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� The flowability of ZrCuAlNb powder
improves with flow aid and coarser
particles.

� Preexisting crystals in the powder
feedstock vanish during laser powder
bed fusion.

� The O2 content within the powder
impacts the applicable parameter
range.

� �The Laser power predominantly
fosters crystallization compared to
the scan speed.

� An O2 contamination >1600�mg/g
drastically decreases the flexural
strength.
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a b s t r a c t

Additive manufacturing of Zr-based bulk metallic glasses (BMGs) is subject to growing scientific and
industrial attention. Laser-based powder bed fusion of metals (PBF-LB/M) becomes a key technology to
overcome current restrictions of size and geometry in the manufacturing of BMGs. For industrial appli-
cation, further knowledge about defect formation, such as porosity and crystallization, is mandatory to
develop processing strategies and suitable quality assurance. In this context, the influence of the particle
size distribution, oxygen contamination, and applied process parameters during the PBF-LB/M of the
glass-forming alloy AMZ4 (in at.% Zr59.3Cu28.8Al10.4Nb1.5) on the structural and mechanical properties
were evaluated. It was found that the addition of SiO2 flow aid to the feedstock is suitable to increase
flowability without impeding fabrication of the amorphous material. Furthermore, the processing of par-
tially crystalline powder particles into amorphous samples is demonstrated. It indicates that today’s high
effort producing amorphous powders and thus the production costs can be reduced. Flexural bending
tests and high-energy synchrotron X-ray diffraction reveal that the powder feedstock’s oxygen content
is crucial for the amorphization, embrittlement, and flexural strength of PBF-LB/M processed Zr-based
BMGs.
� 2021 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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Table 1
Summary of the investigated powder batches.

Batch Particle
size (mm)

Oxygen
content (mg/g)

Flowability approach

C1 10–45 2292 (A), mixing with flow aid
C2 10–45 1100 (A), mixing with flow aid
C3 10–45 600 (A), mixing with flow aid
B1 10–100 1835 (B), mixing C1 with coarser batch (see

Appendix: Figure A)
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1. Introduction

Bulk metallic glasses (BMGs) gain rapidly increasing interest by
researchers of various fields due to their unique properties such as
high strength as well as wear- and corrosion resistance [1]. Their
characteristic amorphous atomic structure is usually obtained by
the rapid freezing of the high-temperature equilibrium liquid into
the glassy state. Despite numerous research activities, the transfer
into technical applications is still challenging. Especially the real-
ization of the required high cooling rates limits the achievable part
size and processability of BMGs [2,3].

In recent years, additive manufacturing (AM), and particularly
laser-based powder bed fusion of metals (PBF-LB/M), evolved into
a solution for resolving these restrictions [4–7]. The process is
widely known for its geometrical freedom during the manufactur-
ing of net-shaped metallic parts. Apart from that, the rapid laser
movement and comparatively small melt volume lead to large
cooling rates up to 106 K/s [8], which enables the processing of
non-equilibrium and far from equilibrium materials. The heat dis-
sipation is largely independent of the part dimensions due to the
layer-wise built-up, which diminishes the current design limita-
tions of cast BMGs [6,7,9].

Consequently, a wide selection of glass-forming alloys is theo-
retically processable through PBF-LB/M [5-7,10]. However, despite
the rapid cooling of the melt pool itself, the heat-affected zone
(HAZ) experiences a wide range of cooling rates, which requires
sufficient thermal stability of the BMG alloy to withstand the ther-
mal cycling [11].

Zr-based BMGs arguably reached the largest technological
maturity in this context. They generally offer excellent glass-
forming ability (GFA) and comparatively high fracture toughness
at moderate material expenses [12].

Albeit additively manufactured Zr-based BMGs do not meet the
mechanical performance of cast-material yet, which can be attrib-
uted to residual porosities and impurities within the material [13].

Recent studies showed, that with sufficient densification of the
PBF-processed material, the yield strength of the respective casted
BMG can be reproduced [9]. However, the desirable plasticity of
cast-BMGs is largely absent and PBF-parameter development is
challenged by insufficient fusion and partial crystallization [14].

In this matter, the high oxygen affinity of Zr is assumed to be a
key issue, since oxygen is widely known to reduce the GFA of BMGs
and deteriorate the mechanical properties [15–17]. Investigations
on the shielding gas during PBF-processing revealed that impuri-
ties in the atmosphere foster crystallization and reduce the
mechanical performance of additively manufactured ZrCuAlNb
[18].

A major source of oxygen impurities can be found in the starting
material itself. While casted Zr-based BMGs contain oxygen levels
of ~80 mg/g, industrial powder-based processes inhere contamina-
tion levels that are increased by several orders of magnitude [19].
The large surface-to-volume ratio of powder particles inevitably
raises the amount of oxygen through surface oxidization [20],
especially since atomization and fractioning of BMG powders cur-
rently targets comparatively small particle sizes to secure suffi-
cient cooling rates during the droplet solidification [21]. This
naturally increases the surface-to-volume ratio and enhances oxy-
gen contamination. Eventually, the relatively poor atmosphere
during the powder production via gas atomization and the PBF-
LB/M processing adds to the oxygen contamination [5,22,25].

Thus, the GFA of BMG powders is significantly lower compared
to high purity cast material [13]. PBF-LB/M process parameters
need to be carefully balanced to avoid crystallization while secur-
ing sufficient densification of the fabricated BMGs [14]. Previous
results in [9] on the mechanical performance of Zr-based
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honeycomb-structured bending beams indicated that the reduc-
tion of oxygen within the initial powder material enhances the
flexural strength.

Consequently, the powder plays a crucial role in the industrial-
ization of PBF-LB/M manufactured Zr-based BMGs. Besides the sta-
ted challenges regarding the oxygen contamination, technological
requirements such as a sufficient flowability of the powder during
recoating and an economic yield by a suitable fractioning need to
be considered.

Thus, the present work evaluates the influence of different oxy-
gen contents, partial crystallinity, and the usage of flow-aid in the
feedstock of the commercially available gas atomized Zr-based
BMG-forming alloy AMZ4 during PBF-LB/M. We investigated their
impact on the applicable PBF-LB/M parameter range, the resulting
structural properties, and mechanical performance.

2. Materials and methods

2.1. Powder materials and PBF-LB/M process

Three argon atomized powder batches of the BMG-forming
alloy Zr59.4Cu28.8Al10.4Nb1.5 (in at.%, tradename AMZ4, provided
by Heraeus AMLOY Technologies GmbH [22]) with mean particle
sizes of 10–45 mm and varying oxygen contents from ~600–2300
mg/g were used for this study. These batches, named C1, C2, and
C3 (see Table 1), initially showed limited flowability, causing prob-
lems during the PBF-LB/M recoating and feeding process. Two
approaches - (A) and (B) - were tested to increase the flowability.
For approach (A), SiO2 flow aid (Aerosil� 782 R, Evonik Industries
AG) was added in various concentrations to decrease particle cohe-
siveness. Powder and flow aid were mixed using a turbula� mixer
for 1 h at 50 rpm, ensuring a homogeneous particle distribution
within the feedstock. For approach (B), the powder batch C1 was
mixed with another batch of AMZ4 powder provided by Heraeus
AMLOY Technologies GmbH, which features a broader mean parti-
cle size of 45–100 mm and oxygen content of 1678 mg/g. The result-
ing powder batch B1 consists of 80 wt% C1 and 20 wt% of the
coarser particles. The respective particle size distribution, deter-
mined by a Camsizer� X2 (Microtrac GmbH), is given in Fig. A in
the Appendix.

The dynamic powder flowability of the investigated powders
and the influence of SiO2 addition was characterized using the
Powder Analyzer� by Revolution (RPA) with a rotation rate of
2 rpm and a shutter speed of 8 ms. Oxygen contamination was
determined by COHNS-analysis and provided by Heraeus. The
structural analysis of the four powder batches was performed by
X-ray diffraction (XRD), as described later in this section. Table 1
summarizes the oxygen content, particle size, and flowability
approach for the resulting four powder batches used for PBF-LB/M.

Sample fabrication was carried out using the M100 PBF-LB/M
system from eos GmbH, equipped with a 200 W Yb-fiber laser
and a nominal laser spot size of 40 mm. Laser exposure was con-
ducted with fixed values for the layer thickness ds of 20 mm and
the hatch distance h of 40 mm in a rotated stripe exposure pattern
with alternated scan paths. Laser power P and scan velocity v were
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varied to determine low defect parameter sets. The parameter
evaluation aimed towards a relative porosity below 1% (optically
measured) and no distinct crystallization within the detection lim-
its of X-ray diffraction and different scanning calorimetry (DSC)
analysis. In the framework of this study, laser powers between
40 and 70 W and the scan velocities between 1100 and
3500 mm/s were chosen. A complete listing of the applied process
parameters and the respective analytical methods is given in
Table A of the Appendix.

For reasons of comparability, the PBF-LB/M process parameters
were evaluated and summarized by the volume energy density Ev
(1) as it describes the energy input per volume in dependence on
the applied process parameters in J/mm3 [11]:

Ev ¼ P
v � ds � h

J
mm3

� �
ð1Þ

All experiments were conducted under Argon atmosphere
(Airliquide, Arcal Prime� � 99.998 vol%) with a residual oxygen
content below 500 ppm during the processes, monitored by the
integrated sensor of the PBF-LB/M system. All samples have been
directly built on titan substrates without the use of support struc-
tures. Cubic samples with an edge length of 5 mm were fabricated
for thermophysical (DSC) and structural (XRD) characterization
and density measurements (optical). Four beam-shaped samples
for mechanical testing were built for each powder batch in the
dimension of 25.2 � 2.8 � 1.9 mm (length � thickness � height).
The parameter selection for the beams was based on the thermo-
physical and structural analysis of the cubic samples to secure a
low-defect fabrication. The settings are listed in detail in Table A
of the Appendix.
Fig. 1. Influence of the SiO2 addition on the avalanche angle of AMZ4 during
rotational powder analysis of C1, the red dotted line indicates the threshold value
for sufficient flowability according to Spierings et al. [24]. The impact of the flow aid
addition on the cohesiveness is illustrated exemplarily. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
2.2. Thermophysical and structural analysis

The relative (optical) density was determined by light micro-
scopy using an Olympus BX51M device and the corresponding
image analysis software Stream essentials. Microsections were
prepared through wet cutting the cubic samples along the built-
direction and hot embedding in epoxy resin (Technotherm
3000�) followed by sanding and polishing. The remaining halves
of the cubic samples were characterized by structural and thermo-
physical analysis, using X-ray diffraction (XRD) and differential
scanning calorimetry (DSC). XRD-measurements were carried out
on a PANalytical X’Pert Pro MPD powder diffractometer using the
Ka-radiation of Cu with a wavelength of 1.5406 Å. DSC scans were
performed using a Perkin Elmer Diamond DSC, applying a heating
rate of 60 K/min in a temperature range from 323 K to 753 K in alu-
minum crucibles under constant argon flow. The sample-substrate
interface was removed through wet grinding prior to XRD and DSC
analysis to avoid an influence of the platform material. Further-
more, high-energy synchrotron X-ray diffraction (HESXRD) of one
beam bending sample after fracture for each powder material were
measured for 10 s at room temperature at the P21.1 and P21.2
beamline facilities of PETRA III of the Deutsche Elektronen-
Synchrotron (DESY). For P21.1, the diffraction patterns were
detected using a wavelength of 0.122032 Å (101.6 keV) in transi-
tionmodewith a Perkin Elmer XRD1621 detector (2048� 2048 pix-
els) with a sample-detector distance of 922.6 mm. At P21.2, a
VAREX XRD4343CT detector (2880 � 2880 pixels) with a wave-
length of 0.177138 Å (70 keV) and a sample-detector distance of
602.3 mm was used. The resulting two-dimensional diffraction
patterns were integrated using PyFAI and further processed using
the PDFgetX2 software [23] to obtain the background-corrected
scattering intensity I(Q). Three-point beam bending mechanical
tests were conducted on sanded samples using a Shimadzu testing
3

machine with a support span of 20 mm. The deformation was
applied perpendicular to the build-direction with 0.2 mm/min.
3. Results and discussion

3.1. Powder characteristics

The initial flowability of the investigated powders was evalu-
ated using the observed surface fractal and avalanche angle during
the RPAmeasurements. Both quantities are related to the cohesive-
ness of the powder particles. Regarding a sufficient flowability,
Spierings et al. [24] recommend an avalanche angle smaller than
45� and a surface fractal below 5. The powder batches C1, C2,
and C3 did not meet these requirements in their initial state (see
Fig. B in the appendix), leading to insufficient powder feed and
flowability. The cohesiveness of powder increases with decreasing
particle size, which is attributed to van-der-Waals forces, increased
packing density, and reduced gravity forces [25]. For instance,
Meier et al. [25] reported that with a median particle diameter
below 17 mm, the cohesive forces dominate the gravity forces by
two orders of magnitude. One option is the addition of nanoparti-
cles to dry-coat the powder particles. Thereby the mean distance
between the metallic powder particles is enlarged and cohesive
forces are decreased [26].

This mechanism is utilized in approach (A), where Aerosil� SiO2

flow aid nanoparticles are added with increased concentration to
the initial powder batches C1-C3. Fig. 1 shows the resulting ava-
lanche angle in relation to the amount of added SiO2 in the case
of batch C1.

The avalanche angle rapidly decreases from 58� to 45� with the
addition of 30 mg/g Aerosil�, leading to sufficient flowability. Fur-
ther flow aid supplement above 40 mg/g revealed a negligible influ-
ence on the avalanche angle, indicating adequate coverage of the
AMZ4 particles by the flow aid. Further investigations on C1-C3
were therefore conducted with an Aerosil� addition of 30 mg/g.

A different approach to achieve adequate flowability is the
broadening of particle size distribution adding coarse AMZ4 parti-
cles, as conducted for the powder batch B1. Here, an avalanche
angle of 43.14 ± 0.2� and a surface fractal of 1.6 was achieved,
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thereby satisfying the flowability criteria proposed by Spierings
et al. [24].

Fig. 2 shows the XRD diffractograms of all four used powder
batches.

The batches featuring only small particles (C1, C2, and C3) show
broad maxima without sharp reflexes and can be considered as
amorphous within the detection limits of the XRD-measurements
(termed ‘‘XRD-amorphous” in the following), regardless of their
oxygen level or the flow aid addition.

In contrast, B1, with particle diameters up to 100 mm, exhibits
distinct Bragg peaks indicating crystalline fractions within the
powder particles. Most of the reflexes can be assigned to the crys-
talline Zr2Cu phase. Three additional reflexes mimic the typical
reflex pattern of Al3Zr4, albeit the positions seem to be shifted by
about 1�, as indicated by the open symbols in Fig. 2, most likely
due to supersaturation of the crystalline phase owed to rapid solid-
ification. Both phases are known to be the main crystalline phases
competing with the amorphous state for various Zr-based metallic
glass formers [11,27–30]. The crystalline fraction of B1 can be
clearly attributed to the coarser particles that have been brought
in. During the atomization process, such large particles tend to
experience slower cooling rates, allowing partial crystallization
[21,31].

In summary, both approaches (A) adding Aerosil flow aid and,
(B) the addition of larger powder particles, lead to processable
flowability. Especially in the scope of industrial use, a wider spec-
trum of particle sizes that can be yielded for additive manufactur-
ing is a promising result, as it allows to reduce material expenses.
Yet, the presence of SiO2 flow aid and partially crystalline feedstock
material may incorporate negative side effects for PBF-LB/M of
metallic glass formers, which will be evaluated in the next section.
3.2. Structural properties after PBF-LB/M processing

In the framework of structural applications, the PBF-LB/M fabri-
cation of Zr-based BMGs aims towards the exploitation of their
exceptional mechanical properties. Therefore process-induced
porosity and crystalline fractions should be minimized because
either promote premature failure under mechanical loads
[4,9,18,32–34].

Both attributes are affected by the applied PBF-LB/M settings.
Among the multitude of parameters the laser power and scan
Fig. 2. X-ray diffraction diagrams comparing the initial state of the investigated
powders in dependence of their particle size. For comparability, the intensity of the
measured signal is normalized to the respective maximum peak intensity. The
nominal positions of the Zr2Cu and Al3Zr4 peaks are marked by the triangle and
filled star symbols.

4

velocity play a vital role in the melt pool formation and the result-
ing temperature profile in the respective HAZ and are commonly
addressed in parameter studies for PBF-LB/M [35]. As an approach
for quantitative comparison, the interplay of the parameters is
often summarized through Ev as defined in (1). In the matter of
PBF-LB/M processing of BMGs, the energy deposition needs to be
balanced between insufficient fusion and resulting porosity at
lower Ev and crystallization at elevated Ev [5,14,18].

As stated in the previous section, it can be hypothesized that the
appropriate processing window is challenged by an increased oxy-
gen content of the powder material, (partially) crystalline powder
particles, or oxidic flow aid in the feedstock. On the other hand,
industrial and technological requirements such as an economic
yield and sufficient flowability also need to be satisfied, making
it necessary to identify the influence of these factors on the quality
of the manufactured products.

In view of the above, the modified AMZ4 powder feedstocks
were evaluated in terms of their qualification for a low defect fab-
rication through PBF-LB/M. For each powder batch, the range of
applicable process parameters was determined regarding the
resulting porosity and crystallinity Accordingly, a high densifica-
tion >99% and amorphous samples were targeted. While porosity
was evaluated using optical density measurements, the appear-
ance of crystalline fractions was analyzed via XRD measurements
and DSC scans.
3.2.1. Processing of a partially crystalline feedstock
The assessment schema described above is exemplarily demon-

strated in Fig. 3 for the feedstock B1 with a particle diameter in the
range of 10–100 mm. Fig. 3a) reveals the growing densification with
increasing Ev. Here, a relative density of 99.0% is achieved above
31 J/mm3, hence defining the lower limit of the viable parameter
range. Further increase of Ev slightly enhances the relative density
as it converges to ~99.9%. The remaining voids were found to be
predominantly spherical, indicating that their formation originates
from gas entrapments and is unlikely to be caused by insufficient
energy input. Exemplary LOM images are displayed in Fig. C of
the Appendix.

Compared to previous studies on AMZ4 with an analogous set-
up, but a particle size of 10–45 mm [9,18], a larger Ev is required for
sufficient densification of B1. This can be most likely addressed to
two aspects. On the one hand, a decreased absorptivity of the pow-
der layer can be assumed due to the fraction of larger particles,
reducing the interparticle reflection of the laser beam [36]. The
lowered energy absorptance during exposure decreases the heat
available for the fusion of the material. On the other hand, a larger
fraction of particles in the B1-feedstock exceeds the nominal layer
height of 20 mm. These particles partially corrugate the deposited
powder layer and entail a lack of material. Hence a greater Ev is
necessitated for equivalent densification to compensate for the
lack of material in the subsequent layers and the reduced absorp-
tivity [36].

The upper limit of the energy input is determined through DSC
scans, which allow to evaluate the enthalpy of crystallization DHx

of the samples. Fig. 3(b) plots the resulting DHx as a function of the
corresponding Ev. For energy densities between 25 and 35 J/mm3,
enthalpy values of about 4400 J/g-atom are observed, which is a
typical DHx-value for amorphous AMZ4 specimen [9,17,33]. There-
fore, an amorphous structure within the detection limits of DSC is
implied (further termed as ‘‘DSC-amorphous”). Energy deposition
above 35 J/mm3 rapidly decreases DHx. The decline indicates
growing amounts of crystalline fractions brought in during pro-
cessing and states the upper limit of the parameter range for the
fabrication of a DSC-amorphous sample from powder B1 as indi-
cated by the dotted line in Fig. 3(b) [14,18].



Fig. 3. Illustration of the process evaluation by means of (a) optical density and (b)
resulting enthalpy of crystallization DHx for samples processed with derivate B1
with an oxygen-content of 1835 mg/g and a particle fraction of 10–100 mm. Arrows
indicate the lower and upper Ev-limit for (a) sufficient densification and (b)
amorphous processing in (b). Exemplary DSC heat flow (HF) curves, (c), and XRD-
measurements, (d), for selected process parameters marked by the enlarged circular
and diamond symbol in the respective graphs.
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Consequently, the Ev range that leads to low defect processing
of B1 in the present setup must be balanced within a compara-
tively small DEv of ~4 J/mm3: Higher than 31 J/mm3 for low poros-
ity, but below 35 J/mm3 to avoid pronounced crystallization, as
indicated by the dotted lines in Fig. 3(a) and (b). The resulting
DEv-span is in good agreement with recent studies on AMZ4 by
Marattukalam et al. in [14] and Wegner et al. in [18].

The effect of excessive Ev input on the crystallization behavior is
shown in detail in Fig. 3(c) and (d). The DSC and XRD results corre-
spond to an exemplarily chosen low-Ev sample (blue curves) and a
high-Ev sample (red curves). The data points are additionally high-
lighted in Fig. 3(a) and (b) by enlarged symbols. Both DSC curves
5

depict the onset of glass transition at about 673 K followed by
the supercooled liquid region and the onset of crystallization at
about 750 K. With exaggerated Ev, the area of the exothermal crys-
tallization event, DHx, shrinks, indicating the presence of a crys-
talline fraction in the measured sample after PBF–LB/M
processing. This result is reaffirmed by the diffractograms shown
in Fig. 3(d) as a slight Bragg peak evolves at 38.9� for the high-Ev
sample, which can be attributed to the formation of the metastable
Cu2Zr4O phase [11].

The combination of excessive energy input and the oxygen con-
tamination of powder feedstock can be identified as the origin of
the observed crystallization effects. Firstly, the increased Ev values
raise the temperature level in the manufactured sample. Conse-
quently, the thermal gradient between melt pool and HAZ is low-
ered and thus, cooling rates are decreased [37]. This extends the
time the material spends in the supercooled liquid state in which
the material is prone to crystallization. Secondly, the comparably
high amount of oxygen contamination in the powder material
and process chamber favors crystallization via the formation of
the metastable Cu2Zr4O primary phase [15,38]. Naturally, these
findings are in good agreement with [30], where increasing crys-
talline fractions were reported to result from increasing laser
power during the PBF–LB/M processing of AMZ4.

Fig. 3(b) also compares the influence of individual exposure
parameters. It is apparent that higher laser power leads to reduced
DHx-values at equal Ev. With the hatch distance and layer thick-
ness set constant throughout this study, Ev is only proportional
to the relation of P/v. Consequently, the laser power exhibits a
superior influence on the formation of crystalline phases compared
to the scan speed when considering the Ev-formula, as previously
suggested in [18].

The limitations of Ev as a description of the energy input are
thoroughly discussed by Bertoli et. al in [35]. According to Tsai
et al. in [39], the heat introduced by a gaussian laser beam profile
is proportional to P/

p
v [39]. Thus, higher temperatures during

exposure can be assumed for the application of greater laser power
compared to the reduction of scan speed at constant Ev values. This
relation appears to be reflected by the reduced DHx-values after
processing with higher laser power (cf. Fig. 3b). However, a
detailed temperature analysis was not within the scope of this
study, therefore Ev is further used for a pragmatic comparison of
parameter sets.

It should be highlighted at this point, that these findings
demonstrate that the laser–induced melting during the PBF-LB/M
process sufficiently erases the thermal history and pre-existent
crystals in the powder feedstock. Hence, crystallinity in the feed-
stock is not a criterion of exclusion for the successful fabrication
of Zr-based BMGs through PBF-LB/M. Thus, the initially introduced
approach (B) to broaden the particle size distribution for the sake
of flowability can be rendered as a promising technique to improve
processability. Adapted atomization and fractioning may be suit-
able to improve the powder yield during powder production for
PBF-LB/M and reduce costs. Yet, one must consider that enhancing
the particle size is at the expense of achievable surface quality and
further optimization is necessary.
3.2.2. Influence of oxygen contamination and flow aid addition
The powder batches featuring a small particle size distribution

and flow aid addition according to approach (A), were assessed in
an equal manner.

As discussed above, decreased particle size distributions (10–
45 mm) shift the onset of densification towards reduced Ev com-
pared to B1 (10–100 mm). Here, relative densities above 99.0% were
achieved at ~25 J/mm3 for C1-C3 (see Fig. D in the Appendix),
which reaffirms previous investigations [9,18].
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Process-induced crystallization was again investigated based on
DSC- and XRD-measurements at gradually increasing Ev, based on
the results for batch B1.

Fig. 4(a) displays the Hx-values of samples processed from the
fine-grained batch C1 with an oxygen content of 2292 mg/g. With
growing energy deposition, steady decay of the DHx-values is
observed. This suggests that a process window with stable Hx-
values and high densification is widely absent for the given exper-
imental settings. However, if the comparatively low laser power of
40 W is applied - which favors amorphous processing – the respec-
tive Hx indicates a predominantly amorphous state of the manufac-
tured samples for Ev-values below 31.25 J/mm. The resulting range
for dense and widely amorphous processing spans from 25 to
31.25 J/mm3, as indicated by the dashed lines.

The threshold between amorphous and partial crystalline pro-
cessing is illustrated in detail by the XRD-diffractograms in Fig. 4
(c). Samples processed with a comparatively low laser power of
40 W show the characteristic amorphous halo. With increasing
laser power and energy deposition, Bragg peaks emerge at a 2h
of ~ 38.9�. Analogous to the results for powder B1, the formation
of the previously discussed Cu2Zr4O phase can be assumed.

Consequently, a comparatively small parameter range of
DEv ~ 3–6 J/mm3 remains for a dense and amorphous fabrication
of C1.

The effect of reduced oxygen contamination in the feedstock is
exemplarily opposed between C1 and C2 in Fig. 4(b). Thermophys-
ical properties of samples process from powder C2, with an oxygen
content of 1100 mg/g, are displayed. Contrary to C1 the Hx-values
are constant, within the usual scatter of DSC enthalpy analysis of
roughly 0.1 kJ/g-atom [33], up to Ev-values of 46 J/mm3.
Fig. 4. Process evaluation by means of DSC for (a) C1 with 2292 mg/g oxygen content in th
dashed lines and arrows indicate the upper and lower limit of the applicable volume
crystallization (right arrow). Exemplary XRD-measurements of the respective powders in
levels on the transition from an amorphous to a partial-crystalline processing for differe
intensity maximum and the dotted line indicates the position anticipated Bragg peak at
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Higher energy deposition was not investigated, because the for-
mation of humps and ripples was observed. Such irregularities dur-
ing the melt pool formation occur with increased evaporation at
high energy input [40]. They commonly result in a geometric devi-
ation of the weld tracks, which leads to collisions with recoating
blade, if the solidified material significantly exceeds the nominal
layer thickness. Samples processed with Ev-values above 46 J/
mm3 were therefore excluded from the exposure and not analyzed.
Since the upper limit of the applicable parameter range was not
defined by process-induced crystallization, the results were only
verified for batch C3 (600 mg/g oxygen), as presented in Fig. E of
the Appendix.

The XRD analysis in Fig. 4(d) reaffirms these findings. No indica-
tions of crystalline phases are present in the diffractograms, inde-
pendently from the applied laser power and Ev-value. The reduced
oxygen amount in C2 consequently features a vastly expanded Ev-
range of DEv ~ 21 J/mm3 compared to C1 as indicated by the
dashed lines in Fig. 4(b).

It is noteworthy that the results for both powders do not indi-
cate the presence of silicide formation or any kind of prematurely
triggered crystallization due to the used flow aid. Consequently,
SiO2 flow aid seems to not impede amorphization during PBF-LB/
M processing for the given set-up. Although SiO2 introduces addi-
tional oxygen into the feedstock, one can argue that the amount of
oxygen inserted by 30 mg/g SiO2 flow aid is negligibly small com-
pared to the 600–2292 mg/g oxygen contamination present in the
investigated feedstocks. Therefore, the usage of flow aid as intro-
duced earlier as approach (A) does not impede the processing of
amorphous parts for the investigated industrial purities.
e feedstock and (b) C2 with 1100 mg/g with a particle size fraction of 10–45 mm. The
energy densities to attain a high densification above 99.0% (left arrow) and avoid
(c) and (d) depict the influence of the laser power at constant volume energy density
nt oxygen contents in the feedstock. The Intensity is normalized on the respective
2h of 38.8� for the start of crystallization in PBF-LB/M processed AMZ4.
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Instead, the results underline the catalytic effect of oxygen on
the crystalline phase formation in Zr-based BMGs [16,38,41,42].
Even small amounts of oxygen drastically decrease the GFA during
casting. The critical casting diameter of AMZ4 for instance is lim-
ited to 0.5 mm if ~2000 mg/g of oxygen is present [4]. Oxygen forms
metastable crystalline or quasi-crystalline phases in Zr-based
BMGs which fosters heterogeneous nucleation [15,16]. Hence,
higher cooling rates are necessary to ensure amorphous
solidification.

Evidently, the transient heating cycles during PBF-LB/M partly
compensate for the reduced GFA and amorphous samples can be
fabricated despite the high oxygen content as already reported in
several studies [11,14,18]. Ericsson et al. reported in [30] that the
nucleation rate of PBF-LB processed AMZ4 is lowered by several
orders of magnitude compared to steady-state quenching, due to
the high cooling and heating rates of the procedure.

However, the present results show that the oxygen triggered
reduction of the thermal stability of Zr59.4Cu28.8Al10.4Nb1.5 signifi-
cantly affects the processing window for amorphous fabrication
during PBF-LB/M.

Fig. 5 illustrates this relation by means of the applicable Ev-span
for the assessed powder batches. Despite the comparatively high
oxygen contamination in the feedstocks of B1 (1835 mg/g) and C1
(2292 mg/g), amorphous and dense samples are processable.
Although the fine-grained powder C1 requires lesser Ev sufficient
densification compared to B1, the resulting parameter range
remains narrow, since the onset of crystallization is also shifted
to lower Ev.

By reducing the oxygen amount to 1100 mg/g, the parameter
range is extended sevenfold. This is especially valuable in the scope
of the fabrication of complex part geometries in industrial applica-
tions since the thermal cycles during PBF-LB/M are strongly depen-
dent on the applied process parameters and part geometry. Here a
lowered oxygen amount in the feedstock provides high thermal
stability to compensate locally reduced cooling rates and lead to
a robust process window. One can hypothesize, that C3 (600 mg/g
oxygen) inheres an even higher thermal stability, offering the
potential for further enhancing the process window towards
higher productivity for instance through increased layer heights.
However, this needs to be analyzed in future investigations.

Given the restrictive effect on the processable parameter range,
the impact on the mechanical performance is addressed in the next
section.
Fig. 5. Overview of the applicable Ev-spans for the investigated parameter and
powders. The filled bars describe the process range which allows dense and
amorphous processing within the detection limits of DSC- and XRD-measurements
of the respective powder batches.
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3.3. Mechanical properties after PBF-LB/M processing

Based on the prior process evaluation, process parameters that
lead to a XRD- and DSC-amorphous state and a relative density
above 99.0%, were chosen to fabricate bending beams. Addition-
ally, the results for C2 were transferred to powder batch C3 which
features an oxygen amount of 660 mg/g. Fig. 6(a) summarizes the
averaged stress–strain curves of the three-point bending measure-
ments. The data for high purity cast AMZ4 from [43] as a reference
and data from previous investigations with AMZ4 powder contain-
ing 1581 mg/g oxygen [9] are complementary added (marked with
an X). The PBF–LB/M samples exhibit Young’s moduli of ~80 GPa,
which is slightly higher than the as-cast reference with 76 GPa.
In contrast to the as-cast sample, the elastic deformation is fol-
lowed by a catastrophic brittle fracture with no sign of macro-
Fig. 6. (a) Averaged stress–strain diagrams of the three-point bending tests in
dependence of the initial oxygen contamination in the powder feedstock. In
comparison: A casted reference sample with the data taken from [43]. (b) Resulting
flexural strength in correlation to the respective oxygen content. (c) High-energy
synchrotron XRD (HESXRD) of the bending beams. The as-cast sample shows a fully
amorphous halo without Bragg peaks. The PBF-LB/M bending beams show a mainly
amorphous structure but feature growing deviation from the amorphous halo with
increasing oxygen content.
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scopic plasticity, as it is common in additively manufactured BMGs
[4,5,9,12,18,19,33]. As discussed by Frey et al. [33] and based on
previous results [9], the observed embrittlement is unlikely to orig-
inate from residual porosities but rather caused by the oxygen con-
tamination of the additively processed material. Regarding the
different powder feedstocks used for this study, a decline of flexu-
ral strength with increasing oxygen content is observed, as
depicted in Fig. 6(b). The data displays a stable flexural strength
value of about 2.1 GPa for oxygen contaminations up to
~1600 mg/g (C3, C2, and X). Further increase of the oxygen amount,
as present in B1 and C1, is accompanied by a rapid loss of strength
below 1.8 GPa, despite their predominantly amorphous character
as earlier determined by DSC- and XRD. However, the detection
limits of both methods are not suitable to dissolve small fractions
of nano-crystallinity [33,44]. Therefore, the bending beams were
further evaluated by means of HESXRD to expand the detection
sensitivity for crystalline defects and analyze the microstructural
origins of the observed mechanical behavior. The results are illus-
trated in Fig. 6(c). Again, high purity cast AMZ4 was chosen as an
amorphous reference in comparison to the PBF-LB/M processed
samples. At first glance, no distinct reflexes distinguish the diffrac-
tograms of the PBF-LB/M processed samples from the fully amor-
phous cast reference reaffirming the overall amorphous
microstructure of the investigated samples. Yet, for oxygen con-
tents above 1600 mg/g, a small but distinct sharpening in the sec-
ond diffraction peak emerge, as shown in the inset of Fig. 6(c).
Therefore, the measured signals imply the existence of small frac-
tions of nanocrystalline phases below the detection limits of con-
ventional XRD in samples processed from C1 and B1. Although
the signal intensity does not allow a clear phase identification, pre-
vious works [11,33] indicate that the present nano-crystallinity
can be addressed to the formation of the primary phase Cu2Zr4O.

The observed embrittlement and loss of flexural strength with
increasing oxygen content in the feedstock can be accounted to
the following. Oxygen is known to alter the short- and medium-
range order in Zr-based monolithic glasses [12,16,45–47]. As
described earlier, oxygen introduces the formation of the quasi-
crystalline Cu2Zr4O -phase in PBF-LB/M processed AMZ4 [11].
Assuming sufficient cooling to impede such crystalline precipita-
tion, it can be expected that oxygen instead stabilizes and increases
the fraction of icosahedral clusters as suggested by Han et al. in
[48]. The authors suggest that this decreases the atomic mobility
and results in a more rigid structure which retards the formation
of multiple shear bands [48]. Since the initiation and propagation
of shear bands are the only manner for plasticity in monolithic
glasses [49], catastrophic brittle fracture is observed in the fabri-
cated samples although crystalline phases are absent [12,50]. This
mechanismmost likely governs the mechanical performance of the
samples processed from AMZ4 powder with an oxygen content
below 1600 mg/g. Although the desirable plastic deformation is
not achieved, the strength converges with the yield strength of
high purity cast AMZ4. Limited oxygen addition within this domain
only leads to a moderate decline of flexural strength and increased
young’s moduli compared to the high purity as-cast AMZ4. If a crit-
ical oxygen content in the feedstock is exceeded, crystallization
seems to cause the structural weakening of the PBF-LB/M pro-
cessed samples. The high oxygen content promotes the formation
of crystalline fractions at lower temperatures and shorter times,
thus reduces the thermal stability [38], as reflected by the reduced
parameter range discussed earlier. Such (nano-)crystalline frac-
tions act as metallurgical notches in the glassy matrix [51], which
drastically reduces the flexural strength [12,33,52]. Despite the
high cooling rates during PBF-LB/M, excessing a critical amount
of oxygen in the feedstock, results in nano-crystallites in the over-
all amorphous matrix. Although the small amounts are only
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detectable with the high resolution of HESXRD (Fig. 6c)), these
nano-crystallites appear to be sufficient to abruptly decline the
mechanical performance (Fig. 6b)). To sum up, the results empha-
size that the oxygen-induced weakening is vastly accelerated if a
critical oxygen content promotes the formation of crystalline
defects [16,42], making the control of oxygen content in the feed-
stock essential.

The findings are especially valuable regarding an industrial
scope on the quality assurance and economic aspects during
atomization and PBF-LB/M processing of Zr-based BMGs. Since
the reduction of oxygen contamination in Zr-based alloys is a
major cost driver, the determined threshold in the mechanical per-
formance at ~1600 mg/g represents an indicative value for the
industrial application of Zr-based BMGs powders. While oxygen
contaminations above 1600 mg/g clearly deteriorate the mechani-
cal integrity and processability, a further reduction may be
assessed under economic aspects. As long as the desirable plastic-
ity of cast samples is not accomplished, the reduction from
1600 mg/g to 600 mg/g may not be essential. In this context, it
should be emphasized, that the final oxygen level within the sam-
ples was not measured within the framework of this study. Addi-
tional sources of oxygen, such as the atmosphere in the PBF–LB/
M process chamber surely affect the resulting oxygen level within
the samples. Besides the unfavorable volume-to-surface ratio of
powder particles, the comparatively low purity of the process
atmosphere in industrial PBF-LB/M systems [53,54] contribute to
oxygen contamination. Deng et al. for instance report an oxygen
uptake from 487 mg/g to 920 mg/g during PBF-processing of Zr52.5-
Cu17.9Ni14.6Al10Ti5 [19].

Therefore, the determined critical oxygen contamination should
not be understood as a defined setpoint – rather a guidance level
dependent on the given PBF-M/LB machine and process settings.
4. Conclusion

In the present study, the influence of the powder feedstock
properties on the PBF-LB/M process and the resulting structural
and mechanical properties of a Zr-based metallic glass (AMZ4)
was investigated. It can be concluded that the structural integrity
of the processed samples is strongly interlinked with the powder
characteristics and the applied process parameters.

The key findings can be summarized as the following:

� The flowability of AMZ4 powder can be improved by dry-
coating with SiO2-based flow aid or by increasing the particle
size distribution through the addition of coarser powder parti-
cles without impeding amorphous fabrication. Based on these
findings, an optimization of the used particle size fraction offers
potential for increased processability together with more
resource-efficient atomization and fractioning, if larger particles
are included.

� The detrimental effect of oxygen on the GFA is reflected by a
reduction of the applicable parameter range for amorphous pro-
cessing. The rapid cooling rates during PBF-LB/M allow amor-
phous processing in a broad process window if the oxygen
level in the starting material is below 1100 mg/g.

� Leaving the hatch distance and layer thickness unvaried, the
laser power inheres a stronger impact on the crystallization
during PBF-LB/M compared to the scan speed at constant Ev,
which questions its suitability as design-parameter for additive
manufacturing of BMGs.

� A threshold based on the oxygen level in the starting material at
about 1600 mg/g was determined, serving as an indicative upper
limit to avoid a loss of strength due to nano-crystallization.
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5. Outlook

The interplay between thermal cycling and oxygen contamina-
tion remains a major challenge for the PBF-LB/M of Zr-based BMGs.
The oxygen uptake during the PBF-LB/M process was not within
the framework of this study. One can conclude that the final oxy-
gen contamination in the sample is not only impacted by the start-
ing material but also the respective atmosphere in the PBF-system
during processing. Given the crucial role of oxygen, an integral
effort along the processing route, addressing not only the atomiza-
tion but also the process atmosphere appears indispensable [18].
The precise control and minimization of the residual oxygen in
the process chamber as proposed by Pauzon et al. [53] appears
promising in this matter for the processing of Zr-based bulk metal-
lic glasses. Considering the numerous process parameters and geo-
metric features that impact the thermal history, numerical and
empirical measurements of the temperature, for instance through
high-speed pyrometry, in the HAZ seem vital for purposive process
design and will also be subject of further investigation.
6. Data availability

The raw and processed data required to reproduce these find-
ings cannot be shared at this time, as the data also forms part of
an ongoing study.
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Fig. A. Resulting particle size distribution of B1 after blending C1 with the
supplementary material in a ratio of 1:4 and LOM images of respective powder
batch.

Fig. B. Avalanche Angle and Surface fractal for the investigated particle size
distributions of AMZ4 determined via RPA-measurements. *Marked values indicate
sufficient flowability of powders for PBF-LB/M according to Spierings et al. in [24].
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Appendix

See Figs. A1–E1 and Table A.



Fig. C. LOM images of two exemplary samples processed from powder batch B1. (a) illustrates the influence of a comparatively low energy density (40 W 2000 mm/s) with
irregular shaped voids (lack of fusion) and spherical gas porosity. (c) shows a high densification with residual gas pores after processing with 70 W and 2000 mm/s.

Fig. D. Process evaluation by means of optical density for C1 and C2 with a particle
size fraction of 10–45 mm. The dotted line and arrow indicate the lower limit of the
applicable volume energy densities to attain a high densification above 99.0%.

Fig. E. Process validation by means of optical density for C3 with a particle size
fraction of 10–45 mm. The dotted line and arrow indicate the lower limit of the
applicable volume energy densities to attain a high densification above 99.0%. The
corresponding DHx values are supplementary given, indicating amorphous samples
within the detection limits of DSC.
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Table A
Overview of the investigated parameter sets, and the respective analytical approach presented in this study.

Laser Power
P (W)

Scan velocity
V (mm/s)

Volume energy
density
Ev (J/mm3)

Analytical methods

Optical density
measurement

XRD DSC Three point bending and
HESXRD

C1 C2 C3 B1 C1 C2 C3 B1 C1 C2 C3 B1 C1 C2 C3 B1

40 1100 45.5 x x x x x x x x
40 1200 41.7 x x x x x x x
40 1300 38.5 x x x x x x x x
40 1400 35.7 x x x x x x x
40 1500 33.3 x x x x
40 1600 31.3 x x x x x x x x x x
40 1778 28.1 x x
40 1800 27.8 x x x x x x x
40 2000 25.0 x x x x x x x x x x
55 1500 45.8 x x x x
55 1600 43.0 x x x x x x x
55 1700 40.4 x x x x x x x x
55 1800 38.2 x x x x x x x x x x x
55 1900 36.2 x x x x
55 2000 34.4 x x x x x x x x
55 2100 32.7 x x x x x x x
55 2200 31.3 x x x x x x x x
55 2444 28.1 x
55 2750 25.0 x x x
60 1800 41.7 x x x x x
60 1900 39.5 x x x x x x
60 2000 37.5 x x x x x x
60 2200 34.1 x x x x x x
60 2300 32.6 x x x x x x
60 2400 31.3 x x x x x x
60 2600 28.8 x x
60 2800 26.8 x x
60 3000 25.0 x x
70 1600 54.7 x
70 1800 48.6 x
70 2000 43.8 x
70 2100 41.7 x x x x
70 2200 39.8 x x x x x x x x
70 2300 38.0 x x x x x x x
70 2400 36.5 x x x x x x x x
70 2500 35.0 x x x x x x x
70 2600 33.7 x x x x x
70 2700 32.4 x x x x x x x
70 2800 31.3 x x x x x x x x x
70 3000 29.2 x x
70 3111 28.1 x
70 3200 27.3 x x
70 3400 25.7 x x
70 3500 25.0 x x x
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