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Enhancing Soft-Magnetic Properties of Fe-Based
Nanocrystalline Materials with a Novel Double-Scanning

Technique

Merve G. Ozden* and Nicola A. Morley

This article presents a novel scanning technique for the laser powder bed fusion
(LPBF) of Fe-based soft-magnetic alloys, which have low glass forming ability,
and microstructural change happens during LPBF process. This technique
involves double scanning where 1) the first scan applied uses high energy density
(E= P[vht, where P is the laser power, v is the laser scan speed, h is the hatch
spacing, and t is the layer thickness) with different process parameters (P: 30, 40,
and 50 W, v: 500, 600, and 700 mm s~ ', h: 20 and 30 pm, and t: 50 pm) to achieve
high density and 2) the second scan employed before the spreading subsequent
powder layer uses low E (=20 mm 3, P=20W, v=1000mms ", h=20 pm,
and t=50 pm) to refine the microstructure and thus reduce coercivity. This
increases the saturation magnetization to a maximum value of 226.81 Am? kg '
and reduces the coercivity to a lowest value recorded (130 A m ™). Likewise, the
bulk density (94.59-99.25%) is enhanced significantly with double scanning,
especially the samples produced using high P (50 W) resulting from the relieving
of the mechanical and thermal stress evolving during the process.

magnetocrystalline anisotropy energy and
thus low hysteresis loss.* " They are typi-
cally produced using planar flow casting
techniques, with a thickness range of
15-30 pm and composed of fully or par-
tially amorphous phases. These alloys are
also referred to as metal amorphous nano-
composites.'?) Fe-based amorphous rib-
bons have higher electrical resistivity of
1.0-1.3 pQm compared to silicon steels
due to their lack of long-range orders,
contributing to lower eddy current loss.”’
Nevertheless, their saturation polarization
(Js) is relatively inferior in comparison to
that of silicon steel. Developing Fe-based
BMGs with high J and low core loss is cru-
cial for enhancing the power density and
efficiency of advanced electronic devices.’
Various approaches have been taken to

1. Introduction

Soft-magnetic alloys have been playing a critical role in power
generation, transformation, and energy conversion, making
them a significant engineering material for both industry and
academia.’™® The excellent efficiency and low core loss demon-
strated by Fe-based soft magnetic bulk metallic glasses (BMGs)
have generated immense interest in their use as core materials in
power electronics and industrial transformers.”) Soft magnetic
BMGs lack crystal structures or long-range orders, resulting in
no magnetocrystalline anisotropy energy.[g] In contrast, nano-
crystalline soft magnetic alloys have reduced effective
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increase the J; of Fe-based BMGs, such

as the modifying compositions!"*'* and
nanocrystallization."®) However, the composition modulation
by increasing Fe content and adjusting metalloid elements has
limitations due to the trade-off between J; and glass forming
ability.*® Co substitution has been found to be effective in
improving J, without reducing the glass forming ability,!*”*®!
but it can bring about increased magnetic anisotropy and Curie
temperature (T), along with worsening magnetic softness.”!
Nanocrystallization encounters difficulties in the producibility
as generally Fe-based nanocrystalline alloys having high J; cannot
be manufactured into application-level sized parts resulting from
the low glass forming ability.!'”2°!

Fe-based soft magnetic nanocrystalline alloys, containing nano-
scale phases embedded in the amorphous matrix, offer various
benefits: 1) the presence of the a-Fe phase provides high satura-
tion magnetization (M;),!'**" 2) superior magnetic softness con-
tributes to low core loss (1/10-1/4 of the commercial silicon
steels),"****land 3) the dual-phase coupling results in low mag-
netostriction and super-high permeability (Figure 1).[6%2¢%]
Furthermore, as the structural correlation length of nanocrystal-
line alloys is less than the exchange correlation length of the mag-
netic spins, the magnetocrystalline anisotropy (Kj) is averaged out
over the randomly oriented grains, leading to a low coercivity
(H.).?*>% Fe-based nanocrystalline alloys are typically produced
upon crystallization from an amorphous matrix through various
methods, such as single roller spinning followed by annealing,!
consolidation (hot pressing) of mechanically alloyed powder,>*!
and ultrafast high-energy ball milling.****!

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. The graph showing the relations between effective permeability
at 1 kHz and saturation flux density of soft-magnetic materials.
Reproduced with permission.>*! 2022, AIP Publishing.

The current techniques for producing Fe-based soft-magnetic
alloys are limited by the material’s glass forming ability, dimen-
sional limitations, and the geometric complexity. Laser powder
bed fusion (LPBF) technology, which uses a laser to consolidate
powders in a layer-by-layer manner, can overcome these limita-
tions. Achieving high cooling rates (up to 10°® K s™?) during this
process makes it a good option for fabricating Fe-based
amorphous,/nanocrystalline alloys with complex shapes.¢~#!
However, controlling microstructure is challenging due to the
complex thermal nature of the process. Researchers are using
various methods to improve the quality of the LPBF-processed
samples, such as optimizing process parameters and using
multiscanning strategies. The degree of amorphization of
the resulting material is an important factor for Fe-based
amorphous/nanocrystalline materials. To increase the
amorphous content and keep crystallite size of the a-Fe phase
minimal (<20 nm), crystallization must be suppressed during
both the cooling of the molten metal and the absorption of
the melt’s heat by the previously solidified part.**! For this
purpose, researchers have utilized different scanning
strategies to build 3D parts with reduced crystallinity. The
initial approach involved performing two laser scans to each
layer before spreading the subsequent layer, which allowed
the scientists to process Fe-based amorphous/nanocrystalline
alloy with M, of 1.22T and high density of 96%.1*° This
method also increased the amorphization degree to 47%
and decreased the coercivity. Another approach involved a
two-stage laser scanning process: prelaser melting followed
by short-pulse laser treatment to induce amorphization.*"
This strategy fabricated a sample with a maximum relative
density of 94.1% and an amorphous phase content of
89.6%. Although this research succeeded in increasing the
amorphous phase content, bulk density (>99%) and soft-
magnetic properties (high M, (<1.5T) and low H.
(<1kAm™)), it still needs improvement. With this aim, a
novel scanning strategy was introduced to LPBF-process
Fe-based nanocrystalline soft-magnetic alloys to control the
microstructure during the process.
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2. Experimental Section

2.1. Materials

For this study, the commercial FeSiBCrC amorphous powder,
provided by Epson Atmix Corporation, Japan, was used with
the elemental compositions of 87.38 (Fe), 6.85 (Si), 2.54 (B),
2.46 (Cr), and 0.77 (C) in mass %. The Fe-Si-B-Cr-C system
is more readily available and sustainable compared to other com-
petitive materials, which contain Co or rare-earth materials such
as Nd and Dy. The only high-priced element is boron, which is
present in a smaller quantity (2.54%) compared to other Fe-based
amorphous/nanocrystalline alloys. Carbon contributes to the
glass forming ability of the alloy due to being small atom like
B and Si. On the other hand, chromium is a cheaper alternative
to the Cu and Nb atoms, preventing the growth of crystallites.
The powder characterization was presented in our previous
work,*?! which indicated that the powder was fully amorphous,
spherical in shape, and has a narrow particle size distribution
with D10, D50, and D90 of 9.49, 23.4, and 47.5 um, respectively.
Additionally, it exhibits soft-magnetic behavior, with M, of
102 Am*kg " and H, of 2.27kAm ™.

2.2. Methods

To begin with, the powder was sifted through a sieve with a mesh
size of 53 pm to narrow the size distribution of the particles,
which will aid in their spreadability and flowability over the pow-
der bed. A cylindrical sample with a diameter of 6 mm and a
height of 5mm was then printed using an Aconity Mini
machine. From the main laser process parameters, low laser
powers (P = 30, 40, and 50 W) were utilized to increase cooling
rate and inhibit crystallization. On the other hand, it was
indicated in our previous works*>*}! that energy density
(E = P/vht, where v is the laser scan speed, h is the hatch spacing,
and t is the layer thickness) must be higher than 45 J mm > to
obtain high bulk density (>97%). In order to increase energy
density, relatively low laser scan speeds (v=500, 600, and
700mms~') and hatch spacing (k=20 and 30pm) were
exploited with the layer thickness being kept constant at
t =50 pm. For the first scan, a combination of the different laser
process parameters was used to achieve energy density values
within the range 42.86-100 ] mm >, to build 3D parts with high
density; these are presented in Table 1. The second scan with a
low energy density (E=20]mm >, P=20W, v=1000 mms~’,
h=20pm, and t=50pum) was applied to each powder layer
before spreading the subsequent layer. The reasons for this were
1) to provide thermal stress relaxation, eliminating residual stress
in the microstructure, 2) to decrease the crack density in the

Table 1. The process parameters used in the first laser scan.

E[Jmm~? h=20pm h=30pm
P=30W P=40W P=50W P=50W
»=500mms"" 60 80 100 66.67
v=600mms"" 50 66.67 83.33 55.56
v=700mms"" 42.86 57.14 71.43 47.62

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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microstructure, and 3) to refine the microstructure by introducing
nanosized a-Fe(Si) crystallites within the microstructure, which
should eventually increase the saturation magnetization (Mj)
and lower the coercivity (H,). In addition, the specimens were pro-
duced using the hatch filling technique, with a starting angle of
22.5° and a rotation of 70° after each layer. To avoid oxidation,
the residual oxygen content in the chamber was kept below 0.01%.

For characterization, the Archimedes technique was employed
to measure the densities of the printed samples thrice using dis-
tilled water. To determine the bulk density percentage, the mean
density and theoretical density (7.294 grcm ™) were used for
each sample. For the microstructural imaging, each sample
was subjected to grinding, polishing, and etching for 3 min
using a 2% nital solution (98 mL HNO; and 2mL ethanol).

CX View - Single Scan

Single Scan

()
HAZ

a-Fe (Si)
pEnophas:

Figure 2. The SEM micrographs of the sample produced with P of 50 W, v of 500 mm s, h of 20 ym, and ¢ of 50 pm a—d) at low magnification showing
melt-pool (MP) region (lighter areas) and heat-affected zone (HAZ) (darker areas); e,f) at high magnifications illustrating a-Fe(Si) phase with different

www.aem-journal.com

The micrographs were captured using INSPECT F50 HR-SEM
(high-resolution scanning electron microscope). The crystallite
sizes of a-Fe(Si) phases and the melt-pool zone percentage within
the microstructure were measured using the Image] program
from the SEM microstructures. Finally, the soft-magnetic proper-
ties (M; and H,) were determined from the magnetization hyster-
esis (M—H) loops obtained via a SQUID magnetometer MPMS3
from Quantum Design, with fields up to 160kAm™" at 300 K.

3. Results and Discussion

The development of the microstructure in Fe-based amorphous/
nanocrystalline alloys during the LPBF procedure is a

CX View - Double Scan

Top View - Double Scan

1
oFe(Si) |I Double Scan

nanophasel

Smaller grains

size within the MP region; and g) at high magnification showing star-like growth of Fe;Si phase within HAZ (CX means cross-sectional).
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complicated process due to the heterogeneous nature of the
thermal evolution. The microstructure can be divided into
two regions: molten pools (MP) and heat-affected zone (HAZ),
both of which experience different cooling rates resulting in
distinct microstructures. In Figure 2, darker gray areas represent
HAZ, whereas lighter gray areas denote MP. The cooling
rate decreases from the MP region to the HAZ because of the
formation of high thermal gradients during laser scanning. It
is well known that the growth of the ordered Fe;Si phase is
star-like, whereas the disordered o-Fe(Si) phase appears as
equiaxial grains in the microstructure.*"! In addition, phase
identification (XRD and TEM analysis) was presented in our
previous article.*”) In the MP region, a-Fe(Si) nanograins with
varying sizes were observed, while the HAZ mainly contains
Fe;Si nanocrystalline clusters (Figure 2e—g). The MP region pro-
vides more supercooling, enabling the nucleation and growth of
the disordered o-Fe(Si) phase. The grains in the MP were found
to be coarser than those in the HAZ due to decreased nucleation
rates and increased growth velocity resulting from a high driving
force for atomic diffusion.** This ultimately leads to grain
coarsening.

100 T T T T —m—30 W, Single 100
. A— 40 W, Single
—&— 50 W, Single
99 | ® 30 W, Double{ 99
A 40 W, Double
° @50 W, Double
- —
T 98- — o 198
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S 97 - e 2 N 97
a - —A
£ .
@ 96 T -+ 96
= g ,
95 =g 9
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500 550 600 650 700

Laser Scan Speed (mm/s)
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In general, even though the cooling rate of the Fe-based BMGs
in LPBF process is a lot higher than their critical cooling
rate, some regions in the microstructure will experience low
temperatures (<Tj (glass transition temperature)) or very short
exposure time to heat input, leading to mechanical stress, con-
tamination, prolonged thermal exposure, and thermal cycling,
which are the major reasons to promote nucleation.!*>*¢! As it
can be seen in the microstructures (Figure 2), the samples pos-
sess pores and cracks, which act as nucleation sites and facilitate
heterogenous nucleation. Although large metallurgical pores in
Figure 2a,c seem to be eliminated with the help of double scan-
ning (Figure 2b,d), the crack density was observed to be not
affected by this new technique. Those large pores resulted from
the lack of fusion, which occurs when the powder bed does not
receive sufficient heat input owing to low laser power (50 W)),
creating a gap between layers. Double scanning improved the
bulk density significantly (Figure 3), especially at the relatively
higher laser power (P =50 W). Furthermore, increasing P influ-
ences the bulk density more than laser scan speed (v) and hatch
spacing (h), which did not change the porosity level enormously.
This is because the laser power is a critical parameter for

100 ; ; ; ; . 100
[ 3
@
99 4 + 99
.\\\\ =
. — . T
3 98 = -~ 198
Pl \\\'\
2 e T °
D ~. ~—~——
2 97 T L
3 ~
~ i J
@ 9% —=— 20 pym, Single 196
—e— 30 um, Single
954 —=— 20 um, Double 1es
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94 94

T T T T T
500 550 600 650 700
Laser Scan Speed (mm/s)

Figure 3. Bulk density values as a function of laser scan speed. Left image shows the effect of laser power (30, 40, and 50 W) and double scan (hatch
spacing is constant and 20 ym) whereas the right image indicates the influence of hatch spacing (20 and 30 pm) and double scan (laser power is constant

and 50W).
(a)600 T T T (b)eoo : : 1 (C) 600 T T T
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Figure 4. The graphs of a-Fe(Si) crystallite size versus laser scan speed, showing the mean crystallite sizes with the square and circle symbols and the

particle size distribution with the error bars: a—c) illustrate the crystallite sizes of the samples produced with laser power (P) of 40 W - hatch spacing (h) of

20 ym, P of 50W - h of 20 pm, and P of 50 W - h of 30 pm, respectively.
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complete melting and consolidation of powder particles.
Increasing v and h deteriorates the bulk density as high v causes
short exposure time in the powder bed and high h increases the
overlapping distance between MPs.

The saturation magnetization (M;) values of the printed sam-
ples, range from 160 to 230 Am? kg ™! (Figure 4), are comparable
to the other LPBF-processed Fe-based nanocrystalline materials
(150-199 Am? kg—1).#4775% M, of soft-magnetic nanocrystalline
alloys depends strongly on the fraction of crystalline and amor-
phous phases, the crystalline phase amount, and the alloy com-
position with the amount of magnetic transition metals (Fe, Co,
and Ni) being the most influential factor.” In all 3D-printed
samples, the alloy composition is identical, and thus, the M; val-
ues differ based on the amount of the a-Fe(Si) phase throughout
the samples.

Typically, Fe-based nanocrystalline alloys show superior soft-
magnetic behavior when they contain fine a-Fe nanocrystallites
(10-15 nm) embedded into an amorphous matrix, separated by
1-2nm for exchange interaction, with H. ranging from
04 to 8Am ', and M, values reaching up to 13T
(=1000 kA m~).”? In this study, the saturation induction (By)
can go up to 2T (=1500 kA m™"), probably owing to the larger
mean crystallite size (>200nm) of the a-Fe(Si) phases and their
higher amount within the microstructure. As stated before, the
size of a-Fe(Si) crystallite varies in MP, increasing from the end
of the HAZ through the center (Figure 2e,f). For this reason, it
deviates significantly from the mean value (Figure 4). It should
be noted that particle size distribution throughout the MP zone
was drawn as a histogram (exactly as shown in Figure 6), from
which the mean and standard deviation of the particle size dis-
tribution were obtained. The error bars in Figure 4 symbolize
this standard deviation, not the one resulting from the errors
in measuring; they simply show how much the crystallite sizes
fluctuate within the MP region. The mean values are shown as
circle and rectangle symbols in Figure 4. Also, to predict the con-
tent of a-Fe(Si) phase in the microstructure, the percentage of the
MP zone (Figure 5) was quantified from low-magnification SEM
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Figure 6. The histograms showing particle size distribution of o-Fe(Si)
phase in the MP region with different processing conditions (single scan
and double scan). The sample was processed with laser power of 30 W,

hatch spacing of 20 ym, and laser scan speed of 500 mms™".

micrographs, assuming that lighter gray regions in Figure 2
exhibit only a-Fe(Si) phase.

Before discussing microstructural change with different pro-
cess parameters, thermal development from MP through HAZ is
needed to be mentioned. In our previous study, the thermal
modeling indicated that higher v, lower P, and h lead to higher
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Figure 5. Coercivity values as a function of laser scan speed. Left Image shows the effect of laser power (30, 40, and 50 W) and double scan (hatch spacing
is constant and 20 pm), whereas the right image indicates the influence of hatch spacing (20 and 30 ym) and double scan (laser power is constant and

50 W).
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cooling rate and only P influences thermal gradient; the lower the
laser power, the higher the thermal gradient.*’! Based on
this modeling, the second scan (with parameters P=20W,
v=1000mms~"', and h=20pm) exhibits the highest cooling
rate (>10’Ks™ ') and thermal gradient (>10"Km™").
Nonetheless, when it comes to the process parameters of the
first scan, there is not much variation (cooling rate:
7.26 x 10Ks™'-1.01 x 10’ Ks™! and thermal gradient:
1.38 x 107 Km™-1.48 x 107 Km™"). For this reason, the crys-
tallite size exhibited minimal change across the various process
parameters (as shown in Figure 4), resulting in a nearly consis-
tent coercivity ranging between 1.5 and 2.5kAm™! (as depicted
in Figure 5), primarily influenced by the crystallite size.*” The
only notable difference is observed at the initial scan of P =30 W
and v=500mm s~ together with the double scan.

This work has successfully produced a LPBF-processed sam-
ple with the lowest coercivity recorded (130 Am™") using a low
laser power (30 W) and double scanning (Figure 6). The reason
for this is that the sample has a finer grain size with a narrow
particle size distribution (191.01 & 72.15 nm, mean =+ standard

www.aem-journal.com

deviation of the particle size distribution) compared with that
of the single scan sample (348.55 & 176.44 nm, mean =+ standard
deviation of the particle size distribution).

The saturation magnetization mostly depends on the o-Fe(Si)
phase content within microstructure in this study as this phase
possesses the highest magnetization and larger crystallites.
Other phases were excluded from consideration when investigat-
ing the impact of process conditions on magnetic properties. The
quantification of the MP zone percentage (as depicted in
Figure 7) was performed using low-magnification SEM micro-
graphs, under the assumption that regions appearing lighter
in gray in Figure 2 exclusively represent the a-Fe(Si) phase. It
was found that the process parameters of v =500, 600 mm s™*
and h=30pm (Figure 7b) have the highest proportion of MP
zone (>50%). Larger h (30 pm) increases the melt-pool overlap-
ping distance, which reduces the amount of HAZ. The effect of v
can be attributed to the cooling rate; at v = 600 mm s, the cool-
ing rate is always in the range of 8.57 — 8.63 x 10° Ks™ ', which
may be the ideal thermal condition for the formation of a-Fe(Si)
phase. Additionally, this may explain why double scanning led to
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Figure 7. The graphs of the percentage of MP zone as a function of laser scan speed, showing the effect of single and double scan: a) laser power and

b) hatch spacing on the MP zone amount within the microstructure.
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a slight reduction in the percentage of the MP zone. Figure 8
indicates that the saturation magnetization (M) is also at its
highest when the laser scan speed is 600 mm s~ and hatch spac-
ing is 30 pm. This suggests that M was mainly affected by the
amount of MP within the microstructure.

In order to comprehend the relationship between the propor-
tion of MP zone and Mj, the graph in Figure 9 was made, reveal-
ing that there is an almost linear tendency of increasing M with
increasing the MP amount. According to this graph, to achieve
high M, (>200 Am”kg "), the MP percent needs to be at least
40%. In addition, the relationship between coercivity and mean
crystallite size is presented in Figure 10. This graph complies
with Herzer’s grain size dependent-coercivity graph,®~'!?%37
at which below D =200 nm, there is sharp decrease in coercivity

220

160

20 30 40 50 60
The Percentage of Melt-Pool Zone (%)

Figure 9. The graph of saturation magnetization versus the percentage of
MP zone within the microstructures of LPBF-processed samples.
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Figure 10. The graph of coercivity versus mean o-Fe(Si) crystallite size
within the MP zone in the microstructure (D denotes grain (crystallite)
size).
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to near-zero, proportional with D® and after that point, coercivity
is nearly constant (2 kA m™") till around D = 600 nm.

4. Conclusion

This study introduced a newly developed scanning technique to
improve the soft-magnetic properties of LPBF-processed Fe-
based amorphous/nanocrystalline alloys with varying laser pro-
cess parameters. This technique involved the first scan with high
E (the combination of different laser process parameters) to
obtain the 3D parts with high bulk density, followed by a second
scan with low E before the spreading of the subsequent powder
layer. This was done to decrease the coercivity by decreasing the
crystallite size below 200 nm. With this new technique, the low-
est coercivity (130 Am™') was successfully achieved using the
LPBF process. The double-scan technique also improved the
bulk density (<99.5%) and the saturation magnetization
(<230 Am®kg ). The particle size distribution of the a-Fe(Si)
phase (main phase in the microstructure) and melt-pool percent-
age were also quantified to understand the magnetization mech-
anism that the 3D printed samples undergo. The investigation
revealed that process parameters of v=>500 and 600 mms™",
along with h=30pm, resulted in the highest proportion
of the MP zone (>40%). This enhanced the M;
(>>200 Am? kg™ ). Also, low P (30 W) along with double scanning
reduces the coercivity to the lowest recorded value (130 Am™") by
decreasing grain size below 200 nm. The new technique has led
to a higher M, bulk density, and the lowest H. value (for the
LPBF process). A reduction in the amount of defects like cracks
and pores is likely to be benefited for the excellent soft-magnetic
behavior because H, is expected to be lower than 100 Am™".
Moreover, at low H,, the M, (173.18 Am®kg ') and bulk density
(97%) are relatively low. Employing three scans using low E (20-
40 ] mm™?) after the first scan using high E (>60] mm™?) and
low P (<30 W) could refine the microstructure further (lowering
particle size and decreasing the defect concentration), which may
achieve the fabrication of high bulk density parts with the supe-
rior soft-magnetic properties via the LPBF process. To reduce the
particle size, the heat input to the powder layer (energy density)
needs to be low, whereas achieving high bulk density and M,
needs a higher energy density. This study indicated that to
resolve that conflict, a multiple scanning mechanism is neces-
sary to be applied such as described above.
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