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Understanding the morphology, composition and structural changes experienced by metallic glass powder
particles upon laser powder bed fusion (LPBF) is the first step towards evaluating the impact of spatter generation
on part quality and on feedstock degradation. This study presents the characterization of Zr-Cu-Al-Nb spatter
particles by means of scanning and transmission electron microscopy with automated crystallographic orienta-
tion mapping and energy dispersive spectroscopy, and X-ray photoelectron spectroscopy. The powder exposed to

the LPBF environment exhibits an average surface composition similar to the original feedstock, but with a
rougher morphology. The typical spatter encountered in the remaining lack-of-fusion is a vapour-entrained
particle, which probably underwent partial melting leading to the formation of «-Zr(O) dendrites, and “big-
cube” CupZr4O nanocrystals in its heat affected zone. In the present work, spatter characteristics are discussed
considering glass properties and their connection to lack-of-fusion defects is addressed.

1. Introduction

Additive Manufacturing of metallic glass alloys by laser powder bed
fusion (LPBF) is promising to push the size and complexity limits of
conventional casting. The high cooling rates allow to by-pass crystal-
lisation upon solidification. However, the subsequent layer melting
leads to cyclic reheating of the already deposited material. While this
can be exploited for texture control in traditional crystalline materials
[1], it is for metallic glasses a devitrification hazard. To tackle this
additional processing constraint, the widespread approach is to work at
laser power typically below 100 W, to limit the heat affected zone (HAZ)
[2]. Process parameter and strategy optimisations can significantly cut
down the lack-of-fusion (l-o-f) defects population; however, spatters
may be an additional barrier to the densification [3]. While spatters
resulting from metallic glass LPBF have not been studied, the literature
on spatters of traditional crystalline alloys gives an overview of crys-
talline spatter properties.

Spatters are LPBF by-products generated either, from direct melt
pool ejections, or vapour-driven particle entrainment from the powder
bed [4]. Depending on the alloy, process conditions and the spatter
origin, these ejections may be more or less oxidised [5], with mor-
phologies and microstructures differing from the virgin powder [5,6]. Ly
et al. [4] distinguished between hot and cold entrained particles, hot
particles being partially to fully remelted while cold particles may have
experience only minor heating. With high speed imaging and particle
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image velocimetry monitoring LPBF of 316 L stainless steel, these au-
thors showed that hot entrained particles account for 60% of total
spatter generation, cold particles for 25% and direct melt pool ejections
for 15%. While direct melt pool ejections are typically larger than the
initial fresh powder, not necessarily as spherical and can lead to
agglomerate formation when solidifying in flight, the entrained particles
typically retain sizes similar to that of virgin powder [8].

The high temperatures and impurities the powder particles are
exposed to during LPBF can trigger the mass transfer of elements of high
affinity to oxygen from the volume to the surface of the particles.
Different techniques have been developed to sample spatter particles to
later analyse their surface chemistry, with techniques like X-ray
photoelectron spectroscopy (XPS), such as the design of powder capsule.
Chen et al. [9] showed the preferential oxidation of Al and Cr on the
surface of Inconel 718 trapped in capsules with different built-in lattices
and related the lattice density to the powder degradation. Other ap-
proaches consist in sampling spatter from regions where these do not
mix with the powder bed. For example, Raza et al. [10] highlighted that
Ti-6Al-4V spatters deposited in the LPBF machine gas outlet have a
uniform Al-, Ti-based oxide layer with Al-rich oxide particulates
growing on top. In case of AlSi10Mg, Raza et al. [7] showed the for-
mation of a thick surface oxide, mainly Al,O3 with MgAl;04 particulates
at the topmost surface.

In terms of microstructural and morphological differences with vir-
gin particles, crystalline spatters are not always easy to distinguish from
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the rest of the powder bed. In case of direct melt pool ejections, melt
flow features can be preserved after solidification, and for Inconel 718,
their cross-sections can reveal a finer microstructure than that of the
virgin particles, suggesting higher cooling rates than upon atomization
[8].

Redeposited spatters can affect the local layer thickness, chemistry,
and in case of metallic glasses, the local material structure, leading to
potential local segregations and 1-o-f defects. As shown by Sohrabi et al
[11], I-o-f defects are harmful to the as-built strength and the toughness
of the Zrsg 3Cusg gAlyo.4Nbs 5 alloy. It is thus primordial to understand
the origin of the spatter formation during LPBF of metallic glasses and
their properties, keeping in mind redeposition issues and recyclability
perspectives. In the context of metallic glasses, the present work eval-
uates spatter properties to identify possible composition and structural
changes from the fresh feedstock that may alter the glass forming ability
and its LPBF processability.

2. Materials and methods

Laser powder bed fusion of powder with nominal composition
Zrs9.3Cugg 8Al 9 4Nb; 5 in at% (Amloy-Zr01, Hereaus), was conducted on
an EOS M290 machine. Parts were produced with an energy density of 18
J/mm? (i.e. scan speed of 1700 mm/s, laser power of 90 W, hatch distance
of 0.15 mm) on a Ti-6Al-4V grade 5 baseplate with 20 ym thick layers, up
to a height of 9 mm. The achieved relative density is 99.9% measured by
X-ray tomography with an EASYTOM XL Nanofocus (RX Solutions), and a
6.4 um voxel size, and thus only defects larger than 18 ym are detected.
Powder samples were collected from the virgin feedstock, the powder bed
after printing, and the deposits within the gas outlet of the machine. The
gas outlet is a socket system to catch the protective gas flow stream and
direct it to the filter system. The particles entrained by the gas flow and
deposited in this gas outlet are spatter particles generated at the laser -
powder bed interaction area [8]. Thus, analysing these deposits allows
grasping the characteristics of spatter particles independently, without
mixing with feedstock powder. These spatter particles represent the
fraction of the overall spatter population whose trajectories reached the
gas outlet, i.e. for a great part, coming from the parts closest to the gas
outlet. One should bear in mind that spatter particles redeposit also on the
powder bed. To limit to the greatest extent the harmful redeposition of
spatter, a part exposure strategy consisting in scanning parts closest to the
gas outlet first was adopted.

The surface morphology and microstructure of the powder samples
were analysed by SEM with a Zeiss GeminiSEM 500 FEG SEM. To
characterize the cross-sections of powder particles representative of the
virgin powder and spatters, focused ion beam milling to extract lamellas
from the particles surface was performed with a Thermo Fisher Helios 5
PlasmaFIB SEM. The lifted out lamellas were thinned down following a
conventional transmission electron microscopy lamella preparation
[12]. In more details, these were PFIB prepared at 30 kV, using an
over-tilt angle of 2°, a first 1 nA-polishing step and a final one at 100 pA.
The samples were studied with a TEM JEOL 2100 and analysed by EDS,
operating at 200 kV. The mapping of an ROI was recorded with a 1 nm
probe size and a 2 nm step size. The nature and orientation of the
observed phases within these were retrieved by ACOM (Automated
Crystallographic Orientation Mapping) [13], with ASTAR™ from
Nanomegas.

The surface chemistry of the powder samples was studied by X-ray
Photoelectron Spectroscopy (XPS) using a Thermo Scientific™ K-Alpha™
system, equipped with a monochromatic Al Ka source for the generation of
the photoelectrons. The analysed area was about 400 ym in diameter.
Therefore, many particles were analysed at the same time providing with
an average representative result of the powder surface state of each sample.
High-resolution scans covering the binding energies of the elements of
interest (i.e. Zr3d, Cu2p, Al2p, Nb3d, O1s) were performed. To correct any
charging effect, the binding energies were calibrated to the Cls level of
adventitious carbon at 285.0 eV. The overall oxygen content of the virgin
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powder and of the powder collected on the baseplate were measured by
combustion gas analysis using a LECO O836.

3. Results and discussion

Processing of Zr-based metallic glass at moderate energy, in com-
parison to other metallic materials, to by-pass crystallisation is associ-
ated with the presence of 1-o-f defects in the as-built material, see Fig. 1a-
b). While number of such defects are systematic and associated with
insufficient energy to bond adjacent laser tracks and subsequent layers, a
close examination of large flaws reveals the presence of partially melted
and enclosed powder particles with rough surface morphologies. In
contrast, the virgin particles have smooth surfaces, see Fig. 1c-d). The
particles found in the l-o-f defects have surfaces exhibiting pits and
crevices analogous to that of spatter particles collected in the gas outlet,
see yellow arrows in Fig. 1a-b,e-f). One should bear in mind that parti-
cles collected from the gas outlet only come from spatter generation and
are not mixed with particles from the powder bed.

These observations are consistent with the connection drawn be-
tween spatter particles and l-o-f occurrence in the literature. This rela-
tionship was identified for crystalline metallic alloys by combining in
situ monitoring and ex situ X-ray tomography [3,14,15]. In addition,
with relevance to the present work, Khairallah et al. [16] underlined
that moderate power processing favours spatter redeposition rather than
generation, which is difficult to anticipate and harmful.

The most common spatter particles encountered here have an un-
even surface as depicted in Fig. le-f). With a lower frequency, some
agglomerates are also noted, alongside another type of particles, seldom
observed and identified as direct melt pool ejections (Fig. S1). Herein,
these direct melt pool ejections, also called “recoil pressure induced
droplet breakup ejections” in [4], are exceptional and not observed
within l-o-f defects. In addition, their large size ensures their removal
upon sieving. Minute amount of such ejections is consistent with the
observations of Ly et al. [4], who reported that these represent about
15% of all 316 L stainless steel spatters. The rest is owing to metal
vapour-induced particle entrainment, and accordingly, the rough
spatter particles are categorized as such.

In the atomisation context, the high viscosity of the metallic glass
results in the formation of a small amount of filament and elongated
powder particles retained after sieving (Fig. S2). In the LPBF context, the
high viscosity works against the Marangoni convective flow, thereby
limiting the forces against the surface tension and hence the generation
of direct melt pool ejections. To understand the changes spatters have
undergone, thereafter, the present study focuses on entrained spatter
particles, as seen in Fig. 1f).

FIB lamellas were taken from the surface of such particle and from a
representative one from the virgin feedstock. The BF-STEM image and
SAED pattern taken in the virgin lamella confirm the amorphous nature
of the feedstock, Fig. 2a), also verified by XRD (Fig. S3). In contrast, the
spatter particle has experienced complex structural changes in its vol-
ume, see Fig. 2b). Closer to its surface (few um in depth), the formation
of coarse structures surrounded by the amorphous matrix is visible,
while the particle core is populated by nanocrystals. The latter recall the
nanocrystals found in the HAZ of the same alloy produced by LPBF [2],
although presently larger. To identify the nature of these crystals, ACOM
analysis in these two regions was performed, see Fig. 3.

The ACOM analysis confirms the formation of coarse dendrites close
to the particle surface, with a single common orientation corresponding
to the hexagonal a-Zr(O) phase enriched in oxygen, see Fig. 3a-c). This
a-Zr(O) phase is the stable structure of pure Zr at low to intermediate
temperatures, and can dissolve up to 35 at% oxygen [17]. Herein, the
dendrites are decorated with smaller crystals of tetragonal CuZry and
cubic oxide CuyZr4O. The latter is also known as the “big-cube” phase,
whose crystallisation is promoted by small amount of oxygen impurities
in Zr-based amorphous alloys [18]. This is consistent with the presence
of 620 £+ 9 ppm oxygen in the virgin powder measured by LECO. The
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Fig. 1. Micrographs of: a-b) Lack-of-fusion defects observed in as-built parts, connected to spatter particles, c-d) Virgin powder particle, e-f) Spatter particle collected
in the gas outlet of the machine. a-d) and d-f) Images collected with BSE detector, c¢) and e) images with the SE in lens detector. The yellow arrows point out
analogous surface features on the spatter particle and the particles within the 1-o-f defects.

a)

SPATTER ‘s’ .
AN

-

Fig. 2. a) BF STEM image of the lamella taken from the virgin particle, and insert of the associated SAED pattern. b) BF STEM image of the lamella taken from the
spatter particle, where two distinct zones of crystallisation: close to the surface with coarse crystals and nanocrystals deeper in the volume.

CuZrs phase has already been identified in the LPBF and as-cast form of
this alloy after annealing at 370 °C by XRD by Ericsson et al. [19], and
upon continuous heating by Pacheco et al. [20]. These findings comply
with the thermodynamic calculations of Zhou et al. [21] on Al-Cu-Zr
showing that CuZr; is a stable phase for this system.

Marattukalam et al. [2] also reported the presence of a-Zr(O) in
as-built parts, as a devitrification product alongside the “big-cube”
phase. In their case, the size of the a-Zr(O) phase was only of about
100 nm without distinguishable dendritic microstructure. As shown by
Trivedi and Laorchan [22], the crystal morphology formed in an
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Fig. 3. Characterization of the spatter inner crystallisation with ACOM on the dendritic and nanocrystalline regions: a-d) BF STEM, b-e) Phase maps, c-f) Orientation
maps particles, and g) selected diffraction patterns with the overlaid matching template and corresponding phase reliability index. Low phase reliability solutions are

removed and appear in black in the maps.

amorphous matrix can vary from dendrites to small spherical crystals
when increasing undercooling. The presence of dendrites close to the
surface of the spatter suggests that the spatter was heated locally to
temperatures allowing significant atomic diffusion, experiencing partial
melting. In addition, these regions cooled down slower than the LPBF
melt pool or upon atomisation, for which no such crystallisation is
noted. Upon the formation of a-Zr(O), Cu is expected to be rejected into
the glassy phase, and a new equilibrium is established between the
dendrite and the matrix of new composition. This may induce the
crystallisation of the two other Cu-rich phases at the dendrite — matrix
interface. As emphasized by Marattukalam et al. [2], one can also sus-
pect that the a-Zr(O) phase plays an important role on the formation of
CuyZr40, in a similar fashion as reported for the metastable Ni;OZr4 in
the Zr-Al-Cu-Ni system [23,24]. Indeed, oxygen occupies the octahedral
sites of the hexagonal lattice and is surrounded by 6 atoms, and hence it
has the same coordination as in the “big-cube” CuZr4O phase.

It should be pointed out that the dendrites decorated by CuZry and
CuyZr40 are surrounded by the amorphous matrix free of other phases.
This absence of “big-cube” phase nanocrystals suggests that this region
underwent solidification, rather than solid-state transformation. As
exploited by Cheng et al. [25] for a Zr-Ti-Nb-Cu-Ni-Be, Zr phases like
a-Zr(0) with high solubility of oxygen, may act as oxygen getters from
the glass matrix upon solidification, which may further hinder the for-
mation of “big-cube” nanocrystals.

The nanocrystals in the particle volume are also identified as the
“big-cube” phase, see Fig. 3d-f). Previous work report the presence of
similar “big-cube” nanocrystals in the as-built HAZ [2,26]. As reported
by Barrico et al. [18], the microstructure of this phase can vary from
coarse in thick ribbons and casting to nanocrystals in annealed fully

amorphous materials. These elements suggest that the region displayed
in Fig. 3e), is likely to have undergone solid-state transformation upon
the vapour-induced particle entrainment.

These observations allow us to infer that the spatter particle has
experienced a complex thermal history leading to the a-Zr(O) dendrite
formation, probably originating from solidification of a melted region,
concomitant to the growth of “big-cube” nanocrystals in the rest of the
particle. The a-Zr(O) formation is suspected to be responsible for the
spatter surface roughness which exhibits dendritic pattern (Fig. S4),
although the connection is not yet fully elucidated. While solidification
shrinkage can be ruled out as the a-Zr(O) and the amorphous matrix
have similar densities (i.e., in the range 6.5-6.7 g/cm3) These observa-
tions recall the work of Scheffler et al. [27] on surface crystallisation in
which a “pulling-in” or “pushing-out™ effect of the surface is caused by
the crystallisation of different crystal faces.

The presence of 1-o-f defects in connection to spatters redeposition
may be severe for the present process, since the deposited layers are only
20 um thick, in order to limit the laser energy necessary. Despite spatters
of size similar to virgin particles, redeposition can lead to important
local layer thickness variations. In addition, the crystalline phases
formed in the spatter particle will melt at higher temperatures than the
amorphous matrix and may act as a consolidation barrier. For example,
it is interesting to point out that Yue et al. [28] had to use an energy
density of 60 J/mm? for LPBF of pure Zr (i.e. about 3 times present
energy), whose melting point is close to 1850 °C. Hence, one could think
of scanning strategies including higher power remelting to remove
spatter-related l-o-f. Once a larger volume of spatter particles is
collected, future work will focus on processing the Zr-based glass with
recycled powder.
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Fig. 4. XPS analysis of the virgin powder, of the powder on the baseplate collected after the print was completed, and of the spatter particles collected in the gas
outlet: a) Survey spectra, and narrow scans on Zr3d, Cu2p, Al2p and O1s for b) the virgin and c) the spatter samples.

The XPS survey scans presented in Fig. 4a) highlight that the surface
chemistry of the powder on the baseplate after printing is very similar to
the virgin feedstock and to the collected spatters. In addition, the narrow
scans on Zr3d allow the collection of the metallic and oxide contribu-
tions in similar ratios for the virgin and spatter samples. Hence, the
surface oxide (i.e. oxide and hydroxide) is likely of the order of 10 nm
for the two samples. This is consistent with the absence of obvious oxide
features on the rough spatter particles in Fig. 1e-f). In addition, only a
minor oxygen pick-up is measured in the powder sample collected from
the baseplate, i.e. 642 + 4 ppm. The narrow scans and corresponding

peak fitting on the other main alloying elements enable to compare the
oxide contributions of the three samples as reported in Table 1. It points
out the enrichment in Cu of the surface oxide on spatters, with a ratio of
normalised Cu to Zr oxide content in the spatter sample about twice that
of the virgin one.

4. Conclusions

In summary, the spatter properties of the most commonly Zr-based
metallic glass for LPBF were presented. The typical spatter type was
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Table 1

Normalised cations concentrations from the fitting of the narrow scans, and
ratios of cations for the virgin powder, the spatter particles collected in the gas
outlet and the powder on the baseplate.

Al ox Cu ox Zr ox Nb Cu ox/ Al ox/Cu Al ox/

% % % 0x% Zr ox ox Nb ox
Virgin 0.3 47.6 49.5 2.6 1.0 0.007 0.1
Spatter 0.3 64.1 34.1 1.5 1.9 0.005 0.2
Baseplate 0.3 48.3 49.4 2.0 1.0 0.006 0.1

identified as entrained particles, which underwent complex heating
upon ejection, resulting in a-Zr(O) dendrite crystallisation, alongside
CuyZr40 “big-cube” nanocrystals formation. This work supports the next
step consisting in evaluating the impact of the structural and chemical
changes of the powder on the as-built material integrity.
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