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Abstract

Zr-based bulk metallic glasses offer a unique combination of hardness, high strength, and high elastic limits. Yet, manufacturable size and
complexity are limited due to the required cooling rates. Short laser-material interaction times together with layer-wise and selective energy input
allows the laser powder bed fusion process to largely overcome those restrictions. Still, the complex process-material interactions inhere numerous
uncertainties. In the present work, additively manufactured Zr-based bulk metallic glasses produced under three different process gases are
investigated by calorimetry, x-ray diffraction, and bending tests. A strong dependence between the thermophysical properties, flexural strength,

and the applied atmosphere is found.
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1. Introduction

Additive manufacturing is steadily emerging as a production
method in the recent decade. Among the different techniques,
the powder bed fusion of metals using a laser beam (PBF-
LB/M) established as the most promising process for the
efficient fabrication of highly complex and customized shapes.
The design freedom is especially desirable in the medical,
automotive, and aerospace industries, driving PBF-LB/M-
manufactured components to series production [1, 2]. Such
applications often demand advanced material performance.
Apart from new geometrical possibilities, the layer-wise build-
up process combined with highly dynamic laser exposure
favors the creation of non-equilibrium microstructures, hence
creating further potential for functional parts and material
design [3, 4]. In this context, the PBF-LB/M process
inaugurates new opportunities in the fabrication of bulk
metallic glasses (BMGs). High cooling rates between

2212-8271 © 2020 The Authors. Published by Elsevier B.V.

10*-10°K/s combined with the layer-wise energy input allows
for largely suppressed crystallization and thus surpasses the
current possibilities given by casting methods [5—7]. The
amorphous microstructure of Zr-based BMGs leads to high
strength, elastic limits of 2 % or more, and high corrosion
resistance [8]. Furthermore, the isotropic and homogenous
mechanical properties of BMGs are especially desirable for
additively manufactured parts [9]. However, the PBF-LB/M
process is featured by complex multi-physical laser-material
interactions. Respectively, the processing of BMGs inheres
additional challenges, since not only lack of fusion but also
crystallization must be prevented through a careful parameter
selection to retain the aspired mechanical properties of BMGs
[6, 10, 11]. The crystallization of Zr-based BMGs during PBF-
LB/M is strongly related to increased energy inputs applied by
the process parameters. The detrimental phase formations not
only consist of primary crystalline phases such as Zr,Cu but
also oxide phases [11, 12]. Oxygen impurities, therefore, play a
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crucial role for the glass-forming ability (GFA) of Zr-based
BMGs regarding PBF-LB/M. Bordeenithikasem et al. for
instance report in [13] that crystallization, and hence the
resulting mechanical properties, are strongly affected by the
oxygen content within the fabricated material. Further, Pacheco
et al. investigated the thermal stability of PBF-LB/M
manufactured AMZ4 and observed the formation of
nanocrystalline oxides [12]. Respectively deteriorated
mechanical properties in dependence on the oxygen
contamination were also reported in [14]. This further leads to
questions about the impact of the applied shielding gases during
PBF-LB/M. In this context, not only the influence of residual
oxygen contamination within the process atmosphere but also
the gas-material interactions may play a crucial role regarding
the resulting mechanical properties and the economic aspects,
since laboratory-grade gases can be a non-negligible cost
driver. Studies addressing the atmosphere during laser powder
bed fusion are rare [15, 16]. The established shielding gases in
PBF-LB/M are N, and Ar [17]. While argon as a noble gas is
inert, N, can dissolve, react, and form nitrides [18]. Liu et al.
report in [19] that the GFA of Zr-based BMGs is promoted by
nitrogen-doping between 1000 and 3000 appm during casting
in a CusZrssAl; alloy by suppressing the formation of the
primary Zr-Cu-phase, inhering potential benefit for the
application in PBF-LB/M-process. Conventional welding
techniques on the other hand often apply gas mixtures
subjecting the particular requirements, for instance by Ha
addition. Due to its high thermal conductivity and oxygen-
reducing chemical activity, the influence of H, doped gases in
the PBF-LB/M of BMGs appears promising in order to reduce
nano-crystalline oxide formation during the process and
potentially be beneficial to increase local cooling rates [20].
Regarding the material properties, microalloying of H, is
reported to enhance GFA and plasticity in casted Zr-based
BMGs. Dong et al. report that additions of 10 - 30 % H led to
increased free volumes and enhanced plastic strain [21]. This
study aims to evaluate the possibilities for process optimization
of PBF-LB/M fabrication of Zr-based BMGs regarding the used
process gas. Therefore, PBF-LB/M-manufactured samples are
systematically analyzed in terms of their microstructure,
thermophysical properties, and mechanical performance.
Specimens produced under high-purity argon are compared to
samples produced under less expensive, commercial purity N
process gas as well as a commercial purity argon-hydrogen
mixture.

2. Experimental procedure
2.1. PBF-LB/M process

Argon atomized powder with a nominal chemical
composition of Zrse3Cuzs sAli04Nb; s (in at. %) and an average
particle size x50 of 23.65 um was provided by Heraecus GmbH.
The material was processed on an M100 PBF-LB/M system
(eos GmbH) equipped with a 1064 nm wavelength fiber laser
and a nominal spot-size d of 40 um. Three different shielding
gases were investigated: Na “N40” with 99.99 vol.% purity,
“ARCAL prime” 99.998 vol.% Ar by Air Liquide GmbH, and
the argon-hydrogen mixture “Varigon® H2” containing

2 vol.% hydrogen (AresH,) provided by Linde with a purity of
99.95 vol.% were investigated in three PBF-LB/M processes.
The residual oxygen level was held below 0.05 = 0.02 vol.%,
as measured by the integrated oxygen sensor of the PBF-LB/M
machine. Cubes with an edge length of 5 mm were processed
to determine the influence of the respective gas on the
processable parameter windows. Based on King et al. [22] a
quantification of the energy deposition during PBF-LB/M
dependent on the process parameters laser power P and scan
speed v for the conduction and keyhole mode during melting
can be given by (1):

AH AP n
hs hgmt/av -d?

The absorptivity A, the melting enthalpy hg, and the thermal
diffusivity o are considered as given intrinsic material
properties throughout the experimental procedure of this study.
Therefore, the energy deposition is proportional to the ratio of

the applied laser power and the root of the scan
speed [22,23] (2):
P
AH ~ NG 2)

In contrast to other approaches, such as line energy density
(P/v), here the laser power is considered to have a stronger
impact on the energy deposition than the scan speed. This is in
accordance with Tsai et al., who showed that the peak
temperatures originating from exposure with a gaussian laser
beam are proportional to the ratio of P /+/v [23, 24]. Therefore,
the applied process parameters are further represented by e; as
the ratio of P/+/v. In this context, ; was varied between 894
and 1375 mW /vms~1. Volumetric process parameters were
kept constant at a layer thickness ds= 20 pm and hatch distance
h =40 um. For the mechanical characterization, four bending
beams were fabricated in horizontal alignment to the bending
direction. The beams were built with a length of 25.2 mm, a
height 2.8 mm, and a width of 1.9 mm, with respect to the built
orientation and evaluated by three-point bending. The process
parameters were set based on Wegner et al. in [14], applying an

e of 894 mW/AV/m -s~1.

2.2. Structural and mechanical analysis

After processing, the cubic samples were cut in half along
the building direction and prepared for further analysis. To
conduct microscopy and hardness indentation, one half of each
cube was embedded in epoxy and further ground and polished
down to 1 um diamond suspension. The intrinsic porosity was
then determined through optical density measurements using a
BX50M light microscope together with the stream essential
software by Olympus GmbH. Hardness indentation was
performed according to DIN ENISO 6507-1 (HVS5) on
polished cross-sections and was averaged over five
measurements per sample. Bending beams were sanded and
tested via three-point flexural bending with a Shimadzu testing
machine as explained in detail in [14].
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2.3. Thermophysical analysis

In order to analyze the influence of the shielding gas on the
thermophysical properties, the remaining half of each cube was
analyzed by means of x-ray diffraction (XRD) and differential
scanning calorimetry (DSC). An X’Pert Pro MPD (Panalytical)
diffractometer was used, equipped with a copper tube emitting
K, radiation with a wavelength of 1.5406 A. The angular angle
20 (Bragg angle) was scanned from 20° to 50°. DSC scans were
performed with a Perkin Elmer Diamond DSC applying a
heating rate of 60 K/min from 323 K to 753 K. The samples
were measured in aluminum crucibles under argon flow.

3. Results and discussion
3.1. Influence on the structural properties

The application of the Ar and ArosH> atmosphere enabled
stable processing of the entire range of investigated parameter
range. On the contrary, the N, atmosphere led to a narrowed
processable range. Here, samples processed with an ej-value
above 1230 mW/vm - s71, had to be excluded from exposure
during the process, due to the collision of the samples with the
recoater blade. The reduced process stability of samples
processed under N was the result of distinctive stress-induced
cracking along the contour surfaces and occasionally in the
boundary surface towards the substrate, as exemplarily shown
in (Fig. 1).

N: Ar

ArggHz

Fig. 1. Exemplarily cross sections of samples processed under N,, Ar and
ArogH, comparing e; (a)-(c): 894 and (d)-(e): 1125 mW/ vm - s~1. Cracks are
marked with red arrows.

As illustrated in Fig. 2, the relative density of the
investigated parameter window resulted in relative densities
above ~ 99 % throughout the sample series. With increasing
energy input, a further decreasing porosity was observed.
Voids occur as mostly spherical gas pores and lack of fusion
for energy levels below 1000 mW /vm-s~1, while with
increasing energy input only spherical gas pores remain
(compare Fig. 1). Among the compared gases, Ar led to a
slightly increased relative density compared to N, and ArgsH».
At ambient conditions (300 K and 100 kPA), Ar inheres with

17.9 mW/mK the lowest thermal conductivity compared to N,
(26 mW/mK) and ArosH> (~21.18 mW/mK), which contributes
to increased temperatures within the melt pool and the heat-
affected zone [25], hence decreased lack of fusion is expected
[26]. However, the influence is subordinated compared to the
energy input, since the heat convection through the gas has a
minor influence on the melt pool temperature of the PBF-LB/M
process and the relative density [15, 27].
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Fig. 2. Optically measured relative density in dependence of the energy input
e; for N,, Ar, and AresH, -shielding gas. N, samples processed with an
e; > 1230 mW/Vm - s~ had to be excluded from further exposure

3.2. Influence on the thermophysical properties

Exemplary DSC-scans of three samples produced under No,
Ar, and ArosH, with identical parameter sets, thus equivalent
energy inputs of 894 mW/vm - s=1 are shown in Fig. 3a). At
first glance, all curves show, in principle, the typical
behavior of amorphous AMZ4 [14, 28]. A glass transition
occurs at about 673 K as a rise of the heat flow from the
glassy state level to the supercooled liquid (SCL) state level.
At about 730 K, the SCL starts to crystallize as indicated by
a massive exothermal event in the heat flow curve. The
enthalpy of crystallization AHy is defined by the integration
over the respective exothermal event that starts at the end of
the supercooled liquid state, as illustrated by the dotted lines
in Fig. 3a). Fig. 3b) compares the obtained AHx values for
the fabricated samples. The usage of Ar and ArosH> resulted
in AHy values in the order of 4300-4600 J/mol, which is a
typical value for amorphous PBF-LB/M-processed AMZ4
samples [14]. Here, AHx only decreases for e; values above
1230 mW/vm - s~1 using ArgsHzand 1375 mW//m - s=1 in
Ar. Thus, a relative density of ~ 99,8 % can be achieved
without distinct crystallization within the samples. Different
behavior is found for samples produced under N,. Here, AHy
only reaches about 4100 J/mol for low energy inputs and
further decreases for growing e; values, indicating partially
crystalline samples after the PBF-LB/M process. Therefore,
within the investigated framework of this study, the usage of
“N40” N> does not allow the fully amorphous processing of
AMZ4.
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! ' ! ' ' ' scale as the investigated N, the oxide formation is
significantly reduced. This might be attributed to an oxygen

§ reduction caused by the hydrogen content. However, the
3 effect vanishes compared to the high-purity Ar gas used in
§ this study.
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Fig. 3. (a) exemplary DSC measurements, the dotted lines indicate the The observed increase of the crystalline fraction accompanied
integration interval (b) Enthalpy of crystallization Hy in dependence of e; and by the usage of N, processed samples was accompanied by
the introduced gases N2, Ar, and ArosH, enhanced mean hardness values as illustrated in Fig. 5. The

Th e XRD | ) din Fie. 4. F hardness further rises with the energy input under N, from
ree representative results are pictured in Fig. 4. For 451 + 8 t0 496 + 9 HVS.

ei= 894 mW/vm-s~1, the diffractogram of the sample

formed' under Ar . sh.ows. an amorph'ous halo w1thogt EEN, A Bl A,

crystalline reflexes, indicating a glassy microstructure within — 7777
the detection limits. In comparison, the usage of N, and 500 4
ArggH> led to crystalline reflexes, which corresponds well to
those of the CuxZr4O phase reported in the literature [11, 12].
With increasing e;, the amount and intensity of crystalline 475 | -
reflexes increase for all process gases whereas N»-formed
samples feature the most distinct peaks over the entire e;
range. [11, 12]. As the energy input increases, the size and
dwell time of the melt pool increases. Thus, the interaction
time and reactive area between the molten material and
shielding gas is enhanced, fostering reactions with the
surrounding atmosphere. [29] Consequentially, also the heat-
affected zone grows, and the effect of heat treatment in the
subsequent layers increases the timespan for nucleation and 400_= =
growth of Cu-Zr-phases and oxides in the material. It is 0

noticeable that despite the rather high reactivity of Ny, the 894 943 1000 1006 1061 1125 1230 1296 1375
formation of oxides is predominant compared to the Energy input ¢; (mW/(ms™))

formation of nitrides. Since the residual oxygen

contamination within the chamber (0.05 + 0.02 vol.%) was Fig. 5. (a) Mean Vickers hardness in dependence of the energy input e; and
held constant and the powder material was not reused over the used shielding gases N, Ar, and ArogH,.

the different processes, an additional oxygen uptake

resulting from the N flow is concluded. Compared to that, The correlation between energy input and hardness with
samples built under Ar-based (Ar, ArosH>) shielding gases argon-based shielding gases is distinctive with higher e; where
exhibited minor crystalline fractions. Although the amount a significant hardness increase is observed with
of impurities in the ArosH> gas mixture is within the same 1375 mW/~vms~1, corresponding to the decrease of the
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crystallization enthalpy and formation of Cu,ZrsO-oxides as
seen in Fig. 3 and Fig. 4. Further fluctuating hardness values
are also attributed to the varying relative densities.

The impact of the microstructural condition on the flexural
strength is illustrated in Fig. 6. All investigated bending beams
exhibited brittle fracture without plastic deformation and
comparable young’s modulus of ~82 GPa. Bending beams built
in Ar showed a flexural strength of 1684.3 + 115.5 MPa which
is in good correspondence with the observations from Wegner
et al in [14]. In comparison, beams processed under ArogH>
exhibited a slightly increased flexural strength of
1692.7 £49.7 MPa. The Nj-atmosphere led to a severe
reduction of flexural bending strength of ~30% to
1167.3 £ 107.9 MPa. Since the relative density values of the
ArgsH> and N, samples are equal at the applied energy input
level of 894 mW /vms~1, the significant weakening is

2000 T T T T T T T T
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800 | kel

Flexural Stress [MPa]

400 F

00 05 10 15 20 25 30 35 40 45
Strain [%]

Fig. 6. Mean stress-strain curves averaged over four measurements for each
applied shielding gas. The samples are processed with an e; of

894 mW/Vm -s~1.

attributed to the increased crystalline fraction in this context.
One can conclude that the present residual porosity of ~1 % has
a minor influence on the flexural strength, compared to the
microstructural weakening through the crystalline fraction
[14]. It is noteworthy, that although the applied parameter set
revealed first signs of crystallization within the XRD and DSC-
measurements in the material processed under ArosH», no
distinct weakening of the material was present. However,
measuring the hydrogen and oxygen uptake during the process
is further necessary to quantify the impact of hydrogen addition
in the process gas.

5. Conclusion

The influence of three different shielding gases
(N2, Ar, and ArogHy) on the PBF-LB/M-process and the
resulting structural, mechanical, and thermophysical properties
of Zrso3CuxgsAlio4Nbis were investigated. Applying high
purity Ar as shielding gas led to fully amorphous processing
with a relative density of 99.8 %. The usage of N>-shielding gas
led to a reduction of the processable parameter range

accompanied by severe cracking and crystallization. However,
no reaction of nitrogen with the alloy was observed, instead the
formation of ZrsCu,O was observed as the primary phase
formation for all investigated gases. Despite a similar impurity
as the applied N the introduced ArogH> as shielding gas led to
comparable results as Ar. Introducing hydrogen as a reducing
element, therefore, appears as a promising approach to reduce
the influence of oxygen impurities in the introduced gases.
Therefore, further investigations with lower impurities within
the gas mixture and higher H contents will be performed.
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