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HIGHLIGHTS

« Fully amorphous powders of Cu-Ti-
based glass-forming alloys are
obtained from gas-atomizing single
elements with industrial-grade
purities.

« The amorphous solidification of the
powder indicates a suitable GFA for
processing Cu-Ti-based metallic
glasses via additive manufacturing.

« The oxygen uptake during
atomization is a function of particle
size, governed by the surface-to-
volume ratio of droplets.

« The increase of atomization gas
pressure produces finer particles and
a positive consequence is the
increased powder yield in the range
of 20-63 pm.

« The powders produced are highly
spherical with desired flowability for
additive manufacturing.
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ABSTRACT

Laser powder bed fusion (PBF-LB/M) of bulk metallic glasses permits large and complex components to
solidify to an amorphous state, thus expanding the processing possibilities of this material class. Here, the
Cu-Ti-Zr-Ni family, also known as Vitreloy 101, is systematically investigated for processing of the PBF-
LB/M powder itself. Gas atomization was used to produce powder of Vit101 and derivates micro-alloyed
with Si and Sn. The influence of atomization and alloy composition on glass formation, oxygen content,
particle morphology, and flowability were investigated. Amorphous powder was successfully obtained
using industrial-grade purity as feedstock for the atomization. The oxygen content within the powder
was controlled by the surface-to-volume ratio, without significant influence of the different atomization
parameters and the microalloying itself. The powder displayed high circularity with sufficient flowability

* Corresponding author at: Leibniz Institute for Materials Engineering—IWT, Badgasteiner Str. 3, 28359 Bremen, Germany.
E-mail address: uhl@iwt.uni-bremen.de (E. Soares Barreto).

https://doi.org/10.1016/j.matdes.2022.110519
0264-1275/© 2022 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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110519&domain=pdf
https://doi.org/10.1016/j.matdes.2022.110519
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:uhl@iwt.uni-bremen.de
https://doi.org/10.1016/j.matdes.2022.110519
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

E. Soares Barreto, M. Frey, J. Wegner et al.

Powder properties

Oxygen contamination

Laser-based powder bed fusion of Metals
(PBF-LB/M)

Vitreloy 101

PBF-LB/M applications.
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after drying. Our results contribute to the investigation of Vitreloy 101 alloys as promising candidates for

© 2022 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/).

1. Introduction

Additive manufacturing (AM), especially laser powder bed
fusion (PBF-LB/M), is recently widely investigated for the synthesis
of components made of bulk metallic glasses (BMGs). The cooling
rates of the melt pool reach up to 10° Ks~! during PBF-LB/M [1],
theoretically far beyond the ones required to bypass crystallization
and generate the amorphous phase in BMGs [2]. Therefore, the
layer-wise manufacturing approach allows the size and geometry
of parts to be decoupled from the typically critical diameter d. of
conventional casting technologies. Nonetheless, (nano-)
crystallization, porosity, and embrittlement remain challenges in
the additive manufacturing of BMGs.

So far, Zr-based are among the most investigated glass-forming
systems for PBF-LB/M due to their high glass-forming ability and
fracture toughness [2]. However, the Cu-Ti-Zr-Ni family is a
promising alternative as it contains economically interesting start-
ing materials and high strength with a reasonable glass-forming
ability (GFA) [3-7]. The quaternary composition found to possess
the highest GFA is Cuy;TizsZr1Nig, also known as Vitreloy 101
[4,8]. The critical cooling rate (CCR) required for vitrification is
approximately 250 Ks~! [5,7,8]. Microalloying with Si and Sn leads
to the destabilization of oxides that act as nucleation sites, which
improves the thermal stability of the supercooled liquid region,
AT, [3-7], between the glass transition and the onset of crystalliza-
tion upon heating. As a direct consequence, the reduction of the
CCR is reported to decrease by at least a factor of three [3]. In this
context, the compositions found with the highest GFA were Cuy;-
Tiz3Zr11NigSi, [3,9] and Cuy7;Tiz3Zr11NigSn,Siq [6] Nonetheless,
the properties of these alloys after laboratory casting are not nec-
essarily transferable to industrial gas-atomized powders (feed-
stock for PBF-LB/M). Their characteristics will therefore be
investigated and reviewed given their qualification for the PBF-
LB/M fabrication.

The initial powder properties play a crucial role in PBF-LB/M
processability. Sufficient powder flowability is necessary to create
good-quality layers during recoating. The layer properties are
directly related to part quality and low-defect fabrication. There
is a tendency to use fine and spherical powder as they show better
flowability and spreadability [10,11]. However, the interparticle
forces such as the Van-der-Waals attractive forces can exceed the
gravitational forces, especially for smaller particles, which leads
to powder cohesion and lack of flowability [12-14]. Gas atomiza-
tion parameters can, to some extent, tailor droplet formation.
The most frequent method to influence the mean particle size is
to vary the atomization gas pressure [15]. In general, increased
pressures yield finer particles, which typically have higher circular-
ity than coarser ones. Another example is the use of hot gas
atomization. It reduces gas consumption and produces a larger
fraction of smaller particles. For particles with a smaller diameter,
the amorphous fraction is higher and therefore the amorphous
yield significantly increases in the case of glass-forming systems
[16,17].

BMG powder contains higher oxygen contents than comparable
cast materials. In Zr-based BMGs, this usually leads to a lowered
GFA [18-21], requiring higher cooling rates to form fully amor-
phous parts and increased chance of (nano-)crystallization during
thermal cycling in PBF-LB/M processing [22,23]. The negative

impact of oxygen has been mostly investigated in Zr-based glass-
formers [2,22-27]. For instance, Wegner et al. [26] reported an
extremely narrowed process window for the AMZ4 alloy (in at.%
Zrsg93Cuyg gAl10.4Nby 5) with higher oxygen levels in which high-
quality, amorphous parts are manufactured via PBF-LB/M. The
increased oxygen content drastically compromised flexural
strength [26]. Frey et al. [27] attributed the absence of ductility
in an additively manufactured AMZ4 alloy to the high oxygen con-
tamination. This further points out the importance to monitor and
understand the oxygen uptake during the entire processing chain
from powder production until the final additively manufactured
component. Due to the high affinity of Zr-based BMGs to oxygen
[18,25], expensive high purity materials instead of commercial
purity (industrial-grade) are typically required. Nevertheless,
glass-formers that rely on the high purity of the feedstock are
costly and their commercial availability is constrained. Thus, the
investigation of Cu-Ti-based glass-forming systems is attractive
for PBF-LB/M manufacturing, as the affinity of copper to oxygen
is lower. Therefore, this could represent advantages from the mate-
rial feedstock selection until the AM production of components
with an expected smaller oxygen content.

The present work evaluates the gas-atomization process and
the resulting physical, structural and chemical properties of the
Cu-Ti-Zr-Ni family for laser additive manufacturing applications.
The compositions Cu47Ti34Zr11Ni8 (Vltlol ), Cu47Ti332r11Ni85i1
(Vit101Si), and Cug7Ti33Zr11NigSn,Si; (Vit101SiSn) were investi-
gated. Feedstock materials using single elements with commercial
purity were used for gas atomization in view of the economic via-
bility at industrial scales. In total, each alloy was gas-atomized
three times by investigating the gas pressure and gas temperature
in each run, aiming for vitrification and a higher yield in the 20-
63 pm class size. The formation of an amorphous state, oxygen
content, particle morphology, and flow behavior were investigated.

2. Materials and methods
2.1. Powder synthesis

The Vit101, Vit101Si, and Vit101SiSn glass-forming alloys were
atomized with a close-coupled gas atomizer (CCA) (more details in
Ref. [16]). Table 1 displays the feedstock materials comprised of
commercial purity (CP) elements (Ti, Zr, Ni, Sn, and Si) and CuNi
(3.6 wt% Ni) pre-alloy. The alloys were obtained by proportionally
mixing the elements to achieve the desired chemical composition.
This eliminates the need for pre-casting into master alloys and pro-
motes higher cost-effectiveness of the process. High purity

Table 1
Degree of purity of the feedstock material used for the gas-atomization of the Vitreloy
101 alloys.

Alloy Purity
CuNi (3.6 wt% Ni) 99.95%
Ti 99.4%
Zr 702 99.2%
Ni 99.8%
Sn 99.98%
Si 99.99%
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(<20 ppm impurities) graphite crucibles treated via halogen purifi-
cation (2120PT, Mersen) were used to prevent reactions and the
uptake of impurities. The atomization tower was purged with
Argon (purity > 99.996%) to reduce the oxygen content. The Argon
was also used as the processing gas. A nozzle of 2 mm diameter
was selected. The melt was superheated to a temperature of
1673 K and held for 7 min before removing the stopper rod to start
the atomization process. The impingement of the high-velocity gas
stream disintegrated the melt flow into droplets. The droplets
solidified during flight inside the atomization tower and were col-
lected at the bottom.

Three series of atomization runs were conducted for each alloy.
The first atomization was performed using gas at room tempera-
ture (RT) at a pressure of 1.2 MPa (p1.2,RT). For the second
atomization, the gas pressure was raised to 1.6 MPa and kept at
RT (p1.6,RT). Finally, the last atomization was conducted with a
gas pressure of 1.6 MPa and hot gas (HG) at 593 K (p1.6,HG).
Table 2 summarizes the main atomization parameters, including
the results for gas-to-melt mass flow ratio (GMR), mass median
particle diameter (dso3) obtained with a laser diffraction instru-
ment with wet dispersion (Malvern Mastersizer 2000), and the
geometric standard deviation og calculated according to

0¢ = (dgs3/di63 )0'5-

2.2. Powder characterization

The synthesized powder was initially sieved below 250 um
aperture to remove splats and flakes from the atomization process.
The fine particles (approx. < 20 um) were removed with an air clas-
sifier (Multiprocess system 50 ATP, Hosokawa Alpine). To reduce
chances of oxidation or contamination, the classification was per-
formed under inert atmosphere using nitrogen for the separation.
In sequence, the powder was sieved below 63 um to separate coar-
ser particles. The exception was the Vit101SiSn alloy atomized
with hot gas at a pressure of 1.6 MPa, in which only sieving was
used for the classification due to a reduced powder amount.

Scanning electron microscopy (SEM) images were acquired
with a TESCAN VEGA Il XLH. The chemical composition of the pow-
ders was measured with an energy dispersive X-ray analysis detec-
tor (EDX) coupled to the SEM.

The particle shape factors of circularity and aspect ratio were
determined with the measuring principle of static image analysis
(Morphologi G3, Malvern Panalytical). In the static mode, the dry
powder is dispersed over an object slide and high-quality images
of every particle are captured over a defined area. The factors are
dimensionless and have a value of 1 for ideal spherical particles.
Therefore, the larger the calculated values, the more spherical
the shape of the particle. While circularity is defined as the ratio

Materials & Design 215 (2022) 110519

between the perimeter of an equivalent circle with the same area
as the particle divided by the perimeter of the actual particle, the
aspect ratio represents the elongation of the particle and is a mea-
surement of the width-to-length ratio. The results were averaged
over two measurements per sample with at least 10° particles in
total.

Powder flowability was measured with a Hall Flowmeter funnel
of 2.5 mm aperture as stated in DIN EN ISO 4490 and with a
dynamic flow test (angle of repose of at least ten images) using a
self-designed device (more details in Ref. [14]). Before the mea-
surements, the powders were kept in a desiccator for at least
24 h to reduce the moisture content.

Furthermore, the crystallinity measures were evaluated with X-
ray diffraction (XRD, PANalytical X'PertPro diffractometer)
between the angles (26) of 20° to 80° using Cu-Kao radiation with
a wavelength of 1.5406 A. Complementary, the powder fraction
20-63 um was measured with high energy Ssynchrotron X-ray
diffraction (HESXRD) performed in transmission mode at room
temperature at the P21.2 beamline of PETRA III of the Deutsche
Elektronen-Synchrotron (DESY) in a wavevector range Q from 2
to 10 A~1. A wavelength of 0.177138 A (70 keV) was used with a
VAREX XRD4343CT detector (2880 x 2880 pixels) to record the
two-dimensional diffraction pattern, which was further integrated
using PyFAI and then processed with the PDFgetX2 software [28] to
obtain the background-corrected scattering intensity 1(Q).

Thermal properties of the powders were studied by differential
scanning calorimetry (DSC). Heating scans with 1 Ks~! rate from
550 °C to 850 °C were performed using a Perkin-Elmer DSC 8000
under high-purity Argon flow. The powder samples were encapsu-
lated in Aluminum pans.

The oxygen content of the powders was measured with hot gas
extraction (ELTRA ONH-2000) for each class size for samples of ca.
50 mg using helium (99.999%) as the carrier gas. The results were
averaged from three measurements. The concentration of oxygen
in the spray chamber before the beginning of the atomization
was analyzed with an O, Analyzer from Bailey Fischer Porter.

3. Results and discussion
3.1. Physical properties

The particle size distribution of the powders was investigated
with laser diffraction. The complete results are given in Fig. Al
(s. Appendix) and exemplary results are depicted in Fig. 1. The dis-
tribution density qs presents the probability of a particle with
diameter d to be found in the population, whereas the cumulative
mass distribution Qs indicates the percentage of undersized or
oversized particles than a specific diameter d. Commonly, the mass

Table 2
Process conditions of the melt atomization.
Run Alloy p (MPa) Tgas (K) Inert Gas D (mm) AT, (K) g (kg/h) i (kg/h) GMR (-) dso3 (pm) og (-)
1 Vit101 149 4.0 52 19
Vit101Si 1.2 293 (RT) Argon 2 ~500 592 150 4.0 50 2.2
Vit101SiSn 150 3.9 47 2.5
2 Vit101 293 (RT) 133 5.9 40 2.1
Vit101Si 1.6 Argon 2 ~500 780 172 4.5 45 24
Vit101SiSn 141 5.6 33* 2.1
3 Vit101 153 34 33 24
Vit101Si 1.6 593 (HG) Argon 2 ~500 513 155 33 35 2.5
Vit101SiSn 143 3.6 26* 2.7

Vit101 = CuyyTizaZr11Nig, Vit101Si = Cuy;TizsZry1NigSiy, Vit101SiSn = CuyyTiz3Zri1NigSn,Siy, p = Atomization gas pressure, Ty = Initial gas temperature, D = Nozzle outlet
diameter, AT,, = Superheated melt temperature, ni; = Gas mass flow rate, n; = Melt mass flow rate, GMR = Gas-to-melt mass flow ratio, dso 3 = Mass median particle diameter,
¢ = Geometric standard deviation, RT = Atomization gas at ambient temperature, HG = Hot gas atomization.

* Powders self-ignited after gas-atomization and led to material losses, thus interfering with the results for dsq 3.
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Fig. 1. Distribution density q; and cumulative mass distribution Qs as a function of particle size, including dsq 3, for (a) Vit101, Vit101Si, and Vit101SiSn powders atomized in
the first atomization run, showing the small impact of alloy composition during gas-atomization; (b) Vit101 powders atomized using different atomization conditions,

displaying the influence of gas pressure and temperature on droplet formation.

median particle diameter dso3 is used to represent the averaged
particle size of the distribution. Fig. 1 (a) shows the influence of
alloy composition on the particle distribution (0-250 um) ato-
mized with gas at room temperature at a pressure of 1.2 MPa. Sim-
ilar cumulative mass distributions were obtained. Microalloying
slightly decreased the dsgs, therefore only a weak correlation
based on alloy composition can be deducted.

Fig. 1 (b) exemplarily compares the influence of gas pressure
and gas temperature on the particle size distribution of the
Vit101 alloy. Finer particles were generated at higher gas pressure
and gas temperature, as the dsg3 changed from 52 pm in the first
atomization run, to 40 um and 33 pum in the second and third
atomization runs, respectively. Moreover, the distribution density
curve was shifted to smaller particles. It is known that the gas
properties control the gas mass flow rate according to the well-
known empirical correlation to predict dsg 3 proposed by Lubanska
[29]. As expected, the increase in gas pressure resulted in smaller
particle sizes caused by the higher gas melt flow ratio and conse-
quently GMR. Likewise, the results confirmed hot gas atomization
enables the synthesis of smaller particles. Despite the lower gas
melt flow ratio caused by the increased gas density at higher tem-
peratures, the kinetic energy and gas velocity are raised, which is
inversely proportional to dsg3 [16]. Therefore, smaller particles
are obtained with hot gas atomization.

One advantage of reducing the mean particle diameter and con-
sequently the shift of the curve to smaller particle sizes was the
mass yield of the 20-63 pm fraction. For the initial set of atomiza-
tion parameters (gas at room temperature at a pressure of
1.2 MPa), the average yield was 50 + 1% after classification. Increas-
ing gas pressure and temperature increased the powder yield to
55 + 3%, although a higher fraction of fine particles below 20 um
was generated in the latter. Increasing the usable fraction of pow-
der is associated with costs reduction, better usage of resources
(e.g., material feedstock, gas, crucible, others), and energy-saving,
resulting in better efficiency of the powder metallurgy production
chain [30].

Fig. 2 presents SEM micrographs of the 20-63 pm powder. The
particles exhibited a spherical shape and relatively smooth surface
topography. With hot gas atomization, an increased number of

satellites is observed. Satellites are smaller particles that solidify
faster and collide in flight with larger semi-solid ones, remaining
attached and forming aggregates [13,24]. Comparable results for
Fe-based and Zr-based glass-forming alloys have been observed
by Ciftci et al. [31].

The presence of satellites and the building of aggregates has
been reported to reduce the circularity of powders [13] and deteri-
orate powder flow properties [32]. This higher particle flow resis-
tance is normally attributed to mechanical interlocking caused by
irregularities and the dominance of interparticle forces as Van-
der-Waals in satellites [32]. As previously seen in Fig. 1 (b), the
combination of hot gas atomization and high gas pressure consid-
erably raised the formation of smaller particles. Although the host
particles remained spherical (circularity close to 1), the results sug-
gested a larger fraction of irregular particles.

Moreover, elongated particles with an aspect ratio smaller than
0.25 (AR < 0.25) were observed using gas at room temperature at a
pressure of 1.2 MPa, as indicated in Fig. 2 (a, c). These particles
solidify into ligaments after the disintegration of the melt stream,
but before completion of the spheroidization process [33]. This is
characteristic of the atomization of melts with high viscosity, gen-
erally the case for BMG-forming liquids such as the present Cu-Ti-
based compositions [3,8,34,35]. The hot gas atomization can
increase the spheroidization time of ligaments and help to prevent
the formation of fiber-like particles for high-viscous melts [33,36].
The reason is the reduced temperature gradient between the hot
gas and melt jet during atomization, resulting in a lower heat
transfer rate. This extends the time frame in which the melt dro-
plets stay in a state of low viscosity, which permits spherical par-
ticles to form due to the surface tension in the spray [33].

Fig. 3 displays the measured results for the particle shape fac-
tors. The range from 20 um to 60 pum was chosen based on require-
ments of the AM processing [2,12]. The circularity and aspect ratio
of the powders were above 0.84 and 0.68, confirming the SEM
observations of spherical particles. While the lowest particle shape
factors were measured for Vit101Si, the Vit101SiSn powders pre-
sented the most spherical form. AMZ4 powder gas-atomized with
the same parameters by Ciftci [37] was more irregular, attributed
to the higher viscosity of this alloy at the liquidus temperature.



E. Soares Barreto, M. Frey, J. Wegner et al.

Q\% 1-Vit101

) &
\D @ o~ p=1.2,RL

O'Ose
s ?%L

EN
D)
)

I

Elongdted paptiCles

4 3-Vit101Si
p=1.6, HG

Materials & Design 215 (2022) 110519

1-Yit101Si (%) 1-Vit101SiSn
p-1.2, RT O( N p-l2/RT
€™

,QGCJ Qo
: ) (ﬂt\K /}\“ ¢

Elongated particles Sy
=0,

o

A - 3-Vit101SiSn
p=1.6, HG

Fig. 2. SEM micrographs of Vit101, Vit101Si, and Vit101SiSn particles (20-63 pm) atomized with (a-c) gas at room temperature at a pressure of 1.2 MPa; (d-f) gas at room
temperature at a pressure of 1.6 MPa; (g-i) hot gas at a pressure of 1.6 MPa. The arrows indicate the formation of elongated particles in the first atomization run and satellites

in the third run.

The viscosity of Vit101 at the melting point is only about 40% of the
viscosity of typical Zr-based alloys such as Vit1, Vit105, Vit106 and
AMZ4 [38].

As it can be seen in Fig. 3, coarser particles are more irregular
than smaller ones. This result is consistent with previous reports
in the literature [13,31,36]. Larger particles require a longer time
for the spheroidization process to complete. Hence, they tend to
be less spherical than smaller ones. Increasing the gas pressure also
seems to have enhanced the formation of more irregular particles.

Regarding the use of hot gas atomization, the results corrobo-
rate that the particle shape factors decrease, attributed to the for-
mation of satellites. However, it was argued atomizing with hot gas
can contribute to the spheroidization process of high viscous melts,
thus preventing the formation of elongated particles. This would,
in contrast, contribute to the improvement of particle shape
factors.

To evaluate this hypothesis, the fraction of particles with an
aspect ratio equal to or inferior to k = 0.25 was quantified in the
20-63 pm range. This threshold value (k) corresponds to elongated
particles formed during the atomization of viscous melts, as previ-
ously discussed. Fig. 4 displays the results for each alloy according
to the parameter used.

The fraction of elongated particles formed during atomization is
independent of the atomization process, as none of the differences
observed are statistically significant within the parameter selec-
tion (Fig. 4). This is indicative of the lack of contribution of HG
atomization on particle spheroidization. Instead, the chemical
composition plays a major role. While the fraction of particles with
AR < 0.25 is about 0.7 + 0.1% for the Vit101, the microalloying with
Si increases the fraction to near 1.1 + 0.1%, and the combined addi-

tions of Si and Sn to slightly over 1.31 + 0.03%, nearly double of the
initial base composition. Because the incomplete spheroidization
process is strongly related to the viscosity of the alloys, the findings
suggest that microalloying causes the melt viscosity to slightly
increase. The viscosity of glass-forming alloys is usually associated
with the fragility concept, which reflects the sensitivity of the lig-
uid melt to temperature changes [9]. It has been shown in various
studies a larger fragility parameter leads to lower the critical cool-
ing rate needed for the melt to freeze into the glassy state
[34,35,39-41]. Thus, the sluggish kinetics derived from high vis-
cous melts is a good indication of improved GFA, as the formation
of crystalline phases is retarded [39,41]. Venkataraman et al. [9]
reported a higher fragility parameter for Vit101Si compared to
Vit101, which is in agreement with the higher GFA of this alloy
as previously discussed. They also argued that higher fragility
parameters for Cu-based glass-formers are fundamentally an indi-
cation of reduced CCR. Hence, the fragility of Vit101SiSn should be
even higher, as it has the highest GFA of the investigated alloys.
Consequently, the melt kinetics should be more sluggish, which
would explain the increased fraction of particles with lower aspect
ratios resulting from an incomplete spheroidization process.

Taken together, the findings of this study suggest, although
changes in viscosity influenced droplet formation, the particle
morphology is predominantly controlled by the particle size and
presence of satellites. As these factors affect the powder rheology
[12,14,42-44], the flowability was investigated next.

Fig. 5 displays the results obtained via dynamic angle of repose
and a hall flowmeter. In general, a satisfactory flow behavior for
PBF-LB/M applications is obtained, normally associated with an
angle of repose inferior to 50°. A direct influence of particle size
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Fig. 3. Circularity and aspect ratio analyses for the gas-atomized Cu-Ti-based glass-forming alloys as a function of particle size, measured by the static image analysis.
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distribution and morphology on the flowability results is less
straightforward, as the results lie within the same range.

The powders seem to be quite prone to moisture uptake, as the
flowability quickly worsened after short exposures to the environ-
ment. This is particularly observed for the Vit101SiSn powder. It
has been reported CuSn surfaces have a higher reactivity than Cu
surfaces, as adsorbates are more strongly bound [45]. Our results
contribute to the notion that Sn promotes increased reactivity in
Cu-Ti-based alloys.
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Fig. 5. Flowability of powders (20-63 pm) measured with dynamic angle of repose
(AoR) and hall flowmeter.

The improper handling and storage of these powders could be
detrimental to the additive manufacturability of Vitreloy 101
alloys if the moisture strongly hinders the flowability. This can
cause an unsystematic and discontinuous spread of the layered
bed, which in turn can favor layer porosity, non-uniform layer den-
sity, and increased surface roughness [43,44,46-48]. Consequently,
the final product properties and quality is impaired.

3.2. Structural and chemical properties

EDX analyses confirmed the desired chemical composition
obtained for the powders (Fig. B1 s. Appendix).
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Fig. 6. X-ray diffraction of gas-atomized powders at different class sizes for: (a) Vit101; (b) Vit101Si; (c¢) Vit101SiSn; (d) High-energy Synchrotron (HESXRD) of each alloy of
class size 20-63 um. The investigation was conducted with powders obtained in the first atomization run. The results show the for BMGs typical broad halo, which can be
attributed to an amorphous structure. (e) DSC scans (1 Ks™!) of all three alloys of the size class 20-63 um. The thermal stability increases with the increasing addition of
alloying elements, as indicated by the length of the supercooled liquid region between the onset of the glass transition, Tg, and the onset of crystallization, Tj.

The influence of microalloying on the powder structure was
investigated with X-ray diffraction and the results are illustrated
in Fig. 6. The powders exhibited the typical broad halo for BMGs,
which can be attributed to an amorphous structure within the
detection limits of the method. Small crystalline peaks at approx.
41° were detected only in coarser particles (above 63 um) of
Vi101, which has the lowest GFA of the investigated derivates. As

the cooling rate decreases with the increase in particle size [49],
the solidification time experienced by the larger droplets during
the atomization process seems to be insufficient to completely
bypass crystallization. Nonetheless, the relatively weak signal
intensity of the reflection implies the crystalline phase is present
in small quantities. Similar small-intensity crystallization events
in a PBF-LB/M-sample of Vit101SiSn alloy have been reported
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and attributed to a Cu,Ti4O phase [21]. As particles above 63 pum
have less significance to PBF-LB/M applications, a detailed phase
analysis was disregarded in this study.

Further analyses on powders with particles in the range of 20-
63 pm were performed using high-energy synchrotron X-ray
diffraction (HESXRD) (Fig. 6 (d)). With the high energy used for
HESXRD in transmission mode, even smaller volumes of crystals
can be revealed over the entire volume of the powder particles,
offering much greater sensitivity and resolution than conventional
laboratory XRD. The results confirmed the broad halo formation
typical of amorphous structures, as well as the absence of Bragg
reflexes that would indicate crystallites, suggesting the gas-
atomized powder was fully amorphous.

The amorphous state in the feedstock powder is nonessential to
generating amorphous parts via PBF-LB/M as re-melting and re-
heating steps occur in the heat-affected zone. Studies have demon-
strated that fully amorphous BMGs have been additively manufac-
tured regardless of the presence of crystallinity in the powder [50].
There are, however, significant advantages in generating amor-
phous over crystalline powder. The lack of crystallization is linked
with improved GFA and lower oxygen contents, which simultane-
ously broadens the process window for BMGs via PBF-LB/M
[2,24,26]. Moreover, considering the overall industrial scope, other
subsequent processing routes such as the thermoplastic forming
(TPF) necessarily require amorphous powder for amorphous part
consolidation [27,51-54]. The TPF process window is associated
with the so-called supercooled liquid region, which is the temper-
ature window between the onset of glass transition, Tg, and the
onset of crystallization, Ty, in which the deeply supercooled liquid
can be processed without crystallization. Hence, there is a general
interest in increasing the yield of amorphous powder generated by
gas-atomization. In Fig. 6 (e), the DSC scans of all three powders of
the size class 20-63 um are shown. The glass transition events are
distinctly visible by an increase of the heat flow, underlining the
amorphous character of the powders. The glass transition onset
temperatures T, for Vit101, Vit101Si, and Vit101SiSn slightly differ
with 690 K, 700 K, and 703 K, respectively. In contrast, the onset of
crystallization T,, indicated by a distinct exothermal drop in the
heat flow signal, shifts considerably by microalloying. It increases
from 746 K for the base alloy Vit101 to 768 K through the minor
addition of Si and up to 780 K for the Vit101SiSn alloy. Thus, the
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Fig. 7. Oxygen uptake during atomization of Vit101, Vit101Si and Vit101SiSn alloys
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to-volume ratio of a sphere.
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micro-alloyed systems feature distinctly increased thermal stabil-
ity against crystallization, as previously reported in [7]. For TPF
applications, this goes hand in hand with a broader processing
window and, hence, better deformability [52].

According to Ciftci et al. [49], the cooling rate experienced by
the particle class size of 20-63 um during gas-atomization varies
from 10% to 10* Ks~'. Thereby, the present cooling rates experi-
enced in the process are sufficient to bypass crystallization. These
findings are relevant for an industrial scope, as commercial-grade
purity feedstock material was used and still a fully amorphous
state was obtained in the gas-atomized powder. The cooling rates
during atomization are comparable to the transient cooling present
during PBF-LB/M, suggesting a sufficient GFA to additively process
amorphous samples [1,2].

In addition to cooling rates and rapid solidification, the glass
formation depends on the purity of the alloy. A common and crit-
ical indicator for the impurity of BMGs is the presence of oxygen.
Fig. 7 displays the oxygen uptake during atomization for the pow-
ders considering the initial oxygen level in the feedstock material
(470 pg/g). The concentration in the feedstock was estimated on
the basis of the weighted average calculated from the commercial
purity degree of the individual elements (manufacturers informa-
tion). In the spray chamber, the measured oxygen concentration
is 100 ppm. Possible contamination of moisture is discarded as
the powders were kept fully sealed in small volume sample glasses
suitable for powder storage, inside a vacuum desiccator.

It is revealed that the different atomization parameters and
microalloying with Si and Sn are unrelated to the oxygen content
within the powder. Instead, a strong correlation with the particle
size is found. The highest oxygen concentrations are present in
the smallest particles, in which the uptake surpassed 1500 pg/g
in some cases. In contrast, the coarser particles incorporate
remarkably less oxygen. Hence, the results indicate the surface-
to-volume ratio clearly governs the oxygen content. This is consis-
tent with previous results reported for Vit101 gas-atomized pow-
der [55-57]. The surface-to-volume effect controls the
interaction of particles atomized under conventional cooling with
oxygen as the gas-atomized powders experience slow oxidation
posterior to the atomization in an inert gas atmosphere. As a con-
sequence, an oxide film is formed on the surface [37], which
depends on the chemistry of the alloy.

Moreover, the feedstock purity contributes to the initial oxygen
content of the powder. For comparison, the oxygen concentration
was measured in Cu-Ti feedstock prepared with high purity (HP)
elements, as well as in commercial and high purity feedstocks for
AMZ4. The high purity Cu-Ti feedstock contained 204 + 28 ng/g
of oxygen, which is less than half of the concentration present in
the commercial purity material (470 ng/g as indicated in Fig. 7).
For the AMZ4 alloy, the commercial purity feedstock contained
741 + 22 puglg oxygen, while the high purity feedstock
127 + 37 pg/g. As anticipated, a much higher oxygen affinity for
the Zr-based alloy was identified. Due to the lower affinity of cop-
per to oxygen, it is therefore likely that commercial purities feed-
stocks are sufficient for processing Cu-Ti BMGs via PBF-LB/M. The
volume chamber of the AM machines is smaller than the atomiza-
tion spray chamber, so it is expected that the atmosphere can be
more systematically controlled and the oxygen avoided. Thus, fur-
ther research regarding the oxygen uptake during AM would be
worthwhile to justify the economic viability of these alloys.

4. Summary
In the present study, processing properties of gas-atomized

Cu47Ti34Zr11Ni3 (V1t101 ), CU47Ti33Zr1]NiSSi1 (V1t10151), and
Cuy;Tis3Zr 1NigSn,ySi;  (Vit101SiSn) glass-forming alloys were
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investigated. The Cu-Ti-based system was selected due to its low-
cost feedstock and high strength with adequate glass-forming
capability desired for PBF-LB/M processability. Feedstock material
using pure elements with commercial purity was used to account
for broad applicability from an economic viewpoint. The atomiza-
tion parameters were varied, in which the gas pressure and tem-
perature were increased aiming for vitrification and a higher
yield in the 20-63 um powder class size.

It was shown that the Vit101, Vit101Si and Vit101SiSn alloys
present similar particle size distribution when atomized under
the same conditions. As expected, the increase of gas pressure
and gas temperature produces finer particles. A positive conse-
quence is the increased powder yield in the range of 20-63 pum,
typical for additive manufacturing (AM) applications. The draw-
back of hot gas (HG) atomization is the increased formation of
satellite particles. Because they remain attached to primary coarser
particles, the particle shape factors of circularity and aspect ratio
are overall reduced. It is also observed the generation of small par-
ticles (<20 pm) with HG. Nevertheless, the particles synthesized
present a highly spherical shape and smooth surface. In addition,
the flowability investigation indicates the powder is suitable for
AM, but a strong influence of moisture uptake is observed. The
Vit101SiSn alloy seems the most prone to moisturization, as the
flow behavior rapidly deteriorated after short exposure to the
environment.

The investigation of the crystalline state reveals that the gas-
atomized powders at a particle class size of 20-63 um are fully
amorphous. X-ray powder diffraction and high-energy synchrotron
radiation confirms the results. Given that commercial purity feed-
stocks were used, these findings positively contribute to the eco-
nomic aspect of this alloy system in industrial applications. The
amorphous solidification of the powder indicates a suitable GFA
for the processability of the Cu-Ti-based metallic glasses via PBF-
LB/M. Measurements of the oxygen content in the powder reveal
the lack of influence of the atomization parameters and microal-
loying with Si and Sn. It was confirmed the oxygen uptake during
atomization is a function of the particle size, as the surface-to-
volume ratio governed the oxygen content.
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Appendix A

See 1 Fig. A1 for the cumulative mass distribution Qs as a func-
tion of particle size of all as-atomized powders investigated in this
study.

See Fig. B1 for chemical composition analysis of the powder
obtained with EDX.
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Fig. A1. Cumulative mass distribution Q3 as a function of particle size for the as-
atomized powders. While the increase of gas pressure and gas temperature yielded
finer powder, the chemical composition of the alloys had a lower influence on the
particle size distribution. Due to powder losses caused by self-ignition of the
Vit101SiSn powder, the results for Runs 2 and 3 were biased into finer distributions.
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Fig. B1. Chemical composition analysis of the powder obtained with EDX in comparison to the theoretical chemical composition of the alloy.
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