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A B S T R A C T

This study investigates crystallization phenomena during laser powder bed fusion (LPBF) of the soft magnetic, 
glass-forming Finemet® alloy. Cuboidal specimens were fabricated using a double-scan strategy, in which the 
scan speed of the second pass was varied to tailor local thermal conditions. The resulting microstructures were 
characterized using optical, scanning, and transmission electron microscopy, while thermal histories were 
modeled through finite element (FEM) simulations. The results are interpreted within the framework of classical 
nucleation and growth theory. The LPBF-processed material exhibits a mixed amorphous–crystalline micro
structure, with equiaxed crystallites predominantly formed by partial devitrification of previously deposited 
amorphous regions. These equiaxed grains resemble those produced during the devitrification of melt-spun 
ribbons, being enriched in Fe and Si, depleted in Nb and B, and displaying a DO₃ structure. However, their 
size distribution is substantially broader, ranging from a few tens to several hundred nanometers. This gradient, 
coarse microstructure is attributed to the extreme thermal conditions inherent to LPBF, which vary locally within 
the heat-affected zone, and to the reduced Cu cluster density resulting from rapid solidification. Additionally, a 
minor population of dendritic crystals develops at the melt pool peripheries during solidification, with their size 
decreasing as scan speed increases, consistent with higher FEM-simulated cooling rates. Precise tailoring of the 
amorphous–crystalline microstructure is key to the integration of the investigated material into complex-shaped 
components for energy applications.

1. Introduction

Metallic glasses (MGs), or amorphous metals, represent a unique 
class of materials that deviate from conventional crystalline metals by 
exhibiting a disordered atomic structure [1–7]. First discovered in the 
1960s [8], MGs have since evolved into a broad family of materials, 
including binary and multicomponent systems, covering a range of 
elemental compositions. Their distinctive structure, in the absence of 
grain boundaries and other crystalline defects commonly found in 
traditional metals, imparts exceptional mechanical [9,10], magnetic 
[11], and corrosion-resistant [12] properties, making them attractive for 
applications across electronics, biomedical devices, structural compo
nents, and energy systems [13,14].

Despite their outstanding properties, metallic glasses face significant 
limitations in manufacturability, particularly in forming bulk, complex- 
shaped components [15]. This stems from their high critical cooling 
rates (often exceeding 105–106 ◦C/s), which restrict the production of 
fully amorphous structures to thin ribbons, foils, or powders in many 
systems. While advancements in alloy design have led to the develop
ment of bulk metallic glasses (BMGs) with lower critical cooling rates [6, 
7], these remain constrained in size and geometry when processed using 
traditional casting techniques. Furthermore, metallic glasses are unsta
ble by nature, and their thermodynamic tendency to undergo physical 
aging and eventually crystallize upon thermal exposure [16–20] pre
sents a challenge not only during processing but also in service operation 
where thermal excursions may occur. Crystallization in metallic glasses 
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is a complex process that depends on alloy chemistry [21], thermal 
history [22], and external stimuli such as stress [23] or irradiation [24]. 
Typically, it proceeds through nucleation and growth mechanisms, 
governed by the competition between thermodynamic driving forces 
and kinetic barriers [4]. Primary crystallization involves the formation 
of a single crystalline phase via a solid-solid state transformation that 
involves the nucleation and growth of crystals within the amorphous 
matrix, while secondary solid-solid crystallizations may follow of the 
type amorphous-to-crystalline or crystalline-to-crystalline forming a 
mixture of multiple crystalline phases or intermetallic compounds. Un
derstanding the crystallization mechanisms is crucial to the stability and 
performance of MGs, and thus to expand their practical applications and 
integrate them into complex, high-performance systems.

Among metallic glass systems, many Fe-based alloys stand out for 
their excellent soft magnetic properties, high saturation magnetization, 
low coercivity, high electrical resistivity, and relatively low cost [25]. 
These characteristics make them ideal candidates for use in electrical 
transformers, inductors, magnetic sensors, and motor cores [26,27]. One 
notable example of a commercially in use alloy is the Finemet® alloy, 
with typical composition Fe73.5Si13.5B9Nb3Cu1 at%. This glass-forming 
alloy was however designed in a way that fully amorphous as-spun 
ribbons could judiciously be partially devitrified after the winding into 
a composite formed by Fe3Si nanocrystallites (~10–20 nm in size) 
embedded within the amorphous matrix to enhance the soft magnetic 
properties for the passive motor components [28,29]. The crystallization 
behavior of Finemet in the form of as-spun ribbons has been widely 
studied under isothermal and continuous heating conditions, where it 
exhibits a characteristic two-stage crystallization: initial formation of 
Fe-Si nanocrystals, triggered by the presence of Cu clusters, followed by 
the growth of Fe–B and Fe–Nb-based intermetallics [30,31]. Niobium, 
owing to its large atomic size and sluggish diffusion, partitions into the 
amorphous matrix where it impedes the crystal growth [28]. Boron also 
partitions to the matrix and has a critical role in stabilizing the amor
phous phase [28]. The ability to finely tune nanocrystalline micro
structures through precise thermal treatments has enabled the 
optimization of Finemet’s magnetic response.

Laser powder bed fusion (LPBF) offers the possibility of fabricating 
complex, near-net-shape components with high spatial resolution [32]. 
The rapid solidification conditions inherent to LPBF, involving cooling 
rates that include the 105-106 ◦C/s range, steep thermal gradients, and 
localized melting, mirror those required for metallic glass formation, 
positioning LPBF as a promising route for the additive manufacturing of 
metallic glass components [33–36]. Furthermore, LPBF enables local 
tailoring of thermal cycles, offering potential pathways for in situ con
trol of the (micro)structure, including the fraction of amorphous and 
nanocrystalline regions [37–40]. While successful fabrication of amor
phous structures using LPBF has been demonstrated in selected systems 
[41–51], maintaining a fully glassy phase remains challenging in alloys 
with medium to low glass forming ability (GFA) and with critical casting 
thicknesses below 1 mm due to the intrinsic thermal cycling of the 
layer-by-layer process and heat accumulation from successive layers. 
This problem is exacerbated in alloys with critical casting thicknesses of 
100–200 µm, such as Finemet [52,53] and other commercial Fe-based 
metallic glasses [54,55], which have thus been so far manufactured 
mostly by melt spinning [56,57], as high energy conditions that elimi
nate lack of fusion defects lead to unwanted devitrification. Crystalli
zation during LPBF might take place either during rapid solidification of 

the molten pool, if the local cooling rate falls below the minimum value 
required to stabilize the amorphous phase in a particular composition, 
or in the heat-affected zone (HAZ) during subsequent laser passes [58]. 
Only two recent studies [52,53], including our own work [52] explored 
additive manufacturing routes via laser powder bed fusion (LPBF) to 
process the Finemet composition. A thorough understanding of the 
crystallization behavior in Finemet during LPBF, which is currently 
missing, would be essential to unlock the full potential of AM to 
manufacture bulk, complex-shaped components using this material.

The aim of this work is to investigate the crystallization phenomena 
during LPBF of the soft magnetic Finemet alloy and to relate the nature 
of the resulting crystallites to the processing parameters. To this end, 
microstructural characterization has been conducted at multiple length 
scales, together with finite element (FEM) simulations, to reveal how 
LPBF parameters influence the size, morphology, phase structure, and 
local chemical composition of the crystallites formed during processing. 
These features will be compared to those observed in crystallites formed 
through conventional processing routes for this alloy, such as isothermal 
annealing and flash annealing of melt-spun ribbons. The results are 
discussed in terms of the classical crystal nucleation and growth theory.

2. Experimental procedure

2.1. Material

Commercially available Finemet alloy powders were sourced from 
Epson Atmix, Japan, where they were produced using a spinning water 
atomization process (SWAP). The powder composition, measured by 
inductively coupled plasma optical emission spectroscopy (ICP-OES), 
consisted of 12.3 ± 1.1 Si, 9.6 ± 0.5 B, 3.0 ± 0.1 Nb, 0.9 ± 0.1 Cu (at%), 
and a balance of Fe. Examination of the powder morphology using an 
Apreo 2S microscope (ThermoFisher Scientific) operated at 10 kV, 21 
pA, and using a working distance of 3.9 mm, revealed that powder 
particles have spherical to ellipsoidal shape, with a minor fraction of 
satellites [52]. The particle size distribution (PSD) was measured using a 
Bettersizer ST laser analyzer, yielding D10, D50, and D90 values of 18, 35, 
and 58 µm, respectively. The powder flowability, which was assessed 
using a Hall flowmeter according to standard methods, amounted to 
18 s/50 g. The apparent and tapped densities were 3.9 and 4.2 g/cc, 
respectively. Powders were proved to be 100% amorphous by X-ray 
diffraction (XRD) in one of our earlier studies [52].

2.2. Laser powder bed fusion processing

Finemet cuboids with dimensions (8 × 8 × 9.5) mm³ were manu
factured by LPBF on a stainless-steel substrate using a Renishaw AM400 
pulsed-laser machine, equipped with a reduced build volume (RBV) 
platform to minimize powder usage. A double scanning strategy, 
whereby each layer is remelted, was employed to manufacture the parts, 
as earlier works in similar alloys have suggested that remelting increases 
densification [59]. This was implemented by assigning two identical STL 
files to the same XY position, ensuring complete overlap. The fixed 
process parameters included a hatch distance (h) of 80 µm, a point 
distance (pd) of 80 µm, a spot size (∅) of 63 µm, and a layer thickness (lt) 
of 30 µm. Two LPBF processing conditions, denoted S1 and S2, were 
investigated. In both cases, the first melting cycle used a laser power (P) 
of 60 W and a scan speed (v) of 500 mm/s, which had reportedly yielded 
the highest densification (89%) for this alloy [52], in order to avoid as 
much as possible the spurious influence of defects. In the second melting 
cycle, P was kept at 60 W while v was 500 mm/s in sample S1 and 
890 mm/s in sample S2, thus covering a significant portion of the nar
row LPBF processability window of Finemet [52]. The scan speed was 
controlled by varying the exposure time (texp), following the relationship 
v = pd (μm) / ((texp + 10)(μs)), where 10 μs is the default time it takes 
the laser to move between two consecutive spots and thus (texp + 10)− 1 

is the repetition frequency in μs− 1. A meander scanning strategy with a 

Table 1 
LPBF printing parameters.

Sample Melting cycle P (W) v (mm/s) texp (µs) VED (J/mm3)

S1 1st scan 60 500 150 50
2nd scan 60 500 150 50

S2 1st scan 60 500 150 50
2nd scan 60 890 80 30
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67◦ rotation after each layer was employed in the two melting cycles. In 
short, the first pass was used for densification, while the second scan was 
tailored to control the (micro)structure, as it was shown earlier that 
crystallization could be limited by increasing the scan speed [52]. 
Table 1 summarizes the S1 and S2 LPBF manufacturing conditions, 
along with the volumetric energy density (VED), corresponding to each 
melting cycle.

To assess potential differences in the morphology of crystallites 
formed during solidification versus those originating from devitrifica
tion within the heat-affected zone (HAZ), single track-melting was also 
performed on a fully crystalline, coarse-grained (d = 20 ± 5.6 µm) as- 
cast Finemet substrate using the same parameters as the second 

melting cycle in sample S2 (P = 60 W; v = 890 mm/s) (Table 1). Due to 
the fully crystallized nature of the substrate, devitrification within the 
HAZ is effectively suppressed. As a result, any crystallization observed 
can be unambiguously attributed to solidification mechanisms. The cast 
Finemet substrate was prepared by precisely weighing and melting the 
elements together in an arc-melting furnace, equipped with a water- 
cooled copper plate and Ti-gettered Ar atmosphere to prevent oxida
tion. To ensure the homogeneity of the melt, the ingot was remelted five 
times after being flipped over.

Finally, in order to prove the effect of the Cu cluster density in the 
HAZ on the size of the grains nucleating during LPBF, single track- 
melting was also performed using the same parameters as the second 

Table 2 
Thermal properties and material parameters employed in the FEM simulations.

Density of 
bulk material (kg/ 
m3)

Laser 
absorptivity

Laser 
penetration 
depth 
(mm)

Interfacial heat 
transfer 
coefficient 
(top domain 
surface) 
(W/m2/ºC)

Interfacial heat 
transfer 
coefficient 
(bottom domain 
surface) 
(W/m2/ºC)

Latent 
heat of 
fusion 
(J/kg)

Environment 
temperature (ºC)

Solidus 
Temperature 
(ºC)

Liquidus 
Temperature 
(ºC)

7200 0.5 62 50 500 272000 25 1100 1250
T (ºC) T ≤ TS (solid state) T ≥ TL (liquid state)

Heat capacity 
(J/kg/ºC)

527 761

T (ºC) 20 100 200 400 600 800 927 1050 1055 1500
Thermal 

conductivity 
(W/m/ºC)

73.3 68.2 61.5 48.6 38.9 29.7 29.7 34 33 33

Fig. 1. Optical micrographs illustrating the amorphous/crystalline composite structure of the (a) S1 and (b) S2 etched samples. Crystalline regions surrounding the 
melt pools are preferentially etched and thus appear as dark gray areas.

Fig. 2. Representative SEM micrographs illustrating the melt pool structure of (a) S1 and (b) S2 LPBF-manufactured samples. Crystalline regions surrounding the 
melt pools are preferentially etched and thus appear as dark gray areas. The contrast observed within the melt pool interiors suggests the coexistence of fully 
amorphous domains (unetched, appearing white) and regions containing varying fractions of crystallites (darker gray tones), which cannot be individually resolved 
at this magnification.
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melting cycle in sample S2 (P = 60 W; v = 890 mm/s) on a fully 
amorphous Finemet substrate produced by induction casting.

2.3. (Micro)structure characterization

Optical microscopy (OM) was performed in all the LPBF- 
manufactured specimens using an Olympus BX51 microscope at a 
magnification of 5x to image the defect structure, to measure the den
sity, and to examine the morphology and size of melt pools. The average 
melt pool depth and width in S1 and S2 conditions were measured by 
averaging the data from at least 25 melt pools belonging to the last layer 
of the printed cubes. Sample preparation for OM examination started by 
sectioning the cuboids at the mid-thickness along the build direction 
(BD) using a Secotom disc cutting machine. To achieve a mirror-like 
surface finish, progressive grinding from 320 to 2000 grit SiC papers 
followed by polishing in three stages with diamond suspensions of 6, 3 
and 1 µm was then performed. Revelation of the spatial distribution of 
the crystalline areas required subsequent etching by immersion for 
15–17 s in a standard etchant for Fe-based alloys consisting of 100 ml 
ethanol (98%), 10 ml nitric acid (65%), and 100 ml distilled water. The 
IMAGE J/Fiji image analysis software was utilized to segment the bulk 
material from defects such as cracks and pores [60] and thereby to 
measure the density. The fraction of the amorphous phase in the 
LPBF-manufactured specimens was additionally characterized by DSC 
following a similar procedure to that utilized for the powders, which is 
explained above in Section 2.1.

SEM examination was performed in the LPBF-processed samples to 
image the spatial distribution and the morphology of crystallites with an 
Apreo 2S microscope (ThermoFisher Scientific) and using a backscatter 
electron (BSE) detector operating with a voltage of 3 kV, a current of 
0.2 nA, and a working distance of 4.4 mm. Sample preparation for SEM 
analysis included the same steps as those described above for OM 
specimen metallographic surface finishing, along with etching. The 
(micro)structure of the printed specimens was further examined at 
higher magnification by transmission electron microscopy (TEM) using 
a FEI Talos F200x microscope operating at 200 kV. TEM characteriza
tion was carried out in the bright field mode, as well as in the scanning 
transmission (STEM) mode, with a high-angle annular dark field 
(HAADF) detector. TEM-assisted energy dispersive X-ray spectroscopy 
(EDX) was used to study the local distribution of alloying elements. To 

retrieve information on the structure of the crystalline and amorphous 
phases present, selected area electron diffraction (SAED) patterns were 
recorded from representative locations along selected zone axes. This 
technique allows to distinguish Fe(Si) from Fe3Si phases, which are 
undistinguishable by XRD. The samples for TEM examination were 
milled at regions located at the bottom of selected melt pools in S1 and 
S2 samples using a focused ion beam (FIB) via the trenching-and-lift-out 
method, as described in the Supplementary Information. As shown in 
Supplementary Fig. 1a, care was taken to ensure that the lamella was 
oriented perpendicular to the melt pool perimeter and included a sig
nificant portion of both the melt pool interior and the heat-affected zone 
(HAZ).

2.4. Simulation

In order to understand the role of the scan speed on the (micro) 
structure during the second pass in S1 and S2 samples, a computational 
model, based on the finite element method (FEM) [61,62], is used to 
model the solidification process and during the remelting of a single 
track. Assuming a conduction mode regime, as indicated by the exper
imentally observed semi-circular shape of melt pools, in Figs. the model 
considers the heat transfer and phase transformation physics coupled to 
each other. The temperature evolution in the LPBF-manufactured 
Finemet part, during the additive manufacturing process, is computed 
by solving the following heat transfer equation: 

ρcp
∂T
∂t

= ∇ • (k∇T)+Ql +Qϕ, (1) 

where ρ is the density, cp is the specific heat capacity, T is the temper
ature, t is the time, k is the isotropic conductivity, and Ql and Qϕ are heat 
due to the laser incidence and phase change (melting/solidification), 
respectively. Normal heat flux (qc) boundary conditions are applied 
using Newton’s law, qc = − hc(T − T∞), where hc is the interfacial heat 
transfer coefficient and T∞ is the environment temperature.

The pulsed laser is modeled by successive steps consisting of laser 
activation, laser deactivation, and laser movement. When the laser is on, 
the heat term Ql is computed by means of the following Gaussian-based 
source [63]: 

Ql = αp
GlIz

Hl
, (2) 

where αp is the laser absorptivity, Gl =
2P

π∅2 exp

(

− 2 (x− xl)
2
+(y− yl)

2

∅2

)

is the 

Gaussian distribution at the irradiated surface, P is the laser power, ∅ is 

the laser diameter, Iz = 1
0.75

[

− 2.25
(

zl − z
Hl

)2
+1.5

(
zl − z
Hl

)

+0.75

]

is a 

parabolic decay to consider the laser penetration, and Hl is the laser 
penetration depth. The laser movement is defined with respect to the 
Cartesian coordinate system (x, y, z), where 

(
xl, yl, zl

)
are the coordinates 

of center of the laser spot that irradiates the surface placed at zl.
The heat released/absorbed due to solid/liquid phase trans

formations (Qϕ) is computed as Qϕ = ρLf
∂fs
∂t , where Lf is the latent heat of 

fusion and fs is the solid volume fraction. To address the evolution of 
solid volume fraction fs, the previously described thermal model is 
coupled with a simple metallurgical model. The latter considers that 
when the temperature of the bulk exceeds the liquidus temperature (TL), 
the solid is completely transformed into a liquid phase (fs = 0). In turn, 
when the temperature of the liquid phase falls below the solidus tem
perature (TS), the liquid is completely transformed into a solid (fs = 1). 
A linear variation of fs with T is used between TL and TS.

The equations are solved into the whole part geometry by using the 
Abaqus finite element software. The coupling between the thermal and 
metallurgical models is programmed by means Abaqus user defined 
Fortran subroutines. The temperature evolution in the HAZ and the 

Fig. 3. TEM bright field micrograph illustrating the interior of a selected melt 
pool in the S1 sample. The SAED patterns included as insets reveal the preva
lence of an amorphous phase with locally varying fractions of embedded 
nanocrystals.
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temperature/cooling rate fields in the melt pool are extracted directly 
from Abaqus software. The liquid-solid interface velocity during solid
ification was computed by postprocessing FEM results, using an in-house 
Matlab/Octave code to track the interface positions over time.

The physical properties employed in the simulations are summarized 
in Table 2. ρ, cp, and Lf were taken from the Fe-based Kuamet 6B2 alloy 
[62] due to the lack of data on Finemet and to the similarity in their 
chemical composition. TS and TL were obtained from differential scan
ning calorimetry (DSC) measurements. The thermal conductivity (k) of 
pure Fe was utilized because there is lack of data on Finemet [64]. hc is 
defined according to the surface from which heat is extracted (top and 
bottom) as in [61]. Finally, the laser parameters αp and Hl are obtained 
by calibration to have a good match between the experimental and 
simulated melt pool sizes.

3. Results

The composition of the LPBF-manufactured samples, measured by 
ICP-OES, consisted of 12.8 ± 1.1 Si, 8.6 ± 0.5 B, 2.8 ± 0.1 Nb, 0.90 
± 0.08 Cu, Fe-balance (at%) for S1, and 13.1 Si, 8.8 B, 3.0 Nb, 1.0 Cu, 
Fe-balance (at%) for S2. Both compositions are very similar to that of the 
original powders (see Section 2), although with a slightly lower content 

of B, that might have evaporated during processing. LPBF of the Finemet 
alloy under the S1 and S2 conditions examined in this study results in the 
formation of amorphous/crystalline composites, as illustrated in Fig. 1. 
Representative etched cross-sections parallel to BD for samples S1 
(Fig. 1a) and S2 (Fig. 1b) reveal distinct microstructural features. 
Crystalline regions surrounding the melt pool circumference are pref
erentially etched and appear dark in the micrographs, whereas areas 
with a high amorphous phase content resist etching and thus appear 
lighter. The meander scanning strategy with 67◦ interlayer rotation 
leads to variations in melt pool shape and size along BD. It must be 
emphasized here that, nevertheless, the semicircular morphology of the 
melt pools confirms that melting occurred in conduction mode. The melt 
pool dimensions were measured at the top layer. The average melt pool 
width is 103 ± 7 µm in S1 and 80 ± 6 µm in S2, with corresponding 
depths of 36 ± 3 µm and 28 ± 6 µm, respectively. The manufactured 
samples exhibit relative densities of 94% for S1 and 92% for S2 with 
amorphous phase fractions of 23% and 27%, respectively.

Fig. 2 presents SEM micrographs offering a more detailed view of the 
melt pool structure on etched surfaces of the S1 (Fig. 2a) and S2 (Fig. 2b) 
LPBF-manufactured samples. Consistent with the observations in Fig. 1, 
the crystalline regions, appearing dark gray due to preferential etching, 
are primarily located around the melt pool peripheries. The presence of 

Fig. 4. Representative SEM micrographs illustrating the crystalline region surrounding a selected melt pool at different magnifications in the LPBF-manufactured (a, 
b) S1 and (c,d) S2 etched samples. Crystallites are preferentially etched, and they thus appear as dark regions.
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nearby cracks and pores (Fig. 2b) traversing some melt pools does not 
appear to have any influence in the microstructure of their surrounding 
crystalline regions. Within the interiors of the melt pools, SEM analysis 
reveals areas of varying gray tones, indicative of a heterogeneous 

microstructure. The lighter regions, highly resistant to etching, corre
spond to fully amorphous domains, while the darker gray areas suggest 
regions with increasing fractions of crystallites. Although individual 
nanocrystals are not resolvable at this magnification, their presence is 

Fig. 5. Bright field TEM micrographs illustrating the crystalline region in the vicinity of a representative melt pool in sample S1 at different magnifications. (a) 
Overview of the entire TEM lamella; (b,c) high magnification images of the areas which are indicated in (a) using white rectangles.

Fig. 6. TEM EDX elemental maps corresponding to different locations of within the crystalline area of sample S1 depicted in Fig. 5a, which is included here also 
for reference.
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inferred from the contrast developed upon etching. Fig. 3 shows a 
representative high-magnification TEM bright-field image of a melt pool 
interior in sample S1. The accompanying SAED patterns confirm the 
presence of an amorphous matrix interspersed with nanocrystalline 
domains.

SEM was further employed to investigate the crystalline regions at 
the bottom of melt pools in greater detail. Fig. 4 shows several SEM 
micrographs at different magnifications for the S1 (Figs. 4a, b) and S2
(Fig. 4c, d) specimens. In both cases, the top layer of the crystalline 
region is composed of dendritic grains growing approximately perpen
dicular to the melt pool boundary. The remaining crystallites—which 
represent the vast majority—exhibit an equiaxed morphology. Dendritic 
and equiaxed crystals are highlighted in Fig. 4 using arrows. As shown in 
the high-magnification images in Figs. 4b and 4d, dendritic grains are 
noticeably longer in the S1 sample compared to the S2 specimen. 
Equiaxed grains exhibit sizes ranging from tens of nm up to 400 nm in 
diameter, i.e., their size distribution is much broader than that resulting 
from isothermal annealing of melt-spun ribbons, which usually have 
diameters of approximately 10–20 nm [28]. In both samples, on 

average, the size of the equiaxed grains decreases as the distance with 
respect to the bottom of the melt pool increases.

In the following TEM will be utilized to examine in greater detail the 
morphology, the local chemical composition, and the structure of the 
crystalline regions surrounding melt pools in samples S1 (Figs. 5–8) and 
S2 (Fig. 9–12) in order to determine whether the LPBF processing pa
rameters and, in particular, the increase in scan speed during the second 
melting cycle (500 mm/s in S1 vs. 890 mm/s in S2), has any influence 
on the nature of the crystallites. Fig. 5 presents a series of bright-field 
TEM micrographs that illustrate the grain morphology in a representa
tive crystalline region of the S1 sample. Fig. 5a depicts the entire FIB- 
milled TEM lamella, which was cut perpendicular to the melt pool 
circumference as shown in Supplementary Figure 1a, while Fig. 5b,c 
provide detailed views of the microstructure: dendritic grains growing 
perpendicular to the melt pool perimeter at the top layer (Fig. 5b), and 
equiaxed grains located immediately beneath them (Fig. 5c). These 
observations corroborate the features highlighted in Fig. 4, while further 
revealing that the dendritic grains consist of very fine arms, each less 
than 100 nm thick, and reach heights of approximately 500–700 nm.

Fig. 6 presents TEM-EDX elemental maps of Fe, Si, Nb, B, and Cu 
across the region shown in Fig. 5a, providing insight into the local 
chemical distribution. Cu appears uniformly distributed throughout the 
area. Although atomic-scale Cu clustering is frequently reported in melt- 
spun Finemet ribbons and is known to play a role in crystallization 
during isothermal annealing [28], the spatial resolution of the current 
TEM-EDX setup is insufficient to detect such clustering directly. None
theless, its presence cannot be definitively ruled out. All crystallites are 
primarily composed of Fe and Si, consistent with the nanograins typi
cally observed during isothermal annealing of melt-spun ribbons [28]. 
Finally, clear partitioning of Nb and B into the amorphous matrix is 
evident in regions containing equiaxed crystallites. However, the limited 
resolution of the TEM-EDX technique precludes determining whether a 
similar elemental partitioning occurs within the dendritic zones near the 
top layer.

Fig. 7 shows a representative TEM-EDX line profile acquired across 
several equiaxed grains in sample S1. In line with the elemental maps in 
Fig. 6, crystallites are enriched in Si and Fe, while the surrounding 
amorphous phase contains higher levels of Nb and B. For each element, 
the local concentration was estimated as the maximum value recorded 
across the line profile. Seven grains were analyzed to determine the 
average content of different elements in the crystalline phase, and the 
surrounding amorphous regions were evaluated to estimate the average 
content of alloying elements in the glassy phase. Due to its low atomic 
number, accurate quantification of B was not possible with the 
employed technique. The average Si contents in the grains and in the 
surrounding amorphous fraction are 13.8 ± 0.5 at% and 6.6 ± 1.1 at%, 
respectively. The former exceeds slightly the nominal composition of 
12.8 at%, while, as expected, the latter falls below it. The average Nb 
contents in the crystals and the surrounding amorphous fraction are, 
respectively, 0.9 ± 0.7 at% and 9.0 ± 1.5 at%. When compared with the 
nominal composition of 2.8 at%, these data confirm an almost complete 
Nb partitioning into the amorphous regions.

Fig. 8 presents a collection of < 110 > TEM SAED patterns illus
trating the structure of the crystallites at different locations within the 
area of sample S1 depicted in Fig. 5a, which is included in the figure also 
for reference. Fig. 8a reveals that the dendritic grains growing perpen
dicular to the melt pool diameter at the top layer have a DO3 structure. 
The white circles highlight the reflections that would correspond to an α 
(disordered) phase, in which Si would be in solid solution, and the red 
circles highlight the extra superlattice reflections that denote the pres
ence of the ordered DO3 structure. Fig. 8b,c confirm that equiaxed grains 
at the remaining two investigated locations also possess a DO3 structure. 
The green circles indicate weak reflections that correspond to extinc
tions. The origin of the visibility of these spots is probably related to 
dynamic scattering effects related to local variations in the sample 
thickness. The stabilization of an ordered DO3 structure agrees with the 

Fig. 7. TEM EDX elemental composition line profiles along the path indicated 
in the TEM micrograph above. The investigated region is located within the 
area populated by equiaxed grains in the S1 sample depicted in Fig. 5a.
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Fe-Si equilibrium phase diagram for an atomic concentration of Si of 
approximately 13% [65], as well as with earlier observations of nano
crystallization in Finemet during isothermal annealing treatments [66].

Supplementary Figs. 2–5 show representative micrographs at 
different magnifications of the spatial distribution and microstructure of 
the crystalline regions in a specimen manufactured using the same LPBF 
processing parameters as sample S1 but employing a single melting 
cycle per layer. Comparison of Supplementary Figs. 2–5 with Figs. 1a, 
2a, 3a, 5, 6, and 8 reveals a high degree of similarity in the crystalline 
microstructures of the two samples. This agreement confirms that the 
use of double melting is appropriate for the present study, as it increases 
density without altering the underlying crystallization mechanisms.

Fig. 9 presents a series of bright-field TEM micrographs depicting the 
grain morphology within a representative crystalline region of the S2 
sample. Fig. 9a shows the entire FIB-milled TEM lamella, extracted 
perpendicular to the melt pool circumference, as indicated in Fig. 1a. 
Higher-magnification views are provided in Fig. 9b–d: Fig. 9b highlights 
dendritic grains growing perpendicular to the melt pool perimeter at the 
top layer, while Figs. 9c and 9d reveal the equiaxed grains located 
immediately beneath, as also observed in sample S1. The dendritic 
crystallites are composed of fine arms less than 100 nm thick and exhibit 
an overall length of approximately 200 nm—significantly smaller than 
their counterparts in the S1 sample, which ranged from 500 to 700 nm in 
length.

Fig. 10 presents TEM-EDX elemental maps of Fe, Si, Nb, B, and Cu 

across the region shown in Fig. 9a, providing insight into the local 
chemical distribution. The local composition is very similar to that 
found in S1. In short, Cu appears uniformly distributed throughout the 
examined area, all crystallites are primarily composed of Fe and Si, and 
Nb and B partition to the amorphous matrix. Fig. 11 shows a represen
tative TEM-EDX line profile acquired across several equiaxed grains in 
sample S2. Six grains and their surrounding amorphous regions were 
evaluated. The average Si contents in the crystallites and in the glassy 
phase are, respectively, 12.9 ± 0.9 at% and 7.7 ± 1.2 at%, i.e., similar 
to those found in S1 (Fig. 7). The average Nb contents in the crystallites 
and the surrounding amorphous fraction are, respectively, 0.7 ± 0.4 at 
% and 8.0 ± 1.0 at%, confirming an almost complete Nb partitioning 
into the amorphous regions also in S2.

Fig. 12 depicts a collection of < 110 > TEM SAED patterns illus
trating the structure of the equiaxed crystallites at different locations 
within the area of sample S2 depicted in Fig. 9a, which is included in the 
figure also for reference. It was unfortunately not possible to capture an 
SAED pattern of the dendritic grains located at the top due to their small 
size. Fig. 12 shows that, irrespective of their location within the crys
talline region, all equiaxed grains have a DO3 structure. A detailed 
indexing of the DO3 superlattice reflections can be found in Fig. 8.

To determine whether the dendritic and equiaxed grains observed in 
samples S1 and S2 form by solidification of the molten region or via 
devitrification in the heat-affected zone (HAZ), single-track melting 
experiments were conducted using identical LPBF conditions on two 

Fig. 8. < 110 > TEM SAED patterns illustrating the structure of the crystallites at different locations within the area of sample S1 depicted in Fig. 6a, which is 
included here also for reference. (a) Dendritic grains growing perpendicular to the melt pool perimeter; (b,c) equiaxed grains. The white circles highlight the re
flections corresponding to the α (disordered) phase, the red circles correspond to extra superlattice reflections that reveal the presence of an ordered DO3 structure, 
and the green circles highlight additional DO3 superlattice reflections, which are usually extinct.

S. Sadanand et al.                                                                                                                                                                                                                              Additive Manufacturing 121 (2026) 105165 

8 



substrates: a fully crystalline, coarse-grained (d = 20 ± 5.6 µm) as-cast 
Finemet® substrate (Figs. 13 and 14), and a fully amorphous Fine
met® substrate (Fig. 15), produced by induction casting. In both cases 
the processing parameters matched those of the second melting pass 
used for sample S2 (P = 60 W; v = 890 mm/s) (Table 1). In the crys
talline substrate the only possible way for new crystals to form is during 
solidification of the melt pool. Fig. 13a,b show images of the single scan 
track along two perpendicular planes. Fig. 13b clearly reveals the 
characteristic semicircular melt pool embedded in the crystalline ma
trix. A TEM lamella was extracted via FIB milling from the bottom of this 
melt pool as shown in Fig. 14a to investigate whether there were any 
crystals that formed during solidification. Fig. 14b reveals, indeed, that 
only DO3 dendritic grains, similar to those observed at the top layer of 
crystalline regions in samples S1 (Fig. 5) and S2 (Fig. 9), grow 

perpendicular to the melt pool perimeter. Fig. 15 illustrates an SEM 
micrograph of a cross section of the single track melted on the amor
phous substrate. Here, dendritic grains are also observed at the bottom 
of the melt pool but, additionally, a high density of equiaxed grains 
populate the HAZ. Consequently, we attribute the dendritic grains in S1 
and S2 to crystallization during solidification, and the equiaxed grains to 
devitrification and subsequent grain growth mechanisms.

4. Discussion

4.1. Effect of the laser scan rate on the formation of crystallites during 
solidification

Our results confirm that crystal formation during LPBF in Finemet 

Fig. 9. Bright field TEM micrographs illustrating the crystalline region in the vicinity of a representative melt pool in sample S2 at different magnifications. (a) 
Overview of the entire TEM lamella; (b-d) high magnification images of the areas which are indicated in (a) using rectangles.

Fig. 10. TEM EDX elemental maps corresponding to different locations within the crystalline area of sample S2 depicted in Fig. 10a, which is included here also 
for reference.
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takes place mostly by devitrification in the HAZ of the glassy layer un
derneath the melt pool, in agreement with other BMG studies [42,58, 
67–70]. However, we show clear evidence that a thin crystalline layer of 
dendritic morphology with a growth direction parallel to the BD also 
forms at the edges of melt pools during solidification. Crystallization 
during solidification was also reported in an earlier SEM study by Li 
et al. [71] on LPBF of another glass forming system (Al-based) with 
similarly low glass forming ability and with composition Al86Ni6Y4.5
Co2La1.5 (at%).

Comparison of Figs. 5b and 9b reveals that increasing the laser scan 
speed leads to the formation of smaller dendritic crystals during solidi
fication. In the following, we use FEM modeling to simulate the solidi
fication process in a single track printed over a solid substrate with the 
processing parameters corresponding to the second pass in S1 and S2 
samples. Fig. 16 illustrates the variation of the solid/liquid interface 
velocity (Fig. 16a), the temperature gradient at the interface (Fig. 16b), 

and the cooling rate at the interface (Fig. 16c) as a function of the solid/ 
liquid interface position along the path indicated by the white dotted 
lines in Fig. 16d (S1) and 16e (S2). The coloring in Figs. 16d and 16e 
indicates the maximum temperature (in ◦C) reached within each melt 
pool during the solidification process. Fig. 16 reveals that, as the so
lidification process proceeds, i.e., as the interface moves toward the top 
of the layer, the interface velocity increases and the temperature 
gradient at the interface decreases. The depth of the S1 and S2 melt pools 
can be estimated from Fig. 16a to be ~43 and ~30 μm, respectively, 
which is in good agreement with the experimental measurements (36 
± 3 μm and 28 ± 6 μm, for S1 and S2, respectively). Fig. 16c confirms 
that the cooling rate is lower in the S1 sample than in the S2 specimen. In 
particular, the cooling rates at the bottom of the corresponding melt 
pools are, respectively, 8.5 × 106 and 1.3 × 107 ◦C/s. The smaller size of 
the solidified crystals in S2 can thus be attributed to the faster cooling 
rate in this specimen.

4.2. Devitrification during laser powder bed fusion

Devitrification in the HAZ of S1 and S2 samples leads to the forma
tion of equiaxed grains (Figs. 5 and 9). The observed elemental parti
tioning in the equiaxed grains, where crystallites exhibit a higher Si 
concentration than the surrounding amorphous regions and are fully 
depleted of Nb and B, supports the conclusion that these grains form via 
primary crystallization. This mechanism has been widely reported 
during isothermal annealing of melt-spun Finemet ribbons, typically 
conducted at 550 ◦C for 60 min, which results in the formation of a 
nanocrystalline microstructure with grain sizes of ~10–20 nm, a con
dition associated with optimal soft magnetic performance [28].

The stabilization of Fe-Si nanograins during isothermal annealing 
has been attributed to a combination of heterogeneous nucleation at Cu 
atom clusters (~5 nm in size) and to the sluggish movement of grain 
boundaries due to the presence of Nb in solid solution in the amorphous 
matrix, that prevents grain coarsening [29,66,72,73]. Cu clusters are, 
for the most part, formed already during quenching. Indeed, cluster 
densities of approximately 1024 m− 3, which are of the same order of 
magnitude as the number of 10–20 nm-sized crystallites formed during 
optimum heat treatment conditions, have been reported in the as-spun 
state [30].

Our results demonstrate that the size distribution of the grains 
formed by devitrification in the HAZ of LPBF-processed specimens is 
significantly broader than that observed in isothermally annealed melt- 
spun ribbons. In particular, grains in the vicinity of the melt pools are 
~400 nm in size, and the grain size decreases progressively with the 
distance to the melt pool down to a few tens of nanometers. In the 
following we rationalize the formation of this gradient crystalline 
structure in the HAZ on the light of the classical nucleation and growth 
theory of crystals [74].

4.2.1. Nucleation
The density of grains in the S1 and S2 samples, estimated from the 

TEM micrographs of Figs. 5 and 9, is on average roughly of the order of 
1019 m− 3, i.e., about five orders of magnitude smaller than that present 
in the melt-spun ribbons that are isothermally annealed at T~550◦C. As 
shown in Figs. 4, 5, and 9, the grains formed by devitrification, irre
spective of their size, remain fully embedded in the amorphous matrix 
and they do not impinge on each other. Thus, the lower density of 
devitrified grains observed in the LPBF-manufactured specimens reveals 
that the density of the Cu clusters, which are undetectable within the 
resolution limits of our TEM, is also reduced in LPBF-processed speci
mens compared to melt-spun ribbons. In the following we examine 
whether the smaller Cu cluster density in the 3D printed specimens 
could be attributed to the presence of higher cooling rates, which would 
restrict short-range diffusion during solidification.

Earlier works have reported that cooling rates during melt-spinning 
of Fe-based amorphous ribbons might range from 4.0 × 104–6.9 × 106 

Fig. 11. TEM EDX elemental composition line profiles along the path indicated 
in the TEM micrograph above. The line traverses several equiaxed grains in the 
S2 sample.
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◦C/s as a function mainly of the wheel speed [75]. In general, isothermal 
annealing studies in Finemet are carried out in relatively thin ribbons, 
with thicknesses between 20 and 30 μm [26,66,76], produced at wheel 
speeds between 25 and 30 m/s. These conditions correspond to cooling 
rates of approximately 5 × 105 and 3 × 106 ◦C/s [75], with variations 
within this range attributed to other processing parameters, such as the 
gas ejection pressure and the melt ejection temperature, which are 
seldom reported in the literature. As shown in Fig. 16c, the LPBF cooling 
rates along the path indicated in Figs. 16d and 16e (white dotted lines) 
are consistently higher than those corresponding to melt spinning. In 
particular, in the S1 sample cooling rates range from 4.8 × 106 (inter
face position= 2 μm) and 8.5 × 106 ◦C/s (interface position= 41 μm) 
and in the S2 sample cooling rates range from 8.3 × 106 (interface 
position= 7 μm) and 1.3 × 107 ◦C/s (interface position= 29 μm). These 
higher cooling rates in LPBF process might account for the reduced 
density of Cu clusters and, thus, for the lower number of devitrified 
crystallites. (A note must be made here that we are not considering the 
influence of the shear rate during the melt spinning process, which 
further promotes nucleation [77,78]).

4.2.2. Growth
The lack of coalescence of the grains formed by devitrification is 

attributed to the substantial Nb content retained in the amorphous phase 
(~9 at% in S1 and ~8 at% in S2), which is comparable to that reported 

earlier for isothermally annealed ribbons (10 at% [30]). Given this 
similarity in the Nb content, the lattice resistance to the grain boundary 
movement should be similar in LPBF-specimens and in melt-spun rib
bons. Thus, the drastically more pronounced grain growth in the 3D 
printed specimens must be attributed to more extreme thermal condi
tions during the intrinsic heat treatment associated to LPBF processing. 
Fig. 17 illustrates the FEM-simulated temperature profiles at different 
locations within the HAZ in the vicinity of the melt pool boundary in the 
S1 (Fig. 17a) and S2 (Fig. 17b) samples. In particular, the profiles were 
simulated at positions located at a distance from the top of the melt pool 
of 46.8, 50.9, and 56.1 μm in S1 (Fig. 17a) and of 30.7, 35.2, and 
40.4 μm in S2 (Fig. 17b). As expected, at a given instant of time, the 
temperature of the intrinsic heat treatment in both samples decreases as 
the distance to the melt pool increases. Additionally, the maximum 
temperatures, in the range of 800–900–1100◦C, are significantly higher 
than the Fe-Si crystallization temperature observed when applying a 
typical DSC heating scan rate of 20 ◦C/s (Tx=540◦C-550◦C) and, indeed, 
approach the solidus temperature (TS=1100◦C). It is our contention that 
even a short period of time (Δt~0.2–0.4 ms) (Fig. 17a,b) at such extreme 
temperatures leads to the observed grain growth in the HAZ of S1 and S2 
samples (Figs. 5 and 9).

Fig. 18 illustrates schematically the origin of gradient crystalline 
structure in the HAZ of the S1 and S2 LPBF-manufactured samples as 
interpreted from the classical nucleation and growth theory [79]. In 

Fig. 12. < 110 > TEM SAED patterns illustrating the structure of the equiaxed crystallites at different locations within the area of sample S2 depicted in Fig. 9a, 
which is included here also for reference. The white circles highlight the reflections corresponding to the Fe(Si) (disordered) phase, and the red circles correspond to 
extra superlattice reflections that reveal the presence of an ordered DO3 structure.
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particular, Fig. 18 plots the growth rate (Ġ, green line) and the nucle
ation rate (Ṅ, blue line) with respect to the local in-situ heat treatment 
temperature for the transformation of devitrification from the previ
ously deposited amorphous phase. In regions right next to the melt pool 
boundary, the nucleation rate is very small and the growth rate is large, 
thus leading to large grains. In turn, as the distance to the melt pool 
boundary increases, Ṅ increases and Ġ decreases, and thus the in-situ 

heat treatment results in larger number of smaller grains.
In comparison with the LPBF-manufactured S1 and S2 samples, the 

average size of the equiaxed grains resulting from devitrification at the 
HAZ of the single track manufactured on the fully amorphous Finemet 
substrate (Fig. 15) is significantly smaller (dave=117 ± 22 nm). This can 
be explained by considering that the fully amorphous substrate was 
produced by induction casting, a process involving lower cooling rates 
than LPBF (typical cooling rates reach values of the order of 104 ◦C/s 

Fig. 13. Image of the single scan performed on the fully crystallized Finemet substrate along two perpendicular planes. (a) Optical micrograph captured along a 
plane parallel to the scan direction (SD); (b) SEM image obtained along a plane perpendicular to SD. A 3D schematic showing the two planes of observation is 
included for further clarity.

Fig. 14. (a) SEM image of a cross section of the single track perpendicular to SD highlighting the location where the TEM lamella was FIB-milled; (b) Two TEM bright 
field micrographs at different magnifications illustrating the dendritic morphology of the crystallites formed during solidification. The SAED patterns included as 
insets correspond to the amorphous phase (ring pattern) and to the DO3 structure (<110 > zone axis) of the dendritic grains. The white and red circles indicate 
DO3 reflections.
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[6]). Thus, a higher density of Cu clusters, and thus enhanced nucle
ation, is expected in the fully amorphous substrate produced by 

induction casting.

Fig. 15. Representative SEM micrograph illustrating at different magnifications the crystalline region surrounding the single-track melt pool that was melted over an 
amorphous Finemet substrate. Crystallites are preferentially etched, and they thus appear as dark regions.

Fig. 16. Variation of (a) the interface velocity, (b) the temperature gradient at the interface, and (c) the cooling rate at the interface as a function of the solid/liquid 
interface position during solidification along the white dotted path indicated in (d) and (e) for S1 and S2 melt pools, respectively. The color scalebar in (d,e) 
represents the maximum temperature (in ◦C) reached during the solidification process. The interface position equal to 0 μm in (d) and (e) is located at the top of the 
melt pools.

Fig. 17. FEM-simulated thermal profile corresponding to several locations within the HAZ in the vicinity of the melt pool boundary in samples (a) S1 and (b) S2. The 
numbers in the legend indicate the distance (position) at which the profiles were simulated with respect to the top of the corresponding melt pool.
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4.3. Outline

This study suggests that the fabrication of nanocrystalline, complex- 
geometry FINEMET components with optimized soft-magnetic proper
ties via LPBF could be pursued through two alternative routes. On the 
one hand, processing parameters could be adjusted to increase cooling 
rates, thereby suppressing Cu clustering and rendering the LPBF- 
deposited amorphous phase more resistant to devitrification during 
subsequent laser passes and layer deposition. Nanocrystallization would 
then be induced through tailored post-processing heat treatments. 
However, this approach is expected to generate elevated residual 
stresses, which may promote crack formation.

Alternatively, the processing parameters could be tuned to reduce 
cooling rates, thereby enhancing Cu clustering and increasing the den
sity of in-situ nucleation sites. This could promote controlled nano
crystallization during LPBF, ideally leading directly to the formation of 
the desired nanostructure without the need for extensive post- 
processing.

5. Conclusions

This work aims to investigate crystallization during laser powder bed 
fusion of the soft magnetic metallic glass alloy Finemet. With that goal, 
two samples were manufactured using a double scanning strategy where 
the first pass is printed with common parameters, for powder densifi
cation, and the second pass is carried out using two different scan speeds 
(500 mm/s in sample S1 and 890 mm/s in sample S2). Densities be
tween 92% and 94% are achieved under these conditions, as the man
ufactured samples inevitably contain unwanted cracks and pores. 
Crystallization in both samples is investigated using a combined 
approach including optical, scanning and transmission and electron 
microscopy, as well as finite element modeling of the solidification 
process and of the temperature evolution in the HAZ. The following 
conclusions are drawn from the current study: 

1. Irrespective of the processing conditions, crystallization takes place 
mainly by devitrification of the previously deposited amorphous 
layer within the so-called heat affected zone. Devitrified crystals of 
equiaxed morphology are embedded in an amorphous matrix and 
they present a DO3 structure. They are mainly formed by Fe and Si, 
while Nb and B partition to the amorphous matrix.

2. The crystals resulting from devitrification in the heat affected zone 
are significantly larger (d~ 40–50 nm to 400 μm) than the crystal
lites forming during isothermal annealing (d~10–20 nm). This is 

due, first, to the fact that the higher cooling rates in LPBF compared 
to melt spinning limit short range diffusion and lead to a smaller 
density of Cu clusters, and thus of crystallite nuclei. Second, 
enhanced grain growth is promoted due to the extreme temperatures 
inherent to the intrinsic heat treatment.

3. The wide size distribution of the grains that form by devitrification 
during LPBF in comparison with the nanocrystals forming during 
isothermal annealing of melt spun ribbons is mainly attributed to 
local variations in the thermal history within the heat affected zone, 
which lead to a wide spectrum of nucleation and growth rates.

4. A minor fraction of crystals, located at the bottom of melt pools, form 
during solidification in the two investigated samples. These crystals 
possess a dendritic morphology and a DO3 structure, grow parallel to 
the build direction, and are mainly formed by Fe and Si. The size of 
these dendritic grains decreases with increasing scan speed, as high 
speeds are associated with higher cooling rates at the bottom of melt 
pools.

5. The FINEMET alloy was originally designed in a way that fully 
amorphous as-spun ribbons could judiciously be partially devitrified 
after the winding into a composite of Fe3Si nanocrystallites 
embedded in an amorphous matrix to enhance the soft magnetic 
properties for passive motor components. However, here we have 
shown that during additive manufacturing via LPBF the crystalliza
tion takes place in-situ. It occurs partially during the solidification of 
the melt pool and also in the heat affected zone of the glassy layer 
underneath. This work concludes that, in order to manufacture a 
nanocrystalline-amorphous composite with a complex geometry 
using LPBF, which can be used as a passive motor component (e.g. a 
rotor or stator), the selection of parameters should aim at lowering 
the cooling rates and thereby increasing the nucleation rate to sup
press the formation of large grains and to only trigger the formation 
of nanocrystals in the HAZ, as observed in Fig. 4. Additionally, 
elimination of defects such as cracks and pores remains to be 
addressed. Different strategies leading to an appropriate redistribu
tion of the thermal energy, including for example heating of the 
substrate or advanced scanning strategies, must be combined with 
alloy design to achieve this goal.
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[5] J. Löffler, Bulk metallic glasses, Intermetallics 11 (2003) 529–540.
[6] W.H. Wang, C. Dong, C.H. Shek, Bulk metallic glasses, Mater. Sci. Eng. R. 44 (2004) 

45–89.
[7] J. Schroers, Bulk metallic glasses, Phys. Today 66 (2013) 32–37.
[8] W. Klement, R. Willens, P. Duwez, Non-crystalline structure in solidified 

gold–silicon alloys, Nature 187 (1960) 869–870.
[9] J. Kruzic, Bulk metallic glasses as structural materials: a review, Adv. Eng. Mater. 8 

(2016) 1308–1331.
[10] M. Ashby, A.L. Greer, Met. Glass Struct. Mater. 54 (2006) 321–326.
[11] P. Tiberto, M. Baricco, E. Olivetti, R. Piccin, Magnetic properties of bulk metallic 

glasses, Adv. Eng. Mater. 9 (2007) 468–474.
[12] J.R. Scully, A. Gebert, J.H. Payer, Corrosion and related mechanical properties of 

bulk metallic glasses, J. Mater. Res. 22 (2007) 302–313.
[13] H.F. Li, Y.F. Zheng, Recent advances in bulk metallic glasses for biomedical 

applications, Acta Biomater. 36 (2016) 1–10.
[14] W.H. Wang, Bulk metallic glasses with functional physical properties, Adv. Mater. 

21 (2009) 4524–4544.
[15] S. Sohrabi, J. Fu, L. Li, Y. Zhang, X. Li, F. Sun, J. Ma, W.H. Wang, Manufacturability 

of metallic glass components: processes, structures and properties, Prog. Mater. Sci. 
144 (2024) 101286.

[16] I. Gallino, R. Busch, Physical Aging Studies in Bulk Metallic Glasses, in: Physical 
Metallurgy of Bulk Metallic Glass-Forming Liquids. Springer Series in Materials 
Science, 341, Springer, 2024.

[17] I. Gallino, R. Busch, Relaxation Pathways in Metallic Glasses, JOM 69 (2017) 
2171–2177.

[18] R. Busch, I. Gallino, Kinetics, Thermodynamics, and Structure of Bulk Metallic 
Glass Forming Liquids, JOM 69 (2017) 2178–2186.

[19] A.L. Greer, Crystallization in metallic glasses, Mater. Sci. Eng. A 179/180 (1994) 
41–45.

[20] T. Kulik, Nanocrystallization of metallic glasses, J. NonCryst. Solids 287 (2001) 
145–161.

[21] L.M. Ruschel, B. Adam, O. Gross, N. Neuber, M. Frey, H.-J. Wachter, R. Busch, 
Development and optimization of novel sulfur-containing Ti-based bulk metallic 
glasses and the correlation between primarily crystallizing phases, thermal 
stability and mechanical properties, J. Alloy. Comp. 960 (2023) 170614.
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