
Laser powder bed fusion of an Fe-based metallic glass using time delays

M. Rodríguez-Sánchez a,b,*, A.D. Boccardo a,c, S. Sadanand a,b, A. Ghavimi d, R. Busch d,  
P. Sharangi e, E. Ferrara e, G. Barrera e, P. Tiberto e, D. Tourret a, I. Gallino d,f, M.T. Pérez-Prado a
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A B S T R A C T

Laser powder bed fusion (LPBF) of dense and fully amorphous commercial Fe-based metallic glass (MG) alloys, 
such as Kuamet 6B2, remains challenging when using simple scanning strategies. High-energy conditions pro
duce dense but highly crystalline samples, while low-energy conditions led to higher amorphous fractions and 
reduced density. This study investigates the impact of introducing a controlled laser-off period ("time delay," 
tOFF) after each scan track in an LPBF meander scanning strategy on the processability, density, crystallinity, and 
coercive field (Hc) of Kuamet 6B2 specimens. LPBF is performed using pulsed laser emission with two laser power 
levels (120 W and 160 W), two scan speeds (615 mm/s and 888 mm/s), and time delays ranging from 1 to 
300 ms. Introducing time delays as short as 50 ms significantly increases the amorphous fraction (AM%) without 
compromising density and leads to notable decreases in Hc. Multiphysics finite element (FEM) simulations reveal 
that this increase in AM% results from reduced devitrification in the heat-affected zone, as amorphous regions 
solidified during the previous track are allowed to cool during tOFF—an effect that becomes more pronounced 
with longer delays. This study demonstrates, for the first time, that implementing time delays can effectively 
resolve the "density/amorphous fraction" paradox in Fe-based MGs, providing a viable strategy for LPBF 
manufacturing of these alloys for soft magnetic applications.

1. Introduction

Since their discovery in 1960 [1], metallic glasses (MGs) have 
attracted much attention in the scientific community as their amorphous 
structure endows them with properties that, in many cases, are not 
commonly found on crystalline metals. Fe-based MGs, in particular, 
possess extraordinary soft-magnetic properties such as low perme
ability, high electrical resistivity, and low coercivity [2], which are 
highly sought-after for components of electrical motors like rotors or 
stators, as they contribute to reducing electrical losses, resulting in 
highly efficient machines [3,4]. As the global use of electrical motors 
keeps increasing and electrical energy is becoming an extremely valu
able resource, significant efforts are being made in finding viable ways 
to commercialize these materials for industrial applications.

The major drawback hindering a wider commercialization of Fe- 
based MGs is their ease to crystallize upon cooling, which is higher 

than that exhibited by other alloy families such as Zr or Ti-based MGs 
[5]. The critical sheet thickness, tc, or, alternatively, the critical rod 
diameter, dc, are widespread metrics to assess the maximum dimensions 
that cast specimens can have without crystallizing. Fe-based MGs which 
are free of elements such as Co and rare earths typically present dc be
tween 0.1 mm and 5 mm [2]. Additionally, dc< 0.5 mm is found in 
Fe-based compositions that are free of phosphorous, a highly volatile 
element. For instance, the commercial Kuamet 6B2 alloy has a tc as low 
as 150 μm. These sizes are clearly insufficient to manufacture large 
components with complex shapes such as those required for industrial 
applications.

Since the cooling rate needed to produce fully amorphous Fe-based 
MG specimens is in the order of 105 − 106 K/s [6], viable 
manufacturing routes have so far been limited to melt-spinning of thin 
ribbons [7], powder atomization [8], and suction casting of thin rods 
[9], and significant research has been devoted in the last decades to 
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design alloy compositions with improved glass forming ability (GFA) 
during casting processes [5]. Powder-based additive manufacturing 
(AM) techniques such as laser powder bed fusion (LPBF) have been 
recently put forward as promising avenues to fabricate large bulk 
metallic glass (BMG) parts, as the high local cooling rates following laser 
melting (105-107 K/s) [2,5,10–13] are of the same order of magnitude as 
those required for the stabilization of the amorphous phase in most MG 
systems. Furthermore, the design flexibility offered by LPBF allows 
manufacturing of components with intricate geometries, such as those 
required in highly efficient e-motors to reduce energy losses due to eddy 
currents and to effectively guide magnetic fields [14,15].

The AM processability of MGs has been mostly related to their GFA. 
LPBF manufacturing of dense components with a fully amorphous 
structure (within X-ray diffraction detection limits) has already been 
achieved in Zr-based [16–22], Ti-based [23], Cu-based [24] and 
Ni-based [25] MGs using simple scanning strategies, such as the widely 
used meander path with interlayer 67-degree rotations. However, if one 
uses Fe-based alloys with critical casting thicknesses that are much 
smaller than 1 mm, such strategies are in general not able to yield 
Fe-based BMG parts with both high density and high amorphous frac
tions for any combination of laser power and scan speed [10,11,13]. 
Indeed, previous works on LPBF processing of soft magnetic Fe-based 
BMGs have shown that high volumetric energy conditions can mini
mize porosity but cause much devitrification, which significantly in
creases the magnetic coercivity, while low volumetric energy 
combinations that favor the retention of the amorphous phase tend to 
result in lack of fusion porosity [26–36]. Therefore, dense Fe-based 
BMGs manufactured by LPBF using simple scanning strategies consist 
typically of glassy-crystalline composites [26–36], as crystallization 
unavoidably takes place following solidification during the thermal 
cycles resulting from the deposition of neighboring tracks or subsequent 
layers during LPBF. A breakthrough in LPBF processing of Fe-based 
BMGs involving advanced scanning strategies would be required to 
manufacture reliably complex geometry components with dense and 
fully amorphous structures that would enable a new generation of highly 
efficient motors with a drastic reduction of energy losses.

Sohrabi et al. [37] recently reported that the density and the amor
phous fraction of an LPBF-manufactured Zr-based BMG could be 
simultaneously increased using conventional parallel single scanning 
strategies by the introduction of time delays (i.e., pre-defined time pe
riods during which the laser is switched off) after each scan track. This 
approach reportedly mitigates crystallization at the turning points of the 
laser, where the dwell time is accumulated by the solidified material at 
high temperature peaks [38]. Studies on direct energy deposition (DED) 
of MGs have also shown that the implementation of time delays between 
printing tracks is a promising approach to reduce the temperature 
throughout the sample [39–41]. Finally, in LPBF of crystalline metals, 
time delays between layers [42] and at the turning points of printed 
tracks [43] have been used to homogenize the thermal profiles 
throughout the sample. To date, the introduction of time delays in LPBF 
manufacturing of Fe-based metallic glasses has not been explored.

The aim of this work is to investigate whether the introduction of 
time delays after each scan track would enable LPBF manufacturing of 
dense and amorphous Fe-based BMGs using a meander scanning strat
egy. To that end, LPBF is carried out using pulsed wave emission and a 
wide range of complementary characterization techniques is utilized to 
relate the defect structure, the fraction of amorphous phase, and mag
netic coercive field (Hc) to the processing parameters on a commercial 
Kuamet 6B2 Fe-based soft magnetic MG alloy. Additionally, multi
physics finite element (FE) modeling is utilized to simulate the local 
temperature evolution and crystallization for different combinations of 
parameters. This combined experimental/numerical approach will 
provide guidelines for the manufacturing of Fe-based BMGs with high 
density and high amorphous fractions, thus contributing to enhance 
their potential as enablers of energy efficient electric mobility solutions.

2. Experimental procedure

A commercial Kuamet 6B2 Fe-based alloy powder was used as 
feedstock material for the present study. The alloy, with composition 
Fe73.7B11Si11Cr2.3C2 [at%], was produced by Epson ATMIX Japan by 
spinning water atomization (SWAP) [8]. The particle size distribution, 
which was evaluated with a Bettersize analyzer, was characterized by 
D10, D50 and D90 values of 11, 30, and 61 μm, respectively. The powder 
density and flowability were measured following ASTM standards [44, 
45]. The apparent powder density was 4 g/cm3, the tapped density 
amounted to 4.2 g/cm3, and the powder did not flow continuously 
through the Hall flow meter. Nevertheless, the powder flow was excel
lent during LPBF trials and uniform layers were deposited through the 
entirety of the build jobs. A Perkin Elmer DSC8000 device was used for 
differential scanning calorimetry (DSC) evaluation of the amorphous 
fraction of the virgin powder. The latter was calculated as the ratio of the 
enthalpy of crystallization in the powder’s heating curve and the 
enthalpy of crystallization of a fully amorphous Kuamet6B2 melt-spun 
ribbon (ΔHcr,sample/ΔHcr,ribbon), following a heating rate of 20 K/min.

The LPBF system used in this study was a Renishaw RenAM500Q 
Flex machine equipped with four 500 W Yb-fiber lasers, which was 
operated using pulsed wave emission. A reduced build volume (RBV) 
unit was utilized to limit the use of powder. A total of 28 prisms with 
dimensions 8x8x5.4 mm3 were printed on 316 L steel substrates with 
different combinations of parameters, which are summarized in Table 1. 
The layer thickness (t) was maintained at 30 µm, i.e., equal to the D50 
value of the feedstock powder, and the hatch distance (h) and the laser 
point distance (pd) were both set at 80 µm, which is the approximate 
size of the laser’s spot diameter. LPBF processing was carried out using 
two values of laser power (P = 120 and 160 W) and two values of laser 
exposure time (tON = 80 and 120 µs). The corresponding scan speed 
values (v= 888 and 615 mm/s, respectively), which can be calculated as 
v = pd/(tON + 10 µs), are also reported in Table 1. For each P and v 
combination, one sample was printed using a conventional meander 
strategy with 67º rotation between layers and with the minimum default 
delay time (tOFF) at the end of each scan track (1 ms) and six additional 
prisms were manufactured with tOFF values of 50, 100, 150, 200, 250, 

Table 1 
LPBF processing parameters and normalized volumetric energy density.

Group Sample ID P (W) tON (µs) tOFF (ms) v (mm/s) E∗

Group A S1 160 120 1 615 7.08
S2 160 120 50 615 5.61
S3 160 120 100 615 5.59
S4 160 120 150 615 5.59
S5 160 120 200 615 5.58
S6 160 120 250 615 5.58
S7 160 120 300 615 5.58

Group B S8 160 80 1 888 4.45
S9 160 80 50 888 3.87
S10 160 80 100 888 3.86
S11 160 80 150 888 3.86
S12 160 80 200 888 3.86
S13 160 80 250 888 3.86
S14 160 80 300 888 3.85

Group C S15 120 120 1 615 4.97
S16 120 120 50 615 4.20
S17 120 120 100 615 4.19
S18 120 120 150 615 4.19
S19 120 120 200 615 4.19
S20 120 120 250 615 4.18
S21 120 120 300 615 4.18

Group D S22 120 80 1 888 3.21
S23 120 80 50 888 2.90
S24 120 80 100 888 2.89
S25 120 80 150 888 2.89
S26 120 80 200 888 2.89
S27 120 80 250 888 2.89
S28 120 80 300 888 2.89
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and 300 ms. The associated increases in build time for one single sample 
when introducing these delays are, respectively, 56 %, 116 %, 175 %, 
234 %, 294 %, and 353 %. A schematic representation of this modified 
meander scanning strategy is displayed on Fig. 1, where areas with 
different degrees of heat accumulation are qualitatively depicted using a 
color code. As shown in Fig. 1, the introduction of time delays is aimed at 
reducing heat accumulation in the printed sample. The 28 LPBF- 
manufactured samples have been divided into 4 groups (A to D), each 
with common P and v values, and with different tOFF times (A (160 W, 
615 mm/s); B (160 W, 888 mm/s); C (120 W, 615 mm/s); D (120 W, 
888 mm/s)). The normalized volumetric energy (E∗) corresponding to 
each of the 28 LPBF-manufacturing conditions, which is also shown in 
Table 1, was calculated as suggested by Thomas et al. [46] and Phan 
et al. [47] and its derivation is detailed in the Supplementary Material. 
In-operando infrared emission measurements were acquired with 
Renishaw’s RenAM500Q built-in photodiode. The sensor is calibrated to 
record emissions of wavelengths between 1100 – 2000 nm, which are 
associated to the thermal emissions of the melt pool. Data 
post-processing was carried out using Renishaw’s InfiniAM Spectral 
software and MATLAB.

The LPBF-manufactured samples were detached from the build 
platform using a Struers Secotom-20 disc cutting machine. Subse
quently, each sample was cut in two halves along a plane parallel to the 
build direction (BD) for characterization purposes. One half was used to 
measure density, to analyze defects, and for (micro)structural exami
nation. The second half was utilized for magnetic characterization fol
lowed by calorimetry tests. The density of each sample was measured by 
image analysis from optical micrographs. Optical microscopy (OM) was 
carried out using an Olympus BX51 light microscope and the software 
ImageJ/Fiji with the Trainable Weka Segmentation plug-in [48] was 
utilized to segment pores and cracks. Metallographic preparation for OM 
examination included grinding with sandpaper of grit sizes ranging from 
300 to 2400 and polishing with diamond pastes of sizes decreasing from 
9 µm to 1 µm, followed by chemical-polishing with a 0.04 μm colloidal 
silica suspension to achieve a mirror-like surface finish. The melt-pool 
geometry was examined in samples additionally etched using a 
10:10:1 solution of 98 % ethanol, distilled water, and 65 % nitric acid. A 
3x3x1 mm3 piece was cut from each printed sample to evaluate the 
fraction of amorphous phase by DSC in a Perkin Elmer DSC8000 system 
using the same methodology as for the powders. Microtexture analyses 
were conducted using an Apreo 2S (ThermoFisher Scientific) field 
emission gun scanning electron microscope (FEGSEM) equipped with an 
Oxford Instruments electron backscattered diffraction (EBSD) detector, 
a CCD camera, and the Aztec data acquisition and analysis software 
package. EBSD maps of the crystalline regions were acquired using 
20 kV, a current of 3.2 nA, a working distance of 13 mm, and a step size 
of 120 nm. Surface finishing for EBSD measurements was performed as 
explained above for OM sample preparation.

Hysteresis loops were measured at room temperature for all LPBF- 
manufactured samples using a LakeShore vibrating sample magnetom
eter (VSM) by applying a DC magnetic field in the range of ± 800 kA/m. 
The coercive field (Hc) was evaluated for each sample from the hyster
esis loop after the subtraction of the sample holder’s diamagnetic 
contribution.

3. Simulation

3.1. Thermo-metallurgical model

A thermo-metallurgical finite element method (FEM)-based simula
tion of the LPBF process is carried out to understand the effect of time 
delays on the (micro)structure of the Kuamet 6B2 manufactured sam
ples. The thermal model is similar as described in [49]. The evolution of 
temperature in the LPBF-manufactured parts (domain) is computed by 
solving the heat transfer equation: 

ρcp
∂T
∂t

= ∇ • (k∇T)+Ql +Qϕ, (1) 

where ρ is the density, cp is the specific heat capacity, k is the isotropic 
conductivity, T is the temperature, t is the time, Ql is the absorbed heat 
due to the laser incidence, and Qϕ is the absorbed/released heat due to 
melting/solidification. The laser source contribution (Ql) is computed as 
[50]: 

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, 

Iz = 1
0.75

[

− 2.25
(

zl − z
Hl

)2
+1.5

(
zl − z
Hl

)

+0.75

]

is a parabolic decay along 

the laser penetration direction, Hl is the laser penetration depth, P is the 
laser power, ∅ is the diameter of the laser spot, and 

(
xl, yl

)
are the co

ordinates of center of the laser spot that irradiates the surface located at 
zl, referred to the Cartesian coordinate system (x, y, z). The contribution 
Qϕ in Eq. 1 is computed by taking into account the latent heat involved 
in melting/solidification as Qϕ = ρLf

∂fs
∂t , where Lf is the latent heat of 

fusion and fs is the solid volume fraction that is computed by the 
metallurgical model. The applied boundary conditions are given by 
Newton’s law qc = − hc(T − T∞), where qc is the normal heat flux, hc is 
the interfacial heat transfer coefficient, and T∞ is the temperature of the 
environment.

Based on the temperature profile and history predicted from the 
thermal model described above, we apply a simple metallurgical model 
to qualitatively assess the formation of crystalline regions. Whenever a 
region is melted, i.e. when the local temperature exceeds the alloy liq
uidus temperature (TL), we consider that the resulting default state from 
the fast cooling is fully amorphous, since the critical casting thickness is 
approximately 150 µm, i.e., around the width of a printed track, and the 
cooling rate of LPBF (105 − 107 K/s) [26] is substantially higher than 
that typical of casting processes (100 − 102K/s) [51]. Hence, we assume 
that any crystalline region is purely the result of solid-state devitrifica
tion within a relevant temperature range, comprised between the liq
uidus and solidus (TS) or final eutectic (TE) temperatures. The 
temperature range for devitrification is calibrated to experimental data, 
and the residence time of the temperature within that range, τ, can be 
directly correlated to the extent and location of crystalline phases, as 

Fig. 1. Schematic representing the influence of time delays on heat accumulation.
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shown later in Section 4.3 (Fig. 8).
The proposed model is implemented into the Abaqus finite element 

software by programming Fortran user subroutines, using the SoftGLASS 
plug-in [52]. The equations are solved on a discretized domain, which 
allows to compute the temperature and phase evolutions into the whole 
geometry.

3.2. Model parameters

The 3D simulations are performed in a domain consisting of a pre
viously deposited bulk substrate. The thermal and material properties 
used to perform the simulations are summarized in Tables 2–4. αp and Hl 
were calibrated to get a good match between the measured and simu
lated melt pool sizes. The material’s thermal properties (cp, Lf, TS and TL) 
were obtained through differential thermal analysis on a NETZSCH STA 
449 Jupiter system. The cp in the liquid phase is assumed equal to that of 
pure Fe at the melting temperature [53] due to the lack of data on the 
alloy under investigation. The values of cp are summarized in Table 3. 
The thermal conductivity k is assumed equal to that of pure Fe due also 
to the lack of data [53]. The variation of k with temperature is sum
marized in Table 4.

3.3. Simulated LPBF processing conditions and validation

To elucidate the influence of time delays on crystallization, the 
thermo-metallurgical FEM-based model was utilized to simulate laser 
melting of a single track processed using P = 160 W and v = 615 mm/s 
(group A) and of double tracks manufactured with the same P and v, 
with a hatch distance of 80 μm, and with time delays (tOFF) of 1, 50, and 
300 ms (as in samples S1, S2, and S7). The laser spot size was taken as 
80 μm.

The model validation campaign included laser melting of single and 
double tracks with the processing parameters utilized for the simula
tions and using the Renishaw RenAM500Q Flex system on top of a fully 
amorphous Kuamet 6B2 plate. The latter was produced by copper mold 
suction casting with a thickness of approximately 150 µm, which is close 
to the critical casting thickness for this alloy. The absence of crystalline 
phases in the substrate prior to laser melting was verified by synchrotron 
X-ray diffraction (XRD) at the Deutsches Elektronen-Synchrotron (DESY, 

Germany). The corresponding XRD pattern is illustrated in Supple
mentary Fig.2. It can be clearly seen that the sample presents a fully 
amorphous structure, characterized by two broad halos around 2θ = 45º 
and 80º. Before laser melting the amorphous plate was fixed to a 316 L 
steel substrate within the RBV using double-sided copper tape and the 
stage position was adjusted to place the top surface of the amorphous 
plate at the focal plane of the laser.

Cross sections of the single track and double track melt-pools 
perpendicular to the scan direction (SD) were prepared for EBSD ex
amination. With that purpose, the substrate plate was held by pins and 
mounted in conductive resin with the lasered surface perpendicular to 
the bottom plane, such that the cross section of the melt pools generated 
by the melted tracks would be visible after grinding and polishing using 
the procedures described for EBSD sample preparation in Section 2.

Fig. 2. Normalized infrared melt pool emission measured in-operando in the RenAM500Q LPBF system during processing of group A samples (a) S1 (P = 160 W, v =
615 mm/s, tOFF = 1 ms) and (b) S7 (P = 160 W, v = 615 mm/s, tOFF = 300 ms) at two representative layers (46 and 66).

Fig. 3. Influence of the time delay on the density of the LPBF manufactured 
prisms. The dotted lines are first-degree exponential decay fits for groups A 
to D.
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4. Results

4.1. Influence of time delays on processability

All samples in groups A to D exhibited good dimensional stability, 
with the exception of sample S1 (group A), with the highest E∗ (7.08), 
where severe warping and delamination effects were observed. How
ever, as shown in Fig. 2, the introduction of time delays led to improved 
processability and excellent dimensional stability in group A samples. 
Fig. 2 illustrates the outer appearance of samples S1 (tOFF=1 ms, which 
is the minimum default time delay, Fig. 2a) and S7 (tOFF=300 ms, 
Fig. 2b). It can be clearly seen that, while sample S1 experienced severe 
warping effects, sample S7 retained its original shape. To elucidate the 
origin of the improved processability with the introduction of time de
lays, the infrared melt-pool emission during LPBF processing of samples 
S1 and S7 was measured in-operando using a spectrometer installed at 
the RenAM500Q system. Measurements were performed at two repre
sentative layers (46 and 66) where the direction of the scan tracks is 
oriented along the square cross sectiońs diagonal. The results are shown 
in Fig. 2. In the absence of time delays (sample S1, Fig. 2a), significant 
heat accumulation is observed at the corners, where the scan path is very 
short. However, switching off the laser after each track for 300 ms 
(sample S7, Fig. 2b) enables sample cooling before the next track is 
melted, limiting heat accumulation, and hence homogenizing the tem
perature across the printed layer.

4.2. Influence of time delays on density and melt-pool geometry

Fig. 3 illustrates the influence of the time delay on the density for 
samples belonging to groups A, B, C, and D. All samples have a relative 
density above 90 %. Despite the evident scatter within each group, it can 
be concluded from Fig. 3 that group B and C samples, with intermediate 
E∗ values (between 3.85 and 4.97), have on average the highest den
sity, while group A and D samples, with E∗ values above 5.58 and below 
3.21, respectively, possess a higher fraction of porosity. In samples 
belonging to groups A, B, and C, the increase in tOFF from 1 ms to 300 ms 
has a small and/or positive effect on the density. However, most 
notably, in samples belonging to group D, which have the lowest E∗, an 
increase in the time delay leads clearly to a notable decrease in density. 
Fig. 4 depicts several optical micrographs illustrating the defect struc
ture in cross sections parallel to the build direction (BD) of two samples 
from each group (A to D) with, respectively, 1 and 300 ms delay. In 
agreement with Fig. 3, it can be seen that increasing the time delay in 
groups B and C samples (Figs. 4c,d and 4e,f, respectively) leads to a 
moderate increase in density. However, in group A samples (Fig. 4a,b) 
increasing the time delay does not eliminate excessive melting porosity, 
and in group D samples (Fig. 4g,h) time delays introduce a large fraction 
of lack of fusion defects. Cracks are present in all the manufactured 
samples, in agreement with earlier studies [31], and the crack area 
fraction (~2 %) appears to be fairly independent of the processing 
conditions.

Fig. 5 illustrates the influence of time delays on the geometry of the 
melt-pools belonging to all sample groups (A to D). In particular, the 
effect of the time delay on the melt-pool width (W) (Fig. 5a), depth (D) 

Fig. 4. Optical micrographs illustrating the defect structure in the following samples: (a) group A S1 (1 ms), (b) group A S7 (300 ms), (c) group B S8 (1 ms), (d) group 
B S14 (300 ms), (e) group C S15 (1 ms), (f) group C S21 (300 ms), (g) group D S22 (1 ms), (h) group D S28 (300 ms). The imaged cross-sections are parallel to BD.
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(Fig. 5b), and depth to width ratio (D/W) (Fig. 5c), measured at the top 
layer, is shown. Figs. 5a and 5b reveal that both W and D, but especially 
W, decrease for all sample groups when a time delay of 50 ms is intro
duced, and then both W and D remain fairly stable for higher time de
lays. As shown in Fig. 5c, the D/W ratio increases slightly with the time 
delay for groups A and B and it remains stable for groups C and D. For all 
samples, the D/W ratio ranges between 0.35 and 0.6, suggesting a 
transition melting mode, where both conduction and keyhole melting 
are present [54]. Indeed, a close look at the geometry of melt pools at the 
top layer of samples manufactured with a time delay of 50 ms in groups 

A (Fig. 5d), B (Fig. 5e), C (Fig. 5f), and D (Fig. 5g) reveals the presence of 
melt-pools with tear-drop shape, characteristic of keyhole mode 
melting, intermingled with others that resemble a half-moon, which are 
more typical of conduction melting.

4.3. Influence of time delays on the amorphous fraction

Fig. 6 illustrates the influence of time delays in the volume fraction of 
the amorphous phase (AM%) measured by DSC in all manufactured 
samples. The highest amorphous fractions, ranging between 60 % and 
70 %, are obtained in groups C and D, while group A specimens exhibit 
the lowest AM% due to the excessive energy input. In general, the 
introduction of time delays leads to an increase in AM% in the LPBF 
manufactured prisms. The largest variation of AM% is observed for a 
time delay of 50 ms, and then the increase in AM% is smoother for larger 
delay times. In particular, the increase in AM% achieved when intro
ducing a time delay of 50 ms in groups A to D amounts to + 15 %, 
+ 25 %, + 41 %, and + 33 %, respectively. Also, the increase in AM% 
achieved when introducing a time delay of 300 ms in groups A to D 
amounts to + 33 %, + 40 %, + 50 %, and + 48 %, respectively.

In order to understand the effect of time delays in AM%, the thermo- 
metallurgical FEM-based model described in Section 3 is utilized to 
simulate laser melting of a single track processed using P = 160 W, v 
= 615 mm/s (i.e., with laser parameters equivalent to those of group A 
specimens) and of double tracks manufactured with the same P and v, 
with a hatch distance of 80 μm, and with tOFF of 1, 50, and 300 ms (as in 
group A samples S1, S2, and S7). The map of Fig. 7a illustrates as an 
example the temperature distribution during one of the double track 
simulations. The node from where the temperature readings were 
captured is located 0.5 mm away from the edge of the simulated volume 
(Fig. 7a) at a location around the center of the melt pool of the first track, 
and within the heat affected zone (HAZ) of the second track, as indicated 
by the star symbol in Figs. 7b and 7c, respectively. Fig. 7d illustrates the 

Fig. 5. Influence of the time delay on (a) the average melt pool width, (b) the average melt pool depth, and (c) the depth to width ratio for samples belonging to 
groups A to D; (d-g) optical micrographs of etched LPBF samples showing the morphology of melt pools at the top layer for samples manufactured with a time delay 
of 50 ms in groups (d) A (S2), (e) B (S9), (f) C (S16) and (g) D (S23).

Fig. 6. Influence of time delay on the fraction of the amorphous phase 
measured by DSC. The dotted lines are logarithmic fits for groups A to D.
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temperature profiles corresponding to the simulated single and double 
tracks. While the first temperature peaks of all three conditions are 
identical, the maximum temperature of the second peak decreases from 

1166 ºC when tOFF = 1 ms to 976 ºC when tOFF = 50 ms, and to 943 ºC 
when tOFF = 300 ms. Most importantly, the temperature at the selected 
location when the second track is printed (T0) decreases from 242 ºC 
when tOFF = 1 ms to 64 ºC when tOFF = 50 ms, and to 41 ºC when tOFF 
= 300 ms.

Single and double tracks were laser melted over an amorphous 
Kuamet6B2 substrate with the same manufacturing conditions used in 
the simulations. Fig. 8 compares EBSD band contrast maps of cross 
sections perpendicular to the scan direction of the single track (Fig. 8a) 
and of the double tracks (Fig. 8c,e,g) with the corresponding FEM- 

Fig. 7. (a) A representative image of the FEM-simulated temperature distribution during a double track simulation. (b,c) Cross sections of simulated melt pools 
perpendicular to the scan direction (SD) during the (b) first and (c) second tracks. The red semicircles indicate the liquid material during scanning and the yellow star 
marks the location of the node where temperature profiles were evaluated. (d) Simulated temperature evolution during double track experiments using group A 
conditions with tOFF = 1, 50, and 300 ms. The temperature profiles correspond to a location 0.5 mm away from the edge of the simulated volume.

Fig. 8. (a,c,e,g) EBSD band contrast maps illustrating cross sections perpendicular to the scan direction of group A (a) single track and (c,e,g) double tracks with (c) 
tOFF = 1 ms, (e) tOFF = 50 ms, and (g) tOFF = 300 ms; (b,d,f,h) FEM-simulated τ maps corresponding to (b) the single track, and (d,f,h) the double tracks with (d) tOFF 
= 1 ms, (f) tOFF = 50 ms (h) tOFF = 300 ms.

Table 2 
Thermal and material parameters used for simulations.

ρ Bulk material (kg/m3) αp Hl (μm) hc Top domain surface (W/m2/ºC) hc Bottom domain surface (W/m2/ºC) Lf (J/kg) T∞ (ºC) TS (ºC) TL (ºC)

7200 0.6 62 50 [49] 500 [49] 272000 25 1050 1150

Table 3 
Specific heat capacity as a function of temperature.

T (ºC) T ≤ TS (solid state) T ≥ TL (liquid state)

cp (J/kg/ºC) 527 761
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simulated maps illustrating τ, the computed weighted time that the 
material remains at a temperature between Tx and TS (equation 3, 
Section 3) (Fig. 8b,d,f,h). In the EBSD band contrast maps of Fig. 8a,c,e,g 
the gray areas correspond to crystalline regions while the black areas 
represent regions where the amorphous phase dominates. Comparison 
of experiments and simulations prove that there is a direct proportion
ality between the proposed weighted time, τ, and the crystalline volume 
fraction. Figs. 8a and 8b suggest, furthermore, that devitrification dur
ing laser melting of single tracks is comparatively limited, even when 
high E∗ conditions (group A) are used. However, as shown in Figs. 8c 
and 8d, when a second track is melted adjacently with the minimum 
default delay time (1 ms) devitrification takes place within a signifi
cantly large region within the HAZ. The devitrified region has been 
pointed with arrows in Figs. 8c, 8e and 8g. Increasing the time delay to 
50 (Fig. 8e,f) and 300 ms (Fig. 8 g,h) reduces progressively the size of 
the devitrified region in the overlap of the two tracks.

In summary, the increase in AM% with the introduction of time 
delays (Fig. 6) is driven by the reduction of T0 in the amorphous regions 
solidified during the first pass (Fig. 7d), an effect that becomes more 
pronounced as the delay time increases. Consequently, during the sec
ond laser pass, the amorphous regions with lower T0 within the HAZ 
spend less time at temperatures between TX and TS, leading to a lower 
degree of devitrification (Fig. 8e,f,g,h).

Fig. 9 illustrates several EBSD maps corresponding to the LPBF- 
manufactured Kuamet6B2 samples S2 (group A, E∗ = 5.61, AM%=

19 %) (Figs. 9a-c) and S23 (group D, E∗ = 2.90, AM%=55 %) (Fig. 9b,d). 
In the band contrast maps of Figs. 9a and 9b the crystalline regions are 
depicted in gray and the amorphous regions are colored in black. The 
step size used to measure these maps was 120 nm and thus the presence 
of smaller nanocrystals within the amorphous regions cannot be ruled 
out. Most importantly, Figs. 9a and 9b evidence that, in both specimens, 
crystallization takes place along the melt pool boundaries and that 
higher E∗ values result in wider crystalline regions, in agreement with 

Fig. 6. The inverse pole figure maps of Figs. 9c and 9d, which illustrate 
the orientation of the build direction (BD), reveal that, irrespective of E∗, 
crystallites do not have any preferred orientation and are endowed with 
a relatively equiaxed shape. The grain size is, in both cases, below 4 μm, 
with the largest grains located close to the melt-pool boundary and a 
gradient of decreasing sizes with increasing distance from the melt-pool. 
The dominant phase is Fe3Si, in agreement with earlier studies [31].

Table 4 
Thermal conductivity of the bulk material as a function of temperature [53].

T (ºC) 20 100 200 400 600 800 927 1050 1055 1500
k (W/m/ºC) 73.3 68.2 61.5 48.6 38.9 29.7 29.7 34 33 33

Fig. 9. EBSD maps of two LPBF processed Kuamet6B2 specimens processed with a time delay of 50 ms and two extreme E∗ values: (a and c) sample S2 (group A, 
E∗ = 5.61, AM%=19 %) and (b and d) sample S23 (group D, E∗ = 2.90, AM%=55 %). (a, b) Band contrast maps showing in gray the crystalline regions and in black 
the amorphous regions, where the presence of nano-crystals smaller than the EBSD detection limit cannot be ruled out; (c, d) inverse pole figure maps illustrating the 
orientation of the build direction.

Fig. 10. Effect of the introduction of time delays on the coercive field of the 
LPBF-manufactured Kuamet6B2 prisms. The dashed lines are exponential decay 
fits corresponding to samples from groups A to D.
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4.4. Influence of time delays on the coercivity

Fig. 10 illustrates the evolution of the coercive field (Hc) with the 
time delay for LPBF-manufactured Kuamet6B2 specimens belonging to 
groups A to D. In general, the introduction of time delays leads to a 
decrease in Hc in the LPBF manufactured prisms. The largest variation of 
Hc is observed for a time delay of 50 ms, and for larger time delays the 
coercivity decreases more smoothly, tending towards a stable value. In 
particular, the reduction in Hc achieved when introducing a time delay 
of 50 ms in groups A to D amounts to − 900 A/m (-16.9 %), − 2260 A/m 
(-46.1 %), − 1730 A/m (-36.7 %), and − 2170 A/m (-56.7 %), respec
tively. The total reduction in Hc achieved when introducing a time delay 
of 300 ms in groups A to D amounts to − 2580 A/m (-48.6 %), − 3130 A/ 
m (-63.9 %), − 2610 A/m (-55.4 %), and − 2800 A/m (-73.1 %), 
respectively. The lowest Hc values, approaching 1000 A/m, are obtained 
in D specimens, which were processed with the lowest energy input.

5. Discussion

5.1. Time delays as a tool to overcome the density-amorphous fraction 
paradox

Previous works on LPBF of Fe-based metallic glasses, which are 
endowed with very low GFA, have reported an inverse relationship 
between the relative part density and the amorphous fraction of printed 
parts [26–36,55]. High energy LPBF conditions reportedly give rise to 
high density but low amorphous fractions, and low energy LPBF con
ditions result in higher amorphous fractions but introduce lack of fusion 
defects. Since soft magnetic applications require dense and highly 
amorphous components, this “density-amorphous fraction paradox” 
poses critical challenges to the fabrication of Fe-based components by 
LPBF.

Significant efforts have been made in the BMG community to over
come this processability issue. For instance, Nam et al. [33] used an 
LPBF remelting strategy on Kuamet6B2 to first consolidate the powder 
into a solid layer that was subsequently remelted. This approach yielded 
samples with relative densities of up to 96 % and amorphous fractions of 
47 %. Zrodowski et al. [56] also implemented an LPBF double scanning 
strategy on Kuamet 6B2, where remelting was performed following a 
so-called “point-random” sequence, in which consecutive exposure 
points are chosen randomly at distances larger than 1 mm within the 
sample to avoid heat accumulation. Reportedly, such separation gives a 
longer time for exposed areas to cool down before an adjacent region is 
melted, hence minimizing devitrification. While this approach yielded 
samples with simultaneously high densities (94 %) and high AM% 
(90 %), the use of double scanning leads to very long manufacturing 
times, and the point-random strategy is not feasible in most commercial 
LPBF manufacturing systems. Additionally, this strategy presents 
reproducibility challenges when manufacturing complex-geometry 
parts.

In this work, a conventional meander scan strategy, with 67º inter
layer rotations, which can be easily replicated in most LPBF systems, has 
been modified by the introduction of time delays at the end of each scan 
track. Fig. 11 illustrates the variation of the density with respect to AM% 
for all the Kuamet 6B2 samples manufactured within the present study. 
It can be seen that the use of time delays allows to improve the amor
phous fraction while retaining high density values in samples within 
groups A, B, and C. In group D samples, which were processed with the 
lowest normalized volumetric energy density, an increase in AM% of 
50 % is accompanied by a decrease in density of ~5.5 % due to the in
crease in lack of fusion defects with the introduction of time delays. Even 
in these samples, however, the decrease in density is comparatively 
much smaller than that observed in earlier studies for smaller increases 
in AM% [31].

In summary, this study demonstrates, for the first time, that a 
decoupling of the variations of the density and of the amorphous 

fraction can be achieved in Fe-based metallic glasses using a simple 
scanning strategy and varying only one single processing parameter 
(tOFF). The introduction of time delays can be put forward as an effective 
tool to break the density/amorphous fraction paradox in these materials.

5.2. Understanding the relationship between the fraction of amorphous 
phase and Hc

In soft magnetic Fe-based alloys, coercivity is closely dependent on 
the amorphous fraction, grain size, and alloy composition. A higher 
amorphous fraction minimizes domain wall pinning by reducing grain 
boundaries, while nanocrystalline structures with grain sizes below 
10 nm further lower coercivity due to reduced magnetocrystalline 
anisotropy and enhanced magnetic coupling through the amorphous 
matrix [57]. Additionally, compositional tuning, such as the inclusion of 
elements like Sn or B, can improve magnetic properties by optimizing 
internal stresses and magnetoelastic anisotropy [57].

Coercivity does not always decrease with an increasing amorphous 
fraction in Fe-based soft magnetic alloys due to the complex interplay of 
magnetoelastic anisotropy, internal stresses, and structural defects 
inherent in the amorphous matrix. While a fully amorphous structure 
eliminates grain boundaries that typically act as domain wall pinning 
centers, it introduces other sources of anisotropy, such as stress-induced 
magnetoelastic effects, which can hinder domain wall motion. Addi
tionally, the absence of magnetic coupling between nanocrystals (as 
described by the Random Anisotropy Model) in a fully amorphous state 
prevents the averaging out of magnetocrystalline anisotropy, which is 
key to achieving ultra-low coercivity in nanocrystalline systems [58].

Fig. 12 shows the variation of the coercive field with respect to AM% 
in the Kuamet 6B2 LPBF-manufactured specimens belonging to groups A 
to D. The data corresponding to a SWAP-atomized powder and to a melt- 
spun ribbon of the same composition are plotted as a reference. In 
general, an inverse linear dependency between Hc and AM%, with a 
slope of − 71 A/m, is observed when AM% ≤ 45 %, in agreement with 
earlier studies [31]. This AM% range includes all samples within groups 
A and B and the samples processed with 1 and 50 ms time delay from 
groups C and D. For processing conditions where AM% > 45 %, how
ever, Hc becomes less dependent on AM%. This AM% range includes 
samples from groups C and D with time delays higher than 50 ms. In 
these samples, increases in AM% from ~50 to ~70 % lead only to 
comparatively minor variations of Hc. Additionally, samples from group 
D are characterized by coercivity values stabilizing around 1 kA/m. This 
behavior may arise from multiple factors that are beyond the scope of 
the present work. Notably, all samples still exhibit a relatively high 

Fig. 11. Variation of the density with the fraction of the amorphous phase in 
LPBF manufactured Kuamet 6B2 samples belonging to groups A to D.
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crystalline fraction (not less than 30 %), mostly dominated by the Fe3Si 
phase as shown in earlier studies [31], and which may also contain a 
minor presence of boride phases such as FeB, Fe₂B, and Fe₃B. These 
phases are known to significantly influence the magnetic properties of 
Fe-based soft magnetic alloys by increasing coercivity and reducing 
permeability [58], which likely accounts for the absence of further 
coercivity reduction beyond the observed plateau at 1 kA/m.

6. Conclusions

The aim of this study is to investigate the impact of introducing time 
delays (laser switch-off times) after each scan track of an LPBF meander 
scanning strategy on the processability, density, crystallinity, and co
ercive field (Hc) of Fe-based Kuamet 6B2 specimens. With that goal, 
LPBF is performed using two laser power levels (120 W and 160 W), two 
scan speeds (615 mm/s and 888 mm/s), and time delays ranging from 
50 to 300 ms. Multiphysics FEM simulations are utilized to rationalize 
the influence of time delays on the temperature evolution and on crys
tallization during LPBF. The following conclusions can be drawn from 
this work: 

1. Introducing time delays improves processability and dimensional 
accuracy in the samples manufactured with the highest normalized 
energy density (group A, with P = 160 W and v = 615 mm/s), 
reducing warping and delamination effects.

2. Glass/crystalline composites were obtained for all investigated LPBF 
conditions. The addition of time delays increases the amorphous 
fraction in the LPBF manufactured samples without compromising 
density. The most pronounced increases in the amorphous fraction 
are observed for time delays as short as 50 ms.

3. The introduction of time delays results in a lower T0 in the solidified 
amorphous regions which, in turn, experience a lower degree of 
devitrification during subsequent laser passes. Although increasing 
time delays lead to progressively lower degrees of devitrification, the 
most pronounced change in the fraction of devitrified material oc
curs for time delays as short as 50 ms.

4. A strong inverse linear dependency exists between Hc and the 
amorphous fraction when the latter is smaller than 45 %; for higher 
fractions the dependency is significantly less pronounced.

5. The introduction of time delays is presented as a strategy with high 
potential to resolve the "density/amorphous fraction" paradox in Fe- 

based MGs, providing guidelines for LPBF manufacturing of these 
alloys for soft magnetic applications.
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