance of hatch spacing
(Figure 3). The α-Fe(Si) phase mainly evolves in the melt pool
(MP) region (Figure 3a,b) whereas Fe3Si nanoclusters and Fe2B
crystallites exist in the heat-affected zone (HAZ) region
(Figure 3f ). In the HAZ region, the presence of the ordered
Fe2B phase implies that within the HAZ a thermal equilibrium

condition (slower cooling rate) has been reached. Phase identifi-
cation (XRD, TEM, and DSC analysis) was performed in the pre-
vious study,[12] where it was shown that the disordered α-Fe(Si),
the ordered Fe3Si, and the stable Fe2B phases grow as equiaxed,
dendritic (star-like), and needle-like, respectively. Moreover, the
size of the α-Fe(Si) phase increases from the MP to the end of
HAZ region (Figure 3a,b), which means this phase has a variety
of crystallite sizes within the same MP region. For this reason, its
grain size was represented for the particle size distribution in the
form of histogram graph in this study, where the effect of process
parameters on the particle size distribution of the α-Fe(Si) phase
was investigated. The cooling rate mostly influences the amor-
phous content and grain size in the MP region, which in turn
affects the soft-magnetic properties.

Despite the high cooling rates within the process, there was a
smaller amount of the amorphous phase content (≤30%) within

MP
HAZ

(a) (b)

MP

HAZ

MP MP

HAZ

Fe3Si Nano 

clusters
Fe2B crystallites

α-Fe(Si) Nano-grains

(c) (d)

(e) (f)

Figure 3. SEMmicrographs of LPBF processed samples showing a,b) the microstructures in melt pool zone (MP) containing α-Fe(Si) grains; c,d) MP and
HAZ regions at higher magnification; e,f ) the microstructures in the heat-affected zone (HAZ) composed of Fe3Si and Fe2B nanophases.
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the samples, than was expected. The reasons for this may be due
to 1) defects in themicrostructure (cracks and pores) that facilitate
the heterogeneous nucleation of crystalline phases and 2) in situ
heat treatment evolved resulting from previous hatches. In
Figure 4a, white arrows represent the hatches and their directions
show the laser scanning route. It can be seen from this figure that
when the hatch spacing is low (20 μm), the laser scan re-heats the
previously-solidified regions, which gives an in situ heat treat-
ment that is above the crystallization temperature (�800 K). In
addition, due to the too small sample size (6mm), previous
hatches may not have fully cooled down when the subsequent
hatch was being laser-scanned. This multiple reheating decreased
the cooling rate, which promote nucleation. Furthermore, this
rescanning helped to improve bulk density (98.18%) as at the
layer thickness of 60 μm, MP depth was 40 μm (Figure 4b), which
was not enough to solidify all the powders. Without the multiple
laser scanning, this would give rise to a lack within the samples.

The modeling gives the cooling rate, thermal gradient from
the MP through the HAZ and the MP dimensions (width-length
(area) and depth) for the given process parameters. It was found
that layer thickness (t) and hatch spacing (h) did not have a note-
worthy impact on those thermal conditions. In contrast, the main
effect on the thermal evolution during the LPBF process was the
laser power. In general, it was observed that increasing P makes
the MP bigger (Figure 5c,d), which results in a slower solidifica-
tion (Figure 5a). Additionally, the modeling suggested that the

h

h

t

(a)

(b)

Figure 4. 3D melt-pool modeling of a) top view and b) side (cross-sec-
tional view) of LPBF processed samples with P of 100W, v of 900mm s�1,
h of 20 μm and t of 60 μm, showing temperature profile in melt-pool
region (h is hatch spacing and t is layer thickness). It should be noted
that the dark red region symbolizes a fully liquid melt-pool whereas lighter
red areas depict a mushy zone (liquid and solid together).

Figure 5. The color–map graphs of a) the cooling rate, b) thermal gradient, c) melt-pool (MP) area, and d) melt-pool depth as a function of laser power
and laser scan speed.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 2300597 2300597 (4 of 13) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 1
5
2
7
2
6
4
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

em
.2

0
2
3
0
0
5
9
7
 b

y
 U

n
iv

ersity
 O

f S
h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [3
1

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



thermal gradient is only influenced by P. High thermal gradient

and cooling rate can only be achieved at low P (Figure 5b). In
addition to P, the laser scan speed (v) also affected the cooling

rate and MP depth, such that high v decreased the depth and
increased the cooling rate.

Elemental analysis showed the Fe content in the samples is

around 82 wt%. The only noteworthy differences between MP
and HAZ regions are that the Fe content is higher in the MP

(due to amorphous and α-Fe phases) and the B content is higher

in the HAZ region, because of Fe2B phases (Table 1). While EDS
gives the general idea about elemental compositions for compar-

ison, it is worth mentioning that it is not reliable to investigate
exact compositions resulting from the presence of B and C in the

sample, as they are light elements, which are known to be diffi-

cult to quantify using EDS.[15]

Before starting to investigate the change in magnetic proper-
ties with different process parameters, it is worth noting that in

general, the saturation magnetization, Ms is influenced
dominantly by the amount of magnetic transition metals

(Fe, Co, and Ni) present because of their high magnetic
moments.[16] In literature, amorphous ferromagnets containing

82 wt% of Fe possess a saturation magnetization of 180

Am2 kg�1[17] (1.6 T[18,19]). Nevertheless, it was well-established
that their saturation magnetization can be enhanced consider-

ably by nucleating nanometer-sized phases in an amorphous
matrix.[17–20] Meanwhile, the coercivity strongly depends on

the grain size.[20] It was proven that the coercivity has the lowest
value (≤10 Am�1) for grain sizes (D) that are either less than

40 nm ormore than 100 μm.[21,22] According to the theoretical pre-
dictions based on the random anisotropy model for the average

magneto-crystalline anisotropy constant, the coercivity (Hc) exhibits

a decrease that follows the sixth power of the grain size (D6), from
100 nm down to the amorphous phase.[23] Between 100 nm and

500 nm, the coercivity is constant at values above 1 kAm�1. At
D≥ 500 nm, Hc has a dependence of 1/D, which aligns with

the conventional principle that achieving desirable soft magnetic
properties typically necessitates the presence of significantly large

grains (D> 100 μm) in bulk samples. Consequently, when the

Table 1. EDS results of the LPBF-processed samples and their MP and
HAZ regions in their microstructure.

wt% General MP HAZ

Fe 81.9� 0.4 83.0� 0.9 80.8� 0.8

Si 6.0� 0.1 6.1� 0.1 5.9� 0.1

B 3.1� 0.5 1.8� 1.0 3.9� 1.0

Cr 2.5� 0.1 2.6� 0.1 2.4� 0.1

C 6.5� 0.1 6.5� 0.2 7.0� 0.3

Figure 6. The characterization results demonstrate the effect of laser power on the microstructural and magnetic properties of 3D printed samples by
using different laser power (90, 100, and 110W) (other parameters kept constant; v= 900mm s�1, h= 30 μm, t= 60 μm): a) The histogram graphs
showing α-Fe(Si) crystallite size distribution and the graphs illustrating b) saturation magnetization and amorphous content, c) coercivity and porosity
values as a function of laser power.
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particle size is reduced to approach the width of the domain wall,

Hc increases, reaching a maximum value determined by the exist-
ing anisotropies.[24] This means as the grain size increases, the

magneto-crystalline anisotropy decreases on the macroscopic scale
due to the reduction in the grain boundary area. Fe2B tetragonal

structure has much higher magneto-crystalline anisotropy (anisot-
ropy constant (K1: 100 kJm

�3) than bcc-Fe phase (K1: 8 kJm
�3)).

Nevertheless, since the quantity of the Fe2B phase is very small in
the microstructure compared to the bcc-Fe phase and its size

does not change considerably with different process parameters,

its effect on coercivity was ignored in this study. However,
to minimize the coercivity, one might consider preventing the

formation of Fe2B phase in the microstructure. The amorphous
content also changes the magnetic properties, i.e., a higher content

is expected to reduce the saturation magnetization (Ms) and
coercivity (Hc).

Laser power (P) is the most dominant parameter to vary the

thermal profile in the microstructure. As mentioned before, laser

power mainly affects the cooling rate and thermal gradient.
The maximum nucleation rate occurs just above the glass tran-

sition temperature and lowers quickly with increasing tempera-
ture, whereas the growth rate continues to increase, reaching its

maximum at much higher temperature.[25] For this reason, a
higher cooling rate and thermal gradient (low P) promote

nucleation while a lower cooling rate and thermal gradient (high

P) accelerate grain growth (grains are bigger in size, rather than
increase in number). Increasing P from 90 to 100W increases

the nucleation rate, in contrast, at P= 110W, growth of the
nucleus is dominant (Figure 6a). At low P (=90W), there are

a few smaller α-Fe(Si) grains (narrow particle size distribution)
in the MP region (Figure 6a), which implies higher cooling rate,

i.e., high amorphous content (Figure 6b). HighMs at high Pmay
result from the low amorphous content or the increase in the size

of bcc-Fe phase. Coercivity (Hc) is affected by not only magnetic

anisotropy associated with the grain size, but also defects in the
parts (porosity and cracks). High coercivity at P= 110W may

originate from the low amorphous content (Figure 6b), so a
larger contribution from the magnetocrystalline anisotropy.

Laser scan speed (v) impacts the time parameter in the cooling

rate expression. Low v provides a longer time between laser scan
tracks, lowering the cooling rate and increasing the crystalliza-

tion rate at a constant temperature.[26] However, owing to

the small effect of v on the cooling rate, the microstructure
(the crystallite size distribution (Figure 7a) and amorphous con-

tent (Figure 7b)) does not vary significantly. The slight increase in
Ms with decreasing vmay be due to the lower amorphous content

(Figure 7b). When other parameters are constant and moderate,
increasing v brings about the balling effect (this phenomenon

Figure 7. The characterization results demonstrate the effect of laser scan speed on the microstructural and magnetic properties of 3D printed samples
by using different laser scan speeds (900, 1,000, and 1,100mm s�1) (other parameters kept constant; P= 100mm s�1, h= 30 μm, t= 60 μm): a) The
histogram graphs showing α-Fe(Si) crystallite size distribution and the graphs illustrating b) saturation magnetization and amorphous content,
c) coercivity and porosity values as a function of laser scan speed.
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generally occurs at high v or large h due to unstable melt. More

detailed information can be found elsewhere),[27] leading to
higher porosity content. Even though the microstructure does

not change considerably, high coercivity at high v (=1,100mms�1)
is observed, suggesting that the higher porosity level, i.e., lower

bulk density, worsens the coercivity (Figure 7c).
Although hatch spacing (h) and layer thickness (t) do not influ-

ence notably the thermal development in the microstructure the-

oretically; in practice, shorter h can lead to reheating the already

solidified part, depending on the MP size. This can bring about
in situ heat treatment. This effect is even more weighty when the

component size is small. In this study, because of the small sam-
ple size (6 mm in diameter), when the laser starts to scan the

subsequent hatch, the previous hatch may not have cooled down
completely. If the hatch spacing is too short (20 and 30 μm) con-

sidering the MP size (Figure 4a), the hatches experience
multiple reheating, which lowers the cooling rate. This makes

grain growth dominant over nucleation from the crystallization

kinetics point of view. At low h (Figure 8a), the crystallite size
increases in the MP, causing high Ms despite high amorphous

content (Figure 8b). Although h does not have substantial effect
on the coercivity, high h lowers the bulk density by 1% due to the

balling effect (Figure 8c).
The statistical analysis performed based on the thermal

modeling indicates that the layer thickness (t) has the same effect

with P on the cooling rate, which means increasing t lowers the

cooling rate. As a result, the sample processed with high t

(70 μm) possesses larger α-Fe crystallites (Figure 9a).

Nevertheless, this did not alter the soft-magnetic behavior (high
Ms, lowHc) considerably (Figure 9b,c). Despite the slight change,

the dependence of Hc on 1/D can be observed in Figure 9.
While investigating the laser process parameters individually

gives great insight into the thermal and crystallization

characteristics of the LPBF process, this is not enough to achieve

desirable properties. All of the major process parameters must
be taken into account together since they are dependent on each

other.
The graphs showing the bulk density variations as a function

of laser scan speed and laser power at different hatch spacing and

layer thickness are presented in Figure 10. If a bulk density of
97%, i.e., 3% porosity, is set to be a design limit for a given appli-

cation, then the green and yellow regions demonstrate low density.
In general, high laser power creates cracks due to the brittle nature

of metallic glasses, especially at high laser power (≥120W) and

low hatch spacing (=20 μm). In addition, the combination of laser
scan speed (v), hatch spacing (h), and low laser power (P) creates

an extensive balling effect resulting from the small volumes of
melt pools and large distances between them. This eventually

leads to largemetallurgical pores in themicrostructure, decreasing
the bulk density. However, low P brings about high bulk density

Figure 8. The characterization results demonstrate the effect of hatch spacing on the microstructural and magnetic properties of 3D-printed samples by
using different hatch spacing (20, 30, and 40 μm) (other parameters kept constant; v= 900mm s�1, P= 100W, t= 60 μm): a) The histogram graphs
showing α-Fe(Si) crystallite size distribution and the graphs illustrating b) saturation magnetization and amorphous content, c) coercivity and porosity
values as a function of hatch spacing.
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(red regions) when it is used with low v, h. As stated before,

high v (1,100mms�1) and low P, especially along with high h

(40 μm), provide high cooling rate, leading to high internal

thermal stresses generating cracks. They are generally formed
around micropores acting as thermal stress concentrations.

Also, the combination of high v and low P does not give enough

heat input to the powder, resulting in incomplete melting and
interparticle bonding. This increases porosity. Nevertheless,

rapid cooling rate (low P and high v) is a necessity for the
development of the amorphous phase. Thus, to increase the amor-

phous content as well as bulk density (i.e., reduce porosity), one
should consider thermal annealing as a postprocess to get rid of

the internal stresses or double scanning (in situ heat treatment). It
should contain the first scan with high E (=P/(vth)) to improve

sintering and a second scan with low E to increase amorphous

content.
When the process parameters were investigated individually,

it was observed that as P, t, and h were increased and v was

decreased, Ms values were enhanced. When the different combi-
nations of process parameters were examined (Figure 11), con-

flicting results were obtained as the process parameters are
intercorrelated with each other. The most distinguishable differ-

ence is that at high h, Ms worsens. Previously, it was mentioned

that increasing h (at P= 100W, v= 900mm s�1 and t= 60 μm)
improves Ms due to the bigger crystallites. In general, high h

reduces the volumetric energy input to powder, increasing the

amorphous content resulting from high cooling rate. Also, it is clear
that h and v are the controlling parameters for saturation magneti-

zation as the combination of h= 30 μm and v= 1,000mm s�1

gives the higher saturation magnetization at different layer thick-

nesses and lower powers. The reason for this could be that those

parameters provide sufficient undercooling so that smaller crystal-
lites spread in amorphous matrix at a smaller distance, which

improves exchange interaction among them and increases Ms.
The thermal evolution in the LPBF process is complex and it

is hard to comprehend what happens thermally during the process
as a variety of process parameters influence its thermal

development.
In this study, coercivity (Hc) depends on the microstructural

features such as defects (pores and cracks), amorphous content,

and crystallite size. As mentioned before, Hc is reduced by

increasing the amount of amorphous phase or by increasing
the crystallite size above 500 nm, while decreasing the magneto-

crystalline anisotropy. However, the crystallite size in this study
(50–1,000 nm) (Figure 6a, 7a, 8a, 9a) is mostly in the constant-

coercivity region (D: 100–500 nm, Hc: �2 kAm�1[24]), which
means varying the crystallite size in this range does not affect

the coercivity. Additionally, the red regions (high bulk density)

in Figure 10 coincide with the yellow and green regions
(low coercivity) in Figure 12 for the most part. Therefore, porosity

Figure 9. The characterization results demonstrate the effect of layer thickness on the microstructural and magnetic properties of 3D printed samples by
using different layer thicknesses (50, 60, and 70 μm) (other parameters kept constant; v= 1000mm s�1, P= 90W, h= 20 μm): a) The histogram graphs
showing α-Fe(Si) crystallite size distribution and the graphs illustrating b) saturation magnetization and amorphous content, c) coercivity and porosity
values as a function of layer thickness.
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level may impact the coercivity more than crystallite size in this
work. Generally, it was observed that low P and v brought about
low coercivity, which may result from the high bulk density
observed at these parameters (Figure 12). Despite high bulk
density and Ms achieved in this study, the coercivity is too high
(1.35–2.72 kAm�1) for soft-magnetic materials applications.
The coercivity needs to be reduced by lowering P and v or using
different scanning strategy without compromising bulk density
and saturation magnetization.

4. Conclusion

FeSiBCrC BMGs were LPBF-processed with the help of different
laser process parameters with the aim of obtaining high bulk
density and excellent soft-magnetic properties. The results can
be summarized as follows: 1) The thermal evolution (cooling rate
and thermal gradient) during laser scanning influences the
microstructure (the amorphous content and α-Fe(Si)), which
has a significant effect on the soft-magnetic properties. 2) The

Figure 10. Color–mapped graphs showing bulk density variations as a function of laser power and laser scan speed at three different layer thicknesses (t)
and hatch spacing (h) with the scale bar on top of the graphs.
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thermal modeling results indicated that the thermal gradient is

primarily influenced by the laser power (P). High thermal gradi-
ent and rapid cooling rates can only be achieved at low P.

Furthermore, in addition to P, the laser scan speed (v) also
impacted the cooling rate and the depth of molten pools

(MP), where higher v resulted in shallower MP depths and
increased cooling rates. 3) A higher cooling rate and thermal gra-

dient, achieved through low P and high v, encourage nucleation

processes. In contrast, a lower cooling rate and thermal gradient,

obtained with high P and low v, accelerate grain growth, resulting

in larger grain sizes rather than an increase in the number of
grains. 4) In practical terms, a shorter hatch spacing can lead

to reheating of the solidified part, particularly when considering
the melt-pool size. This can result in in situ heat treatment,

which is more significant for smaller component sizes. The study
found that if the hatch spacing is too short, multiple reheating

occurs, resulting in a lower cooling rate and promoting grain

growth over nucleation in the microstructure. 5) Because of

Figure 11. Color–mapped graphs showing saturation magnetization (Ms) variations as a function of laser power and laser scan speed at three different
layer thicknesses (t) and hatch spacing (h) with the scale bar on top of the graphs.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 2300597 2300597 (10 of 13) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 1
5
2
7
2
6
4
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

em
.2

0
2
3
0
0
5
9
7
 b

y
 U

n
iv

ersity
 O

f S
h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [3
1

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



the brittle nature of the BMGs, high thermal internal stresses
tend to develop in the microstructures, leading to cracks. To pre-
vent cracks formation, rapid cooling rate (high v) and high energy
input (high P) should be avoided. Therefore, low P and v ought to
be used along with low h and t to decrease cracks and porosity.
6) The controlling parameters for saturation magnetization are
observed to be v and h. h of 30 μm and v of 1,000mm s�1 give
the highest Ms (≥200 Am2 kg�1) at low laser power in this
study. Those process parameters provided higher undercooling
(nucleation rate is dominant) such that α-Fe(Si) phases decreased

in size and were distributed at a smaller distance, facilitating
exchange interaction among them. 7) The crystallite size
range examined (50–1,000 nm) mostly falls within the
constant-coercivity region, indicating that variations in crystallite
size within this range do not significantly affect the coercivity.
The findings suggested that the porosity level might have a more
significant impact on coercivity than crystallite size. It was gen-
erally observed that lower laser power (P) and scan speed (v)
resulted in lower coercivity, which could be attributed to the
higher bulk density achieved under these parameters.

Figure 12. Color–mapped graphs showing coercivity (Hc) variations as a function of laser power and laser scan speed at three different layer thicknesses
(t) and hatch spacing (h) with the scale bar on top of the graphs.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 2300597 2300597 (11 of 13) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 1
5
2
7
2
6
4
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

em
.2

0
2
3
0
0
5
9
7
 b

y
 U

n
iv

ersity
 O

f S
h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [3
1

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



Appendix A The 3D-printed samples coded
according to their laser process parameters
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