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• Advanced characterization is required
to detect nanocrystals formed during
the Laser powder-bed fusion process

• Results of finite element simulation and
fast differential scanning calorimetry
unveil the mechanism of crystallization

• Despite the presence of nanocrystals in
the Zr-based BMG, excellentmechanical
properties are achieved

• Using optimized parameters, a bench-
mark with complex features is fabri-
cated with excellent geometrical
accuracy
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Bulkmetallic glasses (BMGs) are high-strength, highly elastic materials due to their disordered atomic structure.
Because BMGs require sufficiently high cooling rates to bypass crystallization, laser-based additive manufactur-
ing (AM) methods have recently been employed for the fabrication of BMGs. In this study, we present an opti-
mized Laser Powder-Bed Fusion (LPBF) process on a Zr-based BMG (Zr59.3Cu28.8Al10.4Nb1.5, in at.%), with a
focus on characterization, mechanical properties, and dimensional accuracy. A volumetric density of 99.82%
was achieved. Although the sample was qualified as amorphous via laboratory X-ray diffraction experiments, a
more meticulous study using synchrotron radiation revealed nanocrystals in the heat-affected zones (HAZs) of
the melt pool. Fast differential scanning calorimetry (FDSC) and numerical simulations were then employed to
illustrate the mechanism of crystallization. The LPBF-processed alloy revealed excellent mechanical properties,
such as high hardness, wear resistance, compressive strength, and flexural strength. Apart from vein-like pat-
terns, the fracture surfaces of the compression test samples showed liquid-like features, which indicate a signif-
icant local temperature increase during fracture. The dimensional accuracy was assessed with a benchmark
exhibiting complex geometrical features and reached at least 40 μm. The results indicate that LPBF processing
is a promising route for the manufacturing of BMGs for various applications.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

BulkMetallic Glasses (BMGs) are known for their excellentmechan-
ical properties, provided they retain the amorphous structure inherited
from a sufficiently high cooling rate from themelt. Due to the lack of de-
fects such as grain boundaries and dislocations, BMGs possess high
hardness and strength, excellent wear resistance, and a high elastic
limit, usually combined with a low Young's modulus. Applications
range from jewelry to electronics and sports goods [1–5]. One of the
main drawbacks of BMGs' conventional production methods, such as
casting and melt spinning, is the size limit and the restriction to simple
shapes [6]. When the size of the cast sample exceeds the so-called crit-
ical casting diameter of the alloy, crystallization is initiated, which gen-
erally has an adverse effect on the mechanical properties. The
widespread use of BMGs in industry is thus limited by the lack of possi-
bility to manufacture large BMG samples with complex shapes [7,8].

Recently, laser-based additive manufacturing (AM) methods have
been used to produce BMGs via the high cooling rate provided by
laser processing [9]. The mostly used AM method has been Laser
Powder-Bed Fusion (LPBF), and various BMGs based on Fe [10–19], Al
[20–23], Zr [24–40], Ti [41], and Cu [42,43] have been printed by LPBF.
In fact, LPBF has several advantages over conventional manufacturing
methods, such as the possibility to build parts with complicated geom-
etries, minimal feedstockwaste and no size limitation [44]. Since the in-
teraction between the laser and the deposited powder is short and
confined to a small volume, the local cooling rate (Rc) can reach 103–
108 K/s [9], which is typically higher than the critical cooling rate
(CRc) of most BMGs [45,46]. Mahbooba et al. [14] printed a Fe-based
BMG sample via LPBF, which was 15 times larger in all dimensions
than the critical casting diameter. Despite the very high cooling rates
in LPBF, partial crystallization remains difficult to avoid. Studies on
LPBF of Zr-based BMGs [24,35–39,], Fe-based BMGs [11,13,14],
Al-based BMGs [20–23], and Cu-based BMGs [42,43] reported the oc-
currence of crystallization, and presented various explanations for the
crystallization of BMGs during the LPBF process. Li et al. [24] suggested
that chemical heterogeneities in the melt pool cause crystallization,
while Ouyang et al. [35] suggested that the time that thematerial expe-
riences in the HAZ above the crystallization temperature is the decisive
factor for crystallization. Lu et al. [42] studied LPBF of a Cu-based BMG
and illustrated that structural relaxation due to the cyclic nature of the
LPBF process may cause crystallization. Lindwall et al. [47] reported on
an increase of temperature as the number of layers increases and conse-
quently on a decrease in cooling rate that generates crystallization.

Most of the studies on LPBF of BMGs have focused on the optimiza-
tion of the processing parameters and the possibility of producing
amorphous parts [13,14,24,33,39]. Less attention has been paid to
their mechanical properties.While themost-reported physical quantity
was the hardness of the LPBF-processed BMGs, other tests were only
found in a few studies. Zhang et al. [27] fabricated a partially crystalline
Zr-based BMGwith a density of 99.7% for biomedical applications. They
reported a wear resistance lower than that of Ti-6Al-4 V, commonly
used for the same application. Although hardness and compressive
strength were similar to those of as-cast samples, fracture toughness
was reduced by half. The discrepancy was attributed to the low tough-
ness in the HAZs and to the repeated reheating related to the layer-
wise fabrication principle of the LPBF process. Best et al. [28,48]
achieved similar results, explaining the lower toughness by a high oxy-
gen content, compared to lab-grade as-cast samples. Bordeenithikasem
et al. [25] investigated the mechanical properties of a Zr-based BMG,
with the tradenameAMZ4, produced by LPBF. They performed bending,
hardness, and wear tests and observed that crystallization caused brit-
tleness and deteriorated the mechanical properties, such as flexural
strength [25].

To use AM for industrial applications, dimensional accuracy is also
important apart from the mechanical properties of the manufactured
parts. To our best knowledge, there is up to now no literature on the
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dimensional accuracy of complex BMG parts produced via AM.
Benchmarks are typically used to test the geometrical accuracy of LPBF
processing and to evaluate the performance of printing machines for
the fabrication of different shapes and sizes. Each feature targets specific
purposes, e.g., cubes for evaluating flatness, linear accuracy, and paral-
lelism of faces and edges [49–51]. Ilčík et al. [52] and Kruth et al. [53] in-
vestigated the accuracy of LPBF with crystalline alloys via benchmarks.
The best-achieved accuracy was around 20 μm.

In this work, we characterized printed Zr-based BMG (AMZ4) sam-
ples and detected nanocrystals via synchrotron X-ray diffraction
(XRD) and field-emission scanning electron microscopy (FESEM). The
crystallization is explained from analysis of numerical finite element
modeling (FEM) and fast differential scanning calorimetry (FDSC) in-
vestigations. We further analyzed the physical and mechanical proper-
ties of the samples, and found that despite the presence of
nanocrystals in the amorphous structure, good mechanical properties
with respect to compressive and flexural strength, nano- and micro-
hardnesses, andwear resistance are achieved. We also printed a bench-
markwith complicated geometrical features and illustrated an excellent
dimensional accuracy for these printed structures.

2. Materials and methods

In this study, Zr-based metallic glass powder (trade name AMZ4)
with a nominal composition of Zr59.3Cu28.8Al10.4Nb1.5 (in at.%, supplied
by Heraeus Additive Manufacturing GmbH) was used. The powder
particle-size distribution ranged from 10 μm to 50 μm (D10 = 16 μm,
D50 = 30 μm, and D90 = 47 μm).

LPBF sample manufacturing was undertaken using a TruPrint 1000
machine with a 200 W fiber laser (wavelength 1070 nm) and a spot
size of 30 μm, using nitrogen as a protective gas. The printing parame-
ters corresponding to the laser power, scanning speed, hatching dis-
tance, and layer thickness were 30 W, 600 mm/s, 90 μm, and 20 μm,
respectively. Two different substrate materials, i.e. stainless steel and
an Al alloy (Al-Mg-Si1), were used.

Conventional DSC measurements were performed with a Netzsch
DSC 204 F1 Phoenix at a heating rate of 0.33 K/s (20 K/min). FDSC mea-
surements of the AMZ4 powder were carried out with a Flash DSC 2+
(Mettler Toledo) equipped with UFH1 sensors. The AMZ4 alloy could
not be fully melted during thesemeasurements due to the limitedmax-
imum temperature of the sensors. Therefore, only heating experiments
were performed to determine the crystallization temperature of the
amorphous AMZ4 powder at high heating rates. The sample oxidation
was minimized by applying 50 ml/min Ar gas flow during the
measurements.

XRD characterization of the samples was done with a PanAlytical
Empyrean diffractometer (Theta-Theta, 240 mm), equipped with a
PIXcel-1D detector in reflection mode using CuΚα radiation. Synchro-
tron XRD was carried out to detect the presence of nanocrystals in the
amorphous matrix. The tests were performed at the MS beamline [54]
of the Swiss Light Source, Paul Scherrer Institute (PSI), using a wave-
length of 0.4915 Å in transmission mode and a Pilatus 6 M detector.
The X-ray beam-spot size was 100 μm and three points were tested
on a lamella of thickness 80 μm. The detector position was calibrated
with a LaB6 NIST SRM 660b standard using the software DIOPTAS [55]
and the 2D images were integrated along the entire azimuthal range
using the software described in [56]. Each point was exposed to the
X-ray beam for 10 s.

Micro-Computed Tomography (μ-CT) analysis was carried out on a
cylinder with 3 mm diameter and 3 mm height, using an EasyTom XL
Ultra 230–160 micro/nano-CT scanner (RX Solutions, Chavanod,
France). The scanner operated at 230 kV and 65 μA. An Al\\Cu filter
was interposed between the X-ray source and the samples. The samples
were scanned over 360° with a rotation step of 0.25° and a frame aver-
age of 20. The nominal resolution was set to 2.0 μm voxel size. Scan im-
ages were reconstructed using a moderate beam-hardening correction.



Fig. 1. Laboratory XRD pattern (CuΚα radiation) of the gas-atomized powder. The inset
shows an SEM image of the powder particles, which mostly have a spherical shape.
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The obtained tomographic cross-sections (16-bit TIFF format)were seg-
mentedwith the application of a global threshold to quantify porosity as
a percentage of the sample's bulk volume.

For the microstructural study, a sample was cut and ground with
sandpapers (until grit 2500) and polished with a suspension of alumina
particles until 1 μm size. The melt pool was revealed by etching
with an acid solution (45 ml water +45 ml HNO3 + 10 ml HF) at room
temperature. Optical microscopy (OM, Leica DM6000M) and scanning
electron microscopy (SEM, ZEISS GemniSEM450), equipped with
energy-dispersive X-ray spectroscopy (EDS), were used for measuring
the accuracy of different features in a benchmark and studying themicro-
structure in the melt pool and the HAZ.

Oxygen analysis was performed applying the carrier-gas hot-
extraction method, using a LECO OHN 836 analyzer. The final values
were obtained upon averaging of at least three measurements. The
mass of each sample (powders and bulk-printed samples) was about
100mg, and the device was calibrated before each set of measurements
using Zr calibration samples provided by LECO.

The Young's modulus of the printed materials was measured by ul-
trasonic resonance frequency using a Grindosonic (Lemmens N.V.,
Belgium) device on a bar with size 50 × 5 × 4 mm3.

The compressive strength of the samples with a height of 9 mm and
a diameter of 6 mmwas determined from uniaxial compression testing
using a Gleeble 3800 machine at a strain rate of 1 × 10−4 s−1. Three-
point bending tests were carried out on three samples (40 × 5 × 3
mm3) with a support span of 30 mm, using a Schenckmachine at a dis-
placement rate of 830 nm/s.

Vickers microhardness tests were conducted with 1, 2, and 5 kgf
(HV 1, 2, and 5, respectively) and a dwell time of 10 s with a Qness
Q10A machine. Hardness mapping (10 × 10 μm2 area, 1600 indents)
on the polished (down to 1 μm) cross-section of the amorphous as-
built sample was performed using a Nano Indenter® G200 (KLA com-
pany) at an indentation load of 1 mN with a cube corner indenter.

Sandblastingwas performed on the as-built benchmark using aMas-
ter Problast 3 system (Vaniman Manufacturing Co.) with a particle size
of 50–100 μm. The roughness of a benchmark LPBF part was measured
with a VK-X1000 Series 3D laser scanning confocal microscope. The
software provided by the manufacturer (MultiFileAnalyzer version
2.12.17) was used for processing the data and the roughness was mea-
sured based on ISO 25178-2 standard. Wear tests were performed with
a home-made reciprocating tribometer [57] on a sample ground with
sandpapers (until grit 2500). An Al2O3 ball was used as a counterpart
to rub on a fixed LPBF-processed Zr-based BMG sample. The force and
speedwere 2N and 6mm/s, respectively. Threewear trackswere tested
and each test was carried out for 30 min with a frequency of 1 Hz. The
total reciprocating distance was 10.8 m for each test. Afterward, the
sample was put in an ultrasonic bath to remove the debris and wear
products as much as possible. Then, the average of the volume loss
was measured using the confocal microscope.

3. Results and discussion

3.1. Characterization

Fig. 1 shows an XRD pattern of the gas-atomized powder. It reveals
two broad halo peaks, which illustrate that the powder is amorphous.
The spherical shape of the powder particles indicates that the powder
flowability is likely suitable for LPBF processing. The oxygen content of
the powder was 1300 ± 16 ppm, which is much higher than that of a
lab-grade as-cast sample, which was reported as 168 ± 61 ppm [28].

Fig. 2a shows printed cuboids and cylinders, where the latter were
used for compression tests. Fig. 2b illustrates that the samples
underwent stress-induced distortion (5 mm thick +1 mm support),
but without crack initiation. Apart from the presence of residual
stresses, the reason for the detachment of the sample from the substrate
may be due to its higher melting point compared to AMZ4. The power
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used in the LPBF process may thus not be high enough to generate a
strong bonding between the sample and the substrate in the sample
corners. This effect is expected to be more pronounced when a larger
sample is printed due to higher levels of residual stress. Thus, in a fur-
ther experiment, an Al alloy was used as a substrate and better bonding
was obtained, as can be seen in Fig. 2c and d. All further analyses in this
work were done on the samples fabricated on Al-alloy substrates. The
oxygen content of themanufactured partwas 1480±9 ppm. This infers
that during production, the oxygen content was increased by almost
200 ppm.

A cylinder with a diameter and height of 3 mm was produced for
μ-CT analysis. Fig. 3a shows the 3D distribution of defects inside the
sample. The volumetric density of the sample was measured as 99.82%
and no cracks were detected. To the authors' knowledge, this is the
highest reported density for AMZ4 alloys prepared by AM. A histogram
of the defects' size distribution is presented in Fig. 3b. The majority of
the defects (86%) had a size between 0 and 5 μm, and no defects larger
than 35 μm were found. Fig. 3c–d shows two snapshots of X-Y and X-Z
cross-sections, respectively. The defects are shown in black color inside
the sample. Most of them represent porosities, according to their circu-
lar cross-section.

Fig. 4a shows a laboratory XRD pattern of a printed sample. It indi-
cates a globally amorphous structure with a small amount of crystalline
phase, as visible from the little shoulder marked by a red arrow. Further
investigation was done by synchrotron XRD experiments to detect the
potential presence of nanocrystals. Fig. 4b presents the diffraction of
three randomly chosen areas (not shown here) of the sample. The dif-
ferent diffraction angles, 2θ (Fig. 4b–c), compared to the laboratory
method (Fig. 4a) are due to the different X-ray wavelengths deployed,
i.e. 0.4915 Å in the synchrotron experiments compared to 1.5418 Å ob-
tained from the CuKα X-ray source. For two of the point measurements
(P2 and P3) tiny peaks are detectable, which correspond to the presence
of nanocrystals. Fig. 4c shows the diffraction pattern of P2 for longer
time exposure (60 s). Several peaks are clearly visible and have been
identified to correspond to the Cu2Zr4O phase, which appears to crystal-
lize early during the crystallization process [58,59]. This phase is a NiTi2-
type phase [60] with space group fd3m and with a unit cell of
11.953–12.088 Å [39,59,60]. Fig. 4d and e show SEM images of the X-Z
cross-section after etching for 20 s. The average width (measured in
30 locations) of the HAZ is 2.13± 1 μmand nanocrystals are distributed
in the amorphousmatrix. The area fraction of crystals in the single track
in Fig. 4d is 4.5%, as analyzed by ImageJ® software. After applying a
threshold, the micrograph was turned into a black-and-white image



Fig. 2. (a) Printed cuboidswith an area of 17 × 17mm2 and heights of 1, 2, and 3mm, plus horizontal cylinderswith a diameter of 6mmand a height of 9mm, on a stainless steel substrate.
(b) Residual stress-induced sample distortion on a stainless steel substrate. (c) Printed cuboidswith a size of 60 × 10 × 4mm3 on an Al-alloy substrate. (d) Printed cuboidswith an area of
10 × 10 mm2 and 5 × 5 mm2 and a height of 4 mm on an Al-alloy substrate.
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and the fraction of black pixels (corresponding to nanocrystals) was
measured in the area of interest. It is thus confirmed that the shoulder
in Fig. 4a and the small peaks in Fig. 4b are due to nanocrystals, in agree-
ment with the results of Pacheco et al. [38].

Fig. 5 reveals FDSC traces of theAMZ4powder at a highheating rate of
10,000 K/s. Ericsson et al. [61] used FDSC to plot a TTT diagram of AMZ4
during cooling and mentioned that the critical cooling rate of the alloy
is lower than 20,000 K/s. In that work, however, only the time for
reaching the crystallization peak was reported, so that the percentage of
crystallization could not be extracted. In AM, the heating in the HAZ
Fig. 3. μ-CT analysis of a cylinderwith 3mmdiameter and height. (a) 3Ddistribution of defects i
section (defects are shown in black), and (d) snapshot of X-Z cross-section.

4

determines the crystallization, whereas the cooling from themelt is gen-
erally fast enough to avoid crystallization. In fact, based on the simulation
results presented later, the cooling rate in themelt pool is around 5×105

K/s. Thus, it is important to investigate thebehavior of thematerial during
heating. In FDSC, it is possible to detect the onsets of glass transition and
crystallization even at very high heating rates. Crystallization, however,
could not be prevented for the AMZ4 powder even at the maximum
heating rate of the FDSC device, which is 50,000 K/s.

The inset of Fig. 5 shows conventional DSC results of the powder and
the LPBF sample at a heating rate of 0.33 K/s. Up to now, the glass
nside the cylinder, (b) histogram of the defects' size distribution, (c) snapshot of X-Y cross-



Fig. 4. (a) Laboratory XRD pattern (using CuKα radiation) of the printed sample, ground with sandpapers until grit 2500. (b) Synchrotron XRD patterns of three randomly chosen points
(P1-P3) of the X-Y cross-section (c) SynchrotronXRD pattern of P2 after longer time exposure (60 s). (d) SEM secondary electron image of theX-Z cross-section, indicating the presence of
an HAZ. (e) Higher-magnification image of the area marked by a rectangle in (d), clearly revealing nanocrystals in the HAZ.
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transition and crystallization temperatures were measured at a low
heating rate (often 0.33 K/s) [15,16,36,35,62–66] to explain crystalliza-
tion in the AM of BMGs. Our FDSC results show, however, that the glass
5

transition and crystallization temperature shift to significantly higher
temperatures due to the higher heating rate applied (see Table 1). As
the onset temperature of crystallization measured at higher heating



Fig. 5. FDSC scan of AMZ4 powder measured at a heating rate of 10,000 K/s. The inset
shows conventional DSC results of the powder and LPBF sample measured at a heating
rate of 0.33 K/s (20 K/min). The arrows indicate the onsets of glass transition and
crystallization (see also Table 1).

Table 1
Onset of glass transition and crystallization temperature, and enthalpy of crystallization,
extracted from conventional DSC and FDSC tests of the powder and LPBF samples shown
in Fig. 5.

Sample Heating rate, K/s Tg
onset, °C Tx

onset, °C ΔH, J/g

Powder 10,000 483 702 N/A
Powder 0.33 402 471 −82.1
LPBF 0.33 404 471 −77.6 Fig. 6. a) Simulated temperature distribution of a laser track with a power of 30 W,

scanning speed of 600 mm/s, hatching distance of 90 μm, and layer thickness of 20 μm
in X-Z cross-section. b) Thermal history of three points, illustrated in (a), where one is
located at the melt-pool boundary and the others 3 and 5 μm below it.
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rate is closer to the heating rate used in laser processing, it should be
used as a reference crystallization temperature for the AM process in
the future.

To better understand the reasons for crystallization, we performed
numerical simulations of the LPBF process with a dedicated in-house fi-
nite element (FEM) code (see Refs. [67, 68] for more details). A two-
laser tracks FE simulation was run based on the thermal and physical
properties given in Table A1–A3 (see Appendices). Fig. 6a shows the
simulated temperature distribution (in X-Z cross-section) for the sam-
ple fabricated with a power of 30 W, scanning speed of 600 mm/s,
hatching distance of 90 μm, and layer thickness of 20 μm. The depth of
themelt pool is 55 μm,which is in good agreementwith the experimen-
tal value of 58 ± 5 μm. Fig. 6b presents the thermal history of three
points, where one is located at the melt-pool boundary and the others
3 and 5 μm below it. Comparing these three points reveals a high tem-
perature gradient in the HAZ, which is helpful for reducing its size.
Yang et al. [36] studied the effect of complex shapes on the crystalliza-
tion of LPBF-processed samples. They stated that the time for crystalliza-
tion at a temperature close to themelting temperature is very short and
it is challenging to suppress crystallization. For the point that is located
5 μm below the melt pool, the peak temperature is 666 °C, which is
lower than the onset temperature of crystallization at a heating rate of
10,000 K/s, i.e. 702 °C (see Table 1). Based on the simulation, the calcu-
lated heating rate is approximately 106 K/s. As a higher heating rate
shifts the glass transition and crystallization temperatures to higher
values (e.g. [47]), we expect no crystallization at the location 5 μm
below the melt-pool boundary, but for the point located 3 μm below it
crystallization is anticipated. In fact, the simulations are in good agree-
ment with the experimental results (Fig. 4d and e), which show that
6

nanocrystals are dispersed along the HAZ on on length scales below
5 μm.

3.2. Mechanical properties

Table 2 compares the microhardness (HV 1, 2, and 5) of our study
with results from the literature. Althoughwe detect nanocrystals by lab-
oratory XRD, synchrotron XRD and SEM,we obtain lower or equal hard-
ness compared to those in literature, where fully or XRD amorphous
structures have been reported. Refs. [39, 40] reveal that (nano-)crystal-
lization should lead to an increase in hardness for AMZ4, which may be
a hint that the X-ray amorphous samples of the literature also contain
some nanocrystals. Shen et al. [69] mentioned that laboratory XRD
and conventional DSC are not the bestmethods to detect a few percent-
ages of crystallization.

Fig. 7a is a schematic image illustrating that the nanoindentation
tests were carried out almost in the middle of the X-Z cross-section of
the sample. An SEM micrograph of the tested region is presented in
Fig. 7b. A nanohardnessmap (Fig. 7c) shows that the sample is relatively
homogenous. The average value after 1600 indentations is 5.13 ± 0.25
GPa. Marattukalam et al. [39] reported a higher nanohardness for an
LPBF processed sample, which was XRD amorphous and had less than
0.7% crystallization based on DSC results. Fig. 7d presents the corre-
sponding histogram, which is close to a Gaussian distribution, and
thus consistent with a low volume fraction of nanocrystals in the tested
area. The presence of nanocrystals may be correlatedwith the red spots
in Fig. 7c.



Table 2
Hardness (HV1, 2, and 5) of as-cast and LPBF processed samples.

Sample Condition State Characterization method Hardness (HV 1) Hardness (HV 2) Hardness (HV 5)

AMZ4 [25] As-cast Amorphous⁎ XRD, DSC – 455 –
AMZ4 [70] As-cast Amorphous⁎ XRD – – 466.9
AMZ4 [28] As-cast Amorphous⁎ XRD, DSC 469 ± 2 – –
AMZ4 [28] LPBF Amorphous⁎ XRD, DSC 466 ± 4 – –
AMZ4 [32] LPBF Amorphous⁎ XRD – – 484 ± 7
AMZ4 LPBF Highly amorphous Conventional and synchrotron XRD, DSC, FDSC, SEM 465 ± 5 455 ± 8 446 ± 9

⁎ Reported by the authors.

N. Sohrabi, J. Jhabvala, G. Kurtuldu et al. Materials and Design 199 (2021) 109400
The Young's modulus of the highly amorphous sample was mea-
sured by ultrasonic resonance frequency as 83.3 GPa (three measure-
ments performed on a specimen). Although nanocrystals are present,
this value is similar to that reported for the same material in Ref. [25].

The flexural strength of the Zr-based BMG was investigated using a
three-point bending test. From the expression relevant to rectangular
bars [71],

σ f ¼ 3FL=2bd2, ð1Þ

where F is the applied force (load), L the length of the support span, b
the width of the test sample, and d its thickness, a value of
1666 ± 33 MPa was obtained. This value is among the best results
achieved in bending for BMGs produced by additive manufacturing
methods. No plastic deformation on the macroscale was detected dur-
ing the test (see Fig. 8a). Compared with the four-point bending test
of Bordeenithikasem et al. [25] performed on an alloy of the same com-
position (AMZ4) and hardness, and processed in a similar way, the
strength measured in our study is about 12% higher. This may be due
to the presence of a higher porosity content of the sample in Ref. [25]
Fig. 7. (a) Schematic view revealing the position of the nanoindentation tests in the sample. (b)
area tested. (d) Histogram revealing a Gaussian distribution in hardness.

7

(99.4% density, determined by the Archimedes method) compared to
a density of 99.82% achieved in the current study (determined viamicro
CT). Bordeenithikasem et al. [25] showed that lack of fusion (LoF) is
present in the printed part. LoF often results in sharp corners and the
stress intensity at those regions can locally increase and act as a critical
notch to cause early failure [72]. Bochtler et al. [70] investigated the
thermoplastic forming of AMZ4 powder. Via a three-point bending test,
they achieved a flexural strength of 650 MPa, which is far lower than
what is obtained in the current study. The reason for such a low flexural
strength is due the powder particles that did not fuse but were just
poorly connected.

As outlined for example in Refs. [73, 74], plastic strain in metallic
glasses is localized into shear bands of nanoscale thickness at tempera-
tures below≈0.8Tg. Fig. 8b and c show the fracture surface of one of the
samples after failure. Several shear bands can be seen on the sample side
close to the crack (see blue arrows in Fig. 8c). As soon as the shear bands
initiate, they propagate rapidly in a stick-slip motion [75], and thus the
fracture of BMGs generally occurs along one dominant shear band. This
mechanism results in a low ductility at the macroscopic level (Fig. 8a).
SEMmicrograph of the 1600 indents performed. (c) Nanohardnessmap of the 10× 10 μm2



Fig. 8. (a) Stress-displacement curves from three-point bending tests. (b)Macroscopic side-view image of a sample after failure. (c) Higher-magnification image of the areamarked in (b),
showing shear bands (marked by blue arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The compressive yield strength of the cylinders was measured as
1368 ± 41 MPa (not shown) and the strain to failure was 1.64 ±
0.05%, again without any detection of plastic deformation at themacro-
scopic scale. To our knowledge, there are no other results reported on
the (macroscopic) compressive properties of AMZ4 fabricated via AM
methods. The mentioned values are lower than those reported by Best
et al. [28] for LPBF-processed AMZ4 (1.82 GPa). These authors per-
formed compression tests with a nanoindentation system at a deforma-
tion rate that was about 40 times lower than in the current study.
Furthermore, they investigated micropillars of 2 μm diameter and
5 μmheight, where a size effect for such small geometry is expected. Ef-
fects of nanocrystals and defects, such as porosity and/or LoF, were not
taken into account. In Ref. [48], the compressive yield strength of the
as-cast sample wasmeasured and found to be 1.7 GPa, but the test con-
dition and sample sizewere not reported. Because of the presence of de-
fects in the LPBF-processed samples, they generally show a lower
compressive strength than the as-cast alloys; see Refs. [33, 35, 41].

The fracture surface after the compression test is presented in Fig. 9.
The fracture angle is around 45° with respect to the compression direc-
tion (Fig. 9a) and vein-like patterns (indicated by arrows) are visible in
Fig. 9b. The latter can be found in many areas of the fracture surface.
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Two areas in Fig. 9b are enlarged in Fig. 9c and d. These patterns are at-
tributed to significant softening or reduced viscosity during fracture
[76]. In the final stage of the fracture, the temperature significantly in-
creases because of the instantaneous release of stored elastic energy.
Fig. 9d shows liquid-like features and droplets (marked by arrows), il-
lustrating localized temperature increase on the fracture surface, as sug-
gested by Bruck et al. [77] and Liu et al. [78].

Wear experimentswere performed to study thewear resistance and
tribological behavior of LPBF-processed AMZ4. The wear rate, W, is de-
fined as the ratio between the volume loss due to wearing and the
total reciprocating distance (in units of mm3 m−1, or 10−9 m2). The
measured value for our Zr-based BMG is 2.4 (±0.8) × 10−4 mm3 m−1.
A dimensionless value is obtained when dividing the wear rate by the
contact area, An, but this dimensionless value changes with the applied
pressure at the contact point. The effect of the normal force, Fn, was
therefore introduced, which defines the wear-rate constant (in
MPa−1) [79],

ka ¼ W=Fn, ð2Þ

reflecting the tendency of the material to wear.



Fig. 9. Fracture surface after compression test. (a) The fracture angle is inclinedby around 45°with respect to the compression direction,which is typical for BMGs. (b) Vein-like patterns on
the fracture surface, indicating significant softening upon fracture. (c) Higher-magnification image of the area c in (b), detailing a vein-like pattern, and (d) higher-magnification image of
the area d in (b), showing droplets (as marked by arrows).

Fig. 10. Comparison of wear-rate constants among our AMZ4 processed by LPBF; AMZ4
processed by LPBF and as-cast [25]; Vit 105 (Zr52.5Cu17.9Ni14.6Al10Ti5) processed by LPBF
[29]; a Zr-based BMG (Zr60.14Cu22.31Fe4.85Al9.7Ag3) processed by LPBF [27]; an Fe-based
BMG used as coating and produced by laser cladding [80,81]; a cryogenically treated
tool steel produced conventionally [82]; a high‑carbon steel produced conventionally
[83]; and heat-treated Ti6Al4V produced conventionally.
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Fig. 10 shows a comparison of the wear-rate constants among the
Zr-based BMG we produced and several other functional alloys. Apart
from Vit105 produced by LPBF, the average value of the Zr-based BMG
(AMZ4) of the present study is better than that of all other reported
values, including those of BMGs. The average value of the wear-rate
9

constant of AMZ4 obtained in our study is also lower than that mea-
sured by Bordeenithikasem et al. [25], although the hardness of these
samples is almost similar. Again, this may be due to the presence of a
higher porosity content (99.4% density) in Ref. [25] compared to a den-
sity of 99.82% in the current study. In general, the results illustrate that
LPBF-processed Zr-based BMG (AMZ4) can be advantageously used in
applications where high wear resistance is required.

Fig. 11 presents SEM images and an oxygen EDS map of one of the
wear tracks. The wear products are mostly detected in the periphery
of the wear tracks (see Fig. 11a–b). Fig. 11c presents an EDS mapping
of the oxygen content for the area shown in Fig. 11b, revealing that
the wear products are enriched in oxygen. These results are consistent
with those of Zhang et al. [27],who identified the concurrent occurrence
of abrasive-wear and oxidation-wear mechanisms.

3.3. Complex geometry and geometrical accuracy

Fig. 12 shows a CAD file and printed part of the selected benchmark,
designed to challenge the fabrication of complicated geometries.

One of the advantages of the LPBF process over conventional
methods is that the resulting product is near-net-shape. Table 3 lists
the nominal sizes of the eight different features identified in Fig. 12a.
The accuracy of the printed parts is assessed through the difference be-
tween measured and nominal characteristic lengths, performed nine
times for each feature (Fig. 13). In the as-built condition, some powder
particles remained attached to the printed part due to sintering
(see Fig. 14a and Fig. 14b), which decreases the dimensional accuracy.
The results extracted from optical microscopy (OM) and SEM are in
that case similar (see Fig. 14a and 14c). However, after sandblasting,
the improved accuracy due to the removal of the sintered particles
(see Fig. 14d) is best revealed by SEM. In such a case, all eight investi-
gated features have a size difference with the CAD geometry of less



Fig. 11. (a) SEM image of one of thewear tracks, wherewear products are clearly visible. (b) Higher-magnification image of region bmarked in (a), and (c) EDSmap of the oxygen content
in (b).

Fig. 12. (a) CAD file of a benchmark with complicated features, and (b) the benchmark fabricated from the Zr-based BMG via LPBF.

Fig. 13. Accuracy of the eight different features in the benchmark.

Table 3
Nominal characteristic dimensions of the eight different features in the benchmark shown in Fig. 12.

Circle 1
(diameter)

Circle 2
(diameter)

Square 1
(side)

Square 2
(side)

EPFL (width of each letter) Slice 1
(width)

Slice 2
(width)

Slice 3
(width)

Nominal size (μm) 2500 1500 2500 1500 105 250 500 1500
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Fig. 14. (a) SEM image of Circle 1 in the as-built condition. (b) Powder particles sintered to themelted part (region b in (a) with highermagnification). (c) OM image of Circle 1 in the as-
built condition, and (d) SEM image of Circle 1 with powder particles removed via sandblasting.

Fig. 15. Confocal microscopy of the benchmark shown in Fig. 12. (a) 3D image of the as-built condition, (b) top view of the as-built condition, (c) 3D image after sandblasting, and (d) top
view after sandblasting.
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Fig. 16. Position of the LPBF printed Zr-based BMG in the diagram of specific modulus versus specific strength (modified from [79]).
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than 40 μm, i.e., very close to the mean particle size (D50 = 30 μm, see
section 2).

One reason for this high accuracy is the low amount of shrinkage
during the solidification of BMGs compared to crystalline materials
[84]. Using a thin layer thickness [85] and a small laser spot size also
contributes to this impressive accuracy.

Low surface roughness of AM parts is essential for minimizing sur-
face treatment after processing, especiallywhen fatigue life and durabil-
ity are of concern (e.g., for aerospace components [86] and medical
devices [8]). Fig. 15a shows a 3D topography of the benchmark top sur-
face in the as-built condition. In the presence of powder attached to the
surface, the surface roughness, Sa, was 10.73 ± 0.77 μm. Fig. 15b pre-
sents the top view of the 3D image. The small red areas, revealing higher
height, correspond to the attached (sintered) powder. The 3D image
and top view of the surface after sandblasting are presented in Fig. 15c
and d, respectively. In comparison with the as-built condition, the sur-
face is more uniform. The surface roughness (Sa) of the sandblasted
samples was measured as 6.95 ± 0.22 μm, which means that
sandblasting is an effectivemethod to remove powder particles and sig-
nificantly decrease Sa.

3.4. A global outlook on LPBF fabrication of BMGs

Although LPBF has its own challenges in workingwithmetallic glass
powders, we have shown that LPBF can overcome size limitation,which
is the main limiting issue for producing BMGs via conventional
manufacturing methods.

The benchmarkwas successfully manufacturedwith high resolution
and deviations of less than 40 μm were obtained. Zr-based BMGs have
applications in sporting goods, diaphragms for pressure sensors, com-
puters, smartphones, etc. They may be used in intricate gears mecha-
nisms and micro-geared motors because of their high durability and
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excellent wear resistance, or as coil-shape springs because of their
high elastic strain [8]. Zr-based BMGs may also be used in the jewelry
field because of their superior scratch resistance and mechanical prop-
erties. Furthermore, except for roughness reduction in AM processes,
there is usually no need for post-processing steps, e.g., those involving
coating or oxide formation on the surface.

Considering the Young's modulus, density and yield strength of Zr-
based BMGs produced by LPBF, one may consider the Ashby diagram
of specific modulus vs. specific strength (see Fig. 16). This diagram has
several design guidelines for different applications. For instance, σ2

f=E is
related to the design of lightweight springs and discs with maximum
rotational velocity [79]. The LPBF-processed Zr-based BMG shows prop-
erties superior to crystalline metals, and equivalent to those of carbon-
fiber reinforced polymer (CFRP) composites. On the other hand, σ f=E is
used in applications for which elastic deflection is more relevant [79].
In such a case, the LPBF-processed Zr-based BMG is superior to both
crystalline metals and CFRP composites.

4. Summary and conclusions

In this study, we characterized in detail a Zr-based BMG alloy
(AMZ4) manufactured via Laser Powder-Bed Fusion (LPBF), focusing
in particular on its microstructure and mechanical properties. With re-
spect to the latter, we quantified the alloy's micro- and nanohardness,
compressive and flexural strength, and wear resistance. The outcome
can be summarized as follows:

1) FDSC experiments show that the onset temperatures of glass transi-
tion and crystallization significantly shift to higher temperatures
with an increase in heating rate. These increased temperatures are
closer to the thermal conditions of the LPBF process and can thus
be used to explain the crystallization of LPBF-processed BMGs.
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2) Nanocrystals were detected in the heat-affected zones (HAZs) close
to themelt-pool boundary. This is explained via a FEMmodel, which
shows that the incubation time at temperatures close to themelting
point is very short, but that cooling is not fast enough to avoid any
crystallization.

3) Despite the presence of nanocrystals in the Zr-based BMG, excellent
mechanical properties such as high hardness, wear resistance, and
compressive and flexural strength were achieved in a sample with
a density of 99.82% measured by micro-computed tomography.

4) Meticulous characterization via synchrotron experiments and elec-
tron microscopy is required to observe the nanocrystals, which
may not be detectable via laboratory XRD. Advanced characteriza-
tion tools are necessary to avoid conflicting results on the correlation
between microstructure and mechanical properties of LPBF-
processed BMGs.

5) A benchmark was printed and showed excellent geometrical accu-
racy with deviations of only 5–40 μm after sandblasting.

6) Potential applications include sporting goods or medical devices, for
which properties are competitive with those of crystalline metals
and carbon-fiber reinforced polymer (CFRP) composites.

7) The various results show that LPBF is a great choice for the fabrica-
tion of complex BMG parts, with no required post-processing steps
except for surface finishing.
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