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Soft magnetic Fe-based bulk metallic glass cylindrical specimens with a diameter of 2 mm and height of 6 mm
have been successfully fabricated by selective laser melting (SLM) and the effect of scan speed v and laser
power P on the microstructure, thermal stability and soft magnetic properties has been investigated. The results
indicate that low v and high P lead to the formation of SLM samples with high relative densities, which can reach
values of about 99.7%. This can be ascribed to the optimal energy transfer during processing at low v and high P.
Structural and calorimetric studies prove that the SLM samples are fully amorphous. In addition, magnetic mea-
surements reveal that the amorphous structure of the SLMmaterial is identical to the parent atomized powders.
Although additional work is required to remove the residual porosity and to avoid the formation of cracks during
processing, the present results confirm that additive manufacturing by SLM represents an alternative processing
route for the preparation of bulk metallic glass components with designed geometry having excellent magnetic
softness.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Fe- and Co-based metallic glasses have attracted significant atten-
tion as promising soft magnetic materials having high-energy efficiency
and performance [1–3]. With regard to this, the fabrication of 3-
dimensional magnetic components has been considered as one of the
important issues for extending the industrial applications of these
materials.

During the last two decades, there has been increasing understand-
ing of alloying design with the aim of improving the glass forming abil-
ity (GFA) of soft magnetic amorphous alloys [4,5]. As a result, several
new bulk metallic glass (BMG) systems with large GFA have been re-
ported [6–11]. Because of their enhanced GFA, casting techniques such
as water-cooled suction casting and injection casting can be used for
the fabrication of soft magnetic bulk amorphous components. For ex-
ample, Wu et al. [12] and Zhang et al. [13] reported on the direct fabri-
cation of toroidal cores with good magnetic properties. The bulk glassy
core of Fe66Co10Mo3.5P10C4B4Si2.5 BMG having an inner diameter of
6 mm and an outer diameter of 10 mm exhibits a low coercive force

of 1.0 A/m, a high maximum permeability of 450,000 as well as a low
core loss of 0.4 W/kg at 50 Hz and a maximum magnetic flux density
of 1 T [13]. However, owing to dimensional limitations and brittleness,
there have been a few reports on the direct fabrication of bulkmagnetic
cores using casting process.

As an alternative, powdermetallurgy (P/M) has beenwidely used to
synthesize bulk amorphous components. Because of the high mechani-
cal strength and lack of plasticity, the compaction of amorphous pow-
ders at low temperatures requires the use of binders [14], which are
not necessary for compaction at elevated temperature within the
supercooled liquid region, where metallic glasses display a significant
decrease of viscosity and a viscous flow behavior [15–17]. Major pro-
cesses for the P/M fabrication of 3-dimensional amorphous components
are hot pressing and spark plasma sintering. To minimize the possible
deterioration of themagnetic softness resulting from partial crystalliza-
tion of the glassy precursor, the consolidation behavior as well as the
thermal stability of the amorphous structure at elevated temperatures
should be carefully controlled. This drawback can be overcome through
the production of BMGs by additivemanufacturing, as demonstrated by
Pauly et al., who reported on the fabrication of Fe-based BMG by selec-
tive laser melting (SLM) [18]. SLM is a layer-based additivemanufactur-
ing technology highly advantageous for the fabrication of bulk metallic
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components with refined microstructures and remarkable mechanical
properties [19–22]. By using an optimum laser energy density, metal
powders are melted, rapidly solidified and built in a 3-dimensional
structure. Although the SLM specimens prepared in the previous study
[18] were partially crystalline and displayed a high density of process-
induced cracks, this study nevertheless provided a valuable insight for
the fabrication of bulk amorphous/nanocrystallized components by
SLM.

In contrast to the compaction of amorphous powders, SLM involves
melting and rapid solidification of thin layers of metallic powders.
Although the imposed cooling rate during SLMdepends on the process-
ing parameters used [23], results suggest that solidification during SLM
occurs relatively rapidly with typical cooling rates in the range of 103–
104 K/s [18,24]. Thus, the SLM process is a suitable alternative to fabri-
cate bulk amorphous components. Recently, Li et al. reported on the
fabrication of an Al-based metallic glass by SLM [25]. Although the pro-
cessing window for the fabrication of a fully amorphous phase was
relatively narrow, they successfully fabricated single line amorphous
tracks avoiding crystallization. However, up to now, there has been no
report of the synthesis of 3-dimensional fully glassy components using
SLM.

In the present work, Fe-based BMG was fabricated by SLM. Because
of its large GFA and good magnetic properties, an Fe–C–Si–B–P–Cr–
Mo–Al BMG developed from industrial raw materials was selected for
the present study. According to the previous report by Li et al. [26],
the Fe-based BMGwith composition Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1
(at.%) can be prepared as amorphous rodswith amaximumdiameter of
4 mm by water-cooled suction casting. Gas atomization was used to
prepare glass-formable powders for the present study. Along with the
parameter studies, the effect of the SLM process on the microstructure,
thermal properties and magnetic properties of the Fe-based BMG was
investigated. In order to evaluate the properties of the materials, the
BMG samples produced by SLMwere compared with standard samples
and in this case the samples produced by casting process.

2. Experimental procedures

A master alloy with nominal composition Fe68.3C6.9Si2.5B6.7P8.7Cr2.3
Mo2.5Al2.1 (at.%) was prepared under N2 atmosphere by induction
melting of hot metal, industrial ferroalloys (Fe–75Si, Fe–25P, Fe–60Cr,
Fe–60Mo, Fe–15B) and pure elements (Al, Fe) having commercial
grade purity (N99%). Cylindrical specimens with a length of 55 mm
and a diameter of 3 mm and 4 mm were fabricated by suction casting.
Glass forming powders were prepared by gas atomization. Under vacu-
um condition (3 × 10−2 Torr), the master alloy was heated up to the
operating temperature (Tm + 200 K), and the molten alloy was ejected
through a nozzle with an Ar pressure of 1.2 MPa. The gas-atomized
powders with particle size between 75 μm and 150 μm were selected
for the present study because of their good flowability, which is a neces-
sary prerequisite for optimal layer deposition during SLM. Cylindrical
specimenswith a diameter of 2mmand height of 6mmwere fabricated
on an Al substrate plate by using a SLM 250 HL device (SLM Solutions)
equipped with a Yb-YAG laser at room temperature. Several parameter
combinations with the laser power P ranging between 280 and 340 W
and the scan speed v between 1500 and 4500 mm/s were employed
with a layer thickness of 75 μm, a hatch spacing of 110 μm and a hatch
style rotation of 90°. High purity argon gas was used throughout the
SLM process to avoid oxygen contamination. The microstructure of the
samples was analyzed by optical microscopy (OM) using an Olympus
optical microscope. Phase analysis of the specimens was performed
by X-ray diffraction (XRD) in reflection geometry using a laboratory
D3290 PANalytical X'pert PRO diffractometer with Co radiation
(λ = 0.179 nm) and in transmission at the ID11 beamline of the
European Synchrotron Radiation Facilities (ESRF) using a high-intensity
high-energy monochromatic synchrotron beam (λ = 0.0206642 nm).
Two-dimensional powder XRD pattern was integrated to Q-space using

the FIT2D [27], where Q is the wave vector. The thermal stability of
the amorphous specimens was investigated by differential scanning
calorimetry in constant-rate heating mode (40 K/min) with a Perkin-
Elmer DSC7 calorimeter under a continuous flow of purified argon.
Differential thermal analysis (DTA, Sinco, S-1600) was performed to
investigate melting behavior of the specimens, revealing same melting
temperature (Tm) of the alloy after SLM process. The Tm of the gas-
atomized powders and SLM sample prepared with v = 2500 mm/s and
P = 340 W was 1216 K and 1217 K, respectively. Hysteresis M–H loops
of the specimens were measured using the VSM option of a Quantum
Design physical propertymeasurement system. The coercivity wasmea-
sured with a Foerster Coercimat under an applied field high enough to
maintain magnetic saturation. The density of the specimens was mea-
sured by the Archimedesmethod using distilledwater asworking liquid.
All specimens for densitymeasurement were tested ten times, and aver-
age density of each specimenwas calculated. Relative density of the SLM
samples was obtained by comparing the average density of the SLM
specimens and suction cast rod with a diameter of 3 mm. Table 1 lists
details of average density of the specimens.

3. Results

Fig. 1 compares the XRD patterns (λ = 0.179 nm) of the gas-
atomized Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 powders with different
sizes below 355 μm, and the corresponding suction cast BMG rods
with a diameter of 3 and 4 mm. Except for the rod with a diameter of
4mm, all specimens show only broad and diffuse halo patternswithout
any sharp diffraction peaks, indicating the amorphous nature of the
specimens. On the other hand, the sample with a diameter of 4 mm
shows sharp diffraction peaks of metastable Fe3C, FeB, Fe2P and α-Fe
phases, suggesting that the maximum diameter for glass formation
(dmax) of the present alloy is 3 mm.

Fig. 2 shows the relative density map of the SLM samples as a func-
tion of laser power (P) and scan speed (v). Relative density of the SLM
samples was obtained by comparing the average density of the SLM
specimens and suction cast rod with a diameter of 3 mm. In the case
of the examined processing parameters with v N 2500mm/s, the forma-
tion of bulk specimens was not possible. At such high scan speeds, the
powder bed was not able to receive enough energy input during SLM
processing, leading to incompletemelting and poor inter-particle bond-
ing [28–30]. On the other hand, processing at lower speeds (v ≤ 2500
mm/s) leads to improved melting and consolidation of the powders,
allowing the formation of rod-shaped specimenswith various densifica-
tion levels: lower v and higher P lead to the formation of SLM samples
with high relative densities. When v decreases to 1500 mm/s and P
increases above 300 W, the SLM parts show relative densities higher
than 99%.

Fig. 3 presents the cross-sectional OM images of the parent gas-
atomized powders and SLM samples prepared using different combina-
tions of processing parameters. The OM image of the atomized powders
(Fig. 3(a)) reveals that most particles are spherical, but some have an
elongated shape and spherical micro-pores formed by trapped gases [31].

Table 1
Density of suction rod andSLM samples as a function of laser power (P) and scan speed (v).

Scan speed, v [mm/s]

2500 mm/s 1500 mm/s

Laser power, P [W] 280 W 5.03 ± 0.26 g/cm3 5.86 ± 0.04 g/cm3

300 W 5.18 ± 0.19 g/cm3 7.12 ± 0.01 g/cm3

320 W 5.53 ± 0.15 g/cm3 7.13 ± 0.01 g/cm3

340 W 6.01 ± 0.03 g/cm3 7.16 ± 0.01 g/cm3

Suction rod (ϕ = 3 mm) 7.18 ± 0.01 g/cm3
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