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ABSTRACT

Additive manufacturing of bulk metallic glasses (BMGs) through laser powder bed fusion (LPBF) has drawn
growing interest in the last years, especially concerning industry-relevant alloys based on iron or zirconium.
The process-inherent high cooling rates and localized melting pools allow to overcome geometrical restrictions
given for the production of BMGs by classical casting routes. Yet, the achievable surface qualities are still limited,
making an adequate post-processing necessary. In this work, we report on applying thermoplastic forming on
LPBF-formed parts for the first time to decrease surface roughness and imprint finely structured surface patterns
without the need for complex abrasive machining. This BMG-specific post-processing approach allows to
functionalize surface areas on highly complex LPBF-formed specimens, which could be of interest especially

for medical or jewelry applications.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Bulk metallic glasses (BMGs) are a relatively new class of engineer-
ing materials. Their combination of high strength and hardness on the
one hand and elastic limits up to 2% similar to polymers on the other
hand offers significant advantages over crystalline metals [1]. BMGs
are produced by rapid cooling from the equilibrium liquid state to
avoid crystallization until vitrification occurs at the glass transition tem-
perature. Massive alloy development efforts resulted in various multi-
component alloys with high glass forming ability (GFA). A parameter
that directly defines the GFA of a given system is the critical cooling
rate (CCR), which is the slowest rate that ensures glass formation with-
out crystallization effects during undercooling. BMGs are mostly pro-
duced via classical casting routes, where the high-temperature melt is
poured, injected, or sucked into a (water-cooled) metallic mold. As
the glassy specimen is monolithically produced by dissipating the heat
of the liquid through the mold interface, the achievable cooling rates
in the inner volume of a cast part decrease with sample thickness. This
results in an upper size boundary for fully amorphous cast specimen
that can be quantified by the critical casting thickness, which is the max-
imum diameter in which an amorphous rod-shaped sample can be cast.
This size limitation, in combination with the typical geometric limita-
tions of a casting process, hinders the industrial applicability of this ma-
terial class until today. A novel approach to overcome these restrictions
is the additive manufacturing of metallic glasses by laser powder bed
fusion (LPBF) [2-5]. The layer-wise manufacturing approach with
very small and localized melt pools, features high cooling rates up to
10° K/s [6]. This allows to create large and complexly shaped parts
that cannot be produced by casting. Besides this advantage of LPBF-
produced BMGs over cast specimens, the powder based process also
inheres some drawbacks. The achievable surface quality is limited due
to the powder feedstock material, staircase effects resulting from the
layer-wise built-up, and sintered particles at the interface between the
powder bed and the part. The resulting surface roughness limits the
spectrum of possible applications, especially in the biomedical sector,
where precisely defined surfaces are often needed [7]. Therefore, func-
tional surfaces of LPBF-manufactured parts generally have to be post-
processed to meet the requirements. In this context, several techniques
such as electro-polishing [8] or abrasive flow machining [9] are subjects
to current research. However, the achievable finish quality is often lim-
ited and can be detrimental for certain surface topographies such as
open cavities and edges. Therefore, the development of adequate post-
processing routes for complex surface structures is in high demand.

Aninteresting advantage of BMGs over common crystalline metals is
the possibility of thermoplastic forming (TPF). Thereby, an initially
glassy specimen is heated into the supercooled liquid state, where the
viscosity ranges between roughly 10' to 10° Pa s [10]. These conditions
allow viscoplastic deformation through applied mechanical loads in
analogy to thermoforming or blow molding processes known from
thermoplastics or silicate glasses. The specimen can be formed into a de-
sired geometry, followed by quick cooling into the glassy state to pre-
vent undesired crystallization. High surface qualities are possible since
even structures on the nanoscopic scale can be imprinted [11,12]. Re-
cent studies about viscoplastic deformation of a LPBF-formed BMG
have sparked interest to functionalize TPF post-processing for additive
manufacturing [13]. Thus, the aim of this study is to demonstrate the
possibility of combining both processes to synergize the geometrical
freedom given by LPBF with the high-quality surface post-processing
achievable by TPF.

2. Materials and methods

Gas-atomized powder of the commercially available glass forming
alloy AMZ4 [14] (composition in at.%: Zrsg 4Cuyg g Al1g4Nb; 5) with an
oxygen content of about 1580 pg/g and a mean particle diameter Xsq
of 37.8 um was provided by Heraeus Amloy Technologies GmbH.
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Beam-shaped samples (1.9 x 2.8 x 25.2 mm?) and cylindrical specimen
(12 mm diameter, 3 mm height) were produced under argon gas atmo-
sphere using an eos M100 LPBF device that features a fiber laser with a
wavelength of 1064 nm. The process parameters were set according to
two previous studies by Wegner et al. to reach a volume energy density
of 25 J/mm? and allow to produce samples with optical relative densi-
ties in the order of 99.5% or above [15,16].

For TPF processing, samples were heated in a custom build TPF appa-
ratus under vacuum to the desired processing temperature (between
703 K and 723 K), at which AMZ4 reaches the highly viscous
supercooled liquid (SCL) state. The samples were held isothermally for
a defined time while the applied pressure caused viscous flow and plas-
tic deformation. Subsequently, the samples were cooled back into the
glassy state with the help of a Peltier element reaching cooling rates in
the order of 10 K/s [17,18]. The maximum pressing force of the device
is F = 4500 N. Details about the technique and the apparatus as well
as a sophisticated study of TPF process parameters for cast AMZ4 sam-
ples can be found in previous works [10,18]. In the present study,
three setups are tested. An overview of the setups, used sample geome-
tries, and applied analysis methods can be found in Fig. 1.

For setup (A), beam-shaped samples were loaded with a comparably
low pressing force of F = 500 N for t = 30 s at a temperature of T =
713 K to test, in principle, the influence of TPF on the thermophysical
and mechanical properties. The relatively low force caused only slight
deformation of the sample and allows subsequent mechanical testing
of the beam.

In setup (B), the possibility to increase the surface quality of as-built
LPBF samples was tested. Thereby, cylindrical specimens were placed in
a suitable setup consisting of a casing and two pistons, schematically il-
lustrated in Fig. 1, to prevent massive deformation through viscous flow
and were loaded to smoothen the rough upskin surface. The process pa-
rameters were set to F = 4500 N, t = 40s,and T = 723 K.

In setup (C), a finely structured hard metal template, provided by
Olympus Surgical Technologies Europe, was pressed into a sanded
beam sample to demonstrate the possibility to imprint a complex sur-
face pattern, as shown in principle in Fig. 1. In this case the used process-
ing parameters were F = 3000 N, t = 30 s,and T = 703 K.

Mechanical testing of beam-shaped LPBF-formed samples in as-built
condition (LPBF-AB) and after TPF post-processing according to setup
(A) (LPBF-TPF) was performed in three-point bending (3PB) mode to
obtain stress-strain curves using a Shimadzu testing machine, as de-
scribed in [16]. The surfaces of the beams to be tested were sanded to
achieve a well-defined geometry and surface roughness. The amor-
phous state of LPBF-AB and LPBF-TPF samples was verified by calorime-
try and X-ray diffraction. A power compensated Perkin Elmer DSC 8000
was used to perform temperature scan measurements with a constant
heating rate of 1 K/s between 373 and 853 K in aluminum pans under
argon flow to allow the quantification of the glass transition tempera-
ture T, the starting temperature of crystallization T, and the enthalpy
of crystallization AH,. X-ray diffraction was performed in a range of
angles (26) between 20° and 80° with a PANalytical X'Pert Pro diffrac-
tometer using Cu-K,, radiation. Furthermore, high-energy synchrotron
X-ray diffraction (HESXRD) of an as-cast reference as well as a LPBF-
AB and LPBF-TPF sample was measured at the P21.2 beamline facility
of PETRA III of the Deutsche Elektronen-Synchrotron (DESY). Measure-
ments at room temperature were performed with a wavelength of
0.177138 A (70 keV) in transition mode, using a VAREX XRD4343CT de-
tector (2880 x 2880 pixels). The two dimensional diffraction pattern
were integrated using PyFAI and further processed using the PDFgetX2
software to obtain the total structure factor S(Q).

Testing of surface roughness of the upper surface of the cylindrical
samples before and after TPF-treatment according to setup (B) was
done by a tactile method, using a Mitutoyo S]-400 device in analogy
with the DIN EN ISO 4288 standard. Yet, the dimensions of the sample
limited the evaluation length to the sample diameter of 12 mm. Optical
microscopy was performed using an Olympus BX51 device. Thereby, the
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Fig. 1. Overview of the three TPF processing setups, the sample geometries with their respective surface treatment, and the subsequently used analysis methods.

optical density of LPBF-formed beams was determined using the Stream
software provided by Olympus GmbH. Scanning electron microscopy
was done using a Zeiss Sigma VP device in secondary electron
imaging mode.

3. Results

The relative density analysis via optical microscopy reveals that the
beam samples before and after TPF setup (A) feature high and basically
identical densities of 99.62 4 0.2% and 99.66 + 0.2%, respectively. Re-
maining porosity appears to be mostly spherical gas pores, as can be
seen in Fig. A of the Supplementary material.

Fig. 2 compares DSC, XRD, and 3PB results of an as-built LPBF-formed
beam (termed LPBF-AB, black curves) and an identical LPBF-formed
beam after TPF (termed LPBF-TPF, red curves) according to setup (A).
Both diffractograms that are displayed in Fig. 2a do not show Bragg
peaks which would reflect a major volume fraction of crystals in the
specimens. Instead the diffractograms show a typical broad halo, indi-
cating an overall amorphous structure within the detection limits of
this method. In Fig. 2b, both DSC curves show a glass transition from
the initial glassy state into the supercooled liquid state at glass transi-
tion temperatures T, of 683 K (LPBF-AB) and 680 K (LPBF-TPF). Crystal-
lization occurs for both samples at Ty = 758 K, integration over the
respective exothermal events reveals the enthalpies of crystallization
AH, that are found to be 4.02 kJ/g-atom (LPBF-AB) and 3.91 kJ/g-atom

(LPBEF-TPF). The results are relatively similar and reflect a typical AHy
value for amorphous AMZ4, further validating the overall amorphous
nature of the beams [16]. Differences can be found in the slightly differ-
ing shape of the crystallization signal as well as in the sub-T, behavior of
both samples. While the LPBF-AB sample indicates distinct structural re-
laxation in form of an exothermal signal below Tg, such an effect cannot
be observed for the LPBF-TPF sample, revealing different relaxation
states. In Fig. 2c, the stress-strain curves of both samples show an almost
identical behavior with a Young's modulus of about 81 GPa, a fracture
strength o of roughly 2.1 GPa, and no observable plastic deformation.
In contrast, an AMZ4 sample cast from high-purity material (the oxygen
content of the used Zr is about 13 pg/g [19]) shows pronounced plastic-
ity, combined with a Young's modulus of about 76 GPa and a yield stress
oy of about 2.1 GPa (gray dotted line, taken from reference [18]).

Fig. 3 shows the HESXRD S(Q) results of a high purity as-cast refer-
ence AMZ4 sample, a beam-shaped LPBF-AB sample and a LPBF-TPF
sample treated according to setup (A). While the as-cast sample
shows no Bragg peaks, the LPBF-AB sample features slight reflexes, indi-
cating the presence of a small amount of crystalline fraction in an overall
amorphous structure. The LPBF-TPF sample still shows an overall amor-
phous structure but with a further increased amount and intensity of
crystalline reflexes.

Fig. 4a depicts the casing and pistons used to improve the surface
roughness of as-built LPBF-samples according to setup (B). The surfaces
of a LPBF-AB and a post-processed LPBF-TPF cylinder are compared in
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Fig. 2. a) XRD diffractograms of an as-built additionally formed beam-shaped sample
(LPBF-AB) and a TPF post-processed (LPBF-TPF) beam, according to setup (A). Both
samples show the typical halo, indicating an amorphous structure without crystallites.
b) DSC scans of the LPBF-AB and the LPBF-TPF sample. Both of them show a glass
transition at about 700 K, followed by the supercooled liquid state and crystallization at
roughly 750 K with almost identical crystallization enthalpy AH,. c) Results of the three-
point bending mechanical testing. LPBF-AB and LPBF-TPF samples show a similar
fracture strength of of about 2.1 GPa without ductile behavior. In contrast, an as-cast
reference beam sample reaches its yield strength at 2.1 GPa, followed by remarkable
plastic deformation.

Fig. 4b and c. Here, a drastic reduction of surface roughness through the
TPF post-processing is visible. This is further quantified by the results of
the roughness testing. Without TPF, the R, and R, values are 14.2 +
0.3 um and 99.4 + 13.8 um. After TPF post-processing, these values
are reduced by about one order of magnitude to 1.1 4+ 0.4 pm and
10.2 4+ 3.1 pm, respectively. The TPF-imprinted beam from setup
(C) is shown in Fig. 4d, together with the used hard metal template.
Due to the lack of containment in contrast to setup (B), bulging through
plastic deformation is visible on the side faces of the TPF-pressed part.
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The surfaces of template and beam are shown in detail in Fig. 4e
and with further magnification in the SEM images in Fig. 4f. The overall
surface topology of the hard metal template is mirrored on the beam
surface. Thereby, even the fine milling cuts of the template are
reproduced on the imprinted surface of the BMG part.

4. Discussion

In the present study, the viability to produce amorphous AMZ4 sam-
ples using LPBF is confirmed by the XRD and DSC results within the de-
tection limits of these analysis methods. This generally agree with
earlier studies published so far [15,16,20-22]. The same applies for
the LPBF-TPF sample, demonstrating the applicability of TPF post-
processing without major loss of the desired glassy state of the material,
if the processing window is judiciously chosen. Mechanical testing re-
veals that the LPBF-AB and the LPBF-TPF sample are both able to repro-
duce the yield strength of the high-purity as-cast reference sample. Yet,
while the cast sample allows for considerable plastic deformation, the
LPBF-formed ones show brittle behavior, causing the yield point and
fracture point to coincide. Furthermore, the additively manufactured
samples show a slightly higher Young's modulus than the cast refer-
ence. Bordeenithikasem et al. [20] reported fracture stresses of about
1.3 GPa for LPBF-formed AMZ4, which is distinctly below the yield
strength of the alloy. This effect was i.a. attributed to the presence of ir-
regularly shaped gas pores that act as crack initiation sites and lead to
premature sample failure, a commonly observed mechanism in metallic
glasses [23-26]. Yet, since very high optical densities above 99.6% with
mostly spherically shaped pores are present, as previously reported in
[15,16], and since the LPBF-formed AMZ4 in this study shows no prema-
ture failure before the yield stress is reached, porosities are not identi-
fied as a crucial threat to the mechanical integrity, as previously
suggested in reference [16].

Conventional XRD is known to only provide information about the
average structure of the investigated sample, thereby leaving small
crystalline fractions or especially nano-crystals possibly undetected
[27]. At this point, the extremely high flux used for HESXRD helps to de-
tect smaller crystalline fractions, as shown in Fig. 3. The LPBF-AB sample
features slight Bragg peaks in the HESXRD S(Q) data, which is in agree-
ment with Pacheco et al., who recently found that small degrees of
nano-crystallinity are a common feature of LPBF-formed AMZ4 [22].
Comparing the HESXRD total structure factors of LPBF-AB and the
LPBF-TPF sample, the TPF process is found to further increase the degree
of crystallinity. This is not surprising as TPF is performed in the
supercooled liquid state, where the increased atomic mobility allows
crystal nucleation and growth [28]. Based on previous works [29-31],
nano-crystalline Zr4Cu,0 has been identified as the primary crystalline
phase that forms during heating of LPBF-formed AMZ4, followed by
AlsZr4 and Zr,Cu [22]. Thus, the same types of nano-crystalline phases
can be assumed to be present in a small degree in the LPBF-TPF sample,
although the low amount and intensity of the Bragg peaks in Fig. 2 pro-
hibit a clear phase identification. Yet, the increase in crystallinity is still
low enough to be concealed by the detection limit of conventional XRD,
see Fig. 2a. The change in the DSC crystallization signal shape, see
Fig. 2b, and the slightly reduced AHy value seem to reflect the
TPF-induced crystallization, yet, it has to be noted that the observed
AH, difference of about 0.1 kJ/g-atom is well within the method-
typical measurement uncertainty [32-34]. The gradually increased crys-
tallinity of the LPBF-TPF sample seems to be still uncritical in terms of
the mechanical properties as no decrease in strength is observed in
comparison to the LPBF-AB sample, see Fig. 2c. Schroers et al. recently
found that small crystalline fractions in Zr-based BMGs only have mar-
ginal influence on the mechanical properties, allowing for robust parts
even after TPF processing [28].

In the present work, the absence of ductility can be mainly addressed
to intrinsic brittleness of the material due to the high oxygen content, as
various studies have demonstrated the increase of brittleness and
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Fig. 3. High-energy synchrotron XRD total structure factors of an as-cast AMZ4 sample, an
as-built (LPBF-AB) and a TPF processed (LPBF-TPF) additively formed beam-shaped
sample, according to setup (A). The as-cast sample shows a fully amorphous halo
without Bragg peaks, while the LPBF-AB sample features three small reflexes, indicating
a slight amount of crystalline fraction. The LPBF-TPF sample still shows a mainly
amorphous structure, but features an increased amount of Bragg peaks, indicating a
higher degree of crystallization in comparison to the as-built sample.

stiffness of Zr-based BMGs through oxygen contamination [35-40]. Ox-
ygen is found to change the short- and medium-range order in the way
that shear processes and the formation of multiple shear bands are im-
peded, thus provoking catastrophic failure [38,40]. The oxygen contam-
ination issue can be traced back to the inherent characteristics of the
used powder feedstock, as it features an extremely high surface-to-
volume ratio that leads to increased absorption of oxygen during the at-
omization process [41,42]. Also, oxygen uptake during the LPBF process
itself, due to residual oxygen in the build chamber and through residual
humidity in the powder feedstock, further contributes to the oxygen
contamination [41-43]. Combined, powder atomization and LPBF pro-
cessing increase the oxygen level massively, up to values of several hun-
dreds or even thousands of ng/g, while Zr-based metallic glasses
produced by casting usually feature oxygen levels in the order of only
80 g/g [42,44]. The obvious difference in terms of ductility between
as-cast and LPBF-formed AMZ4 should be interpreted in this context.
In principle, TPF processing may lead to a further increase in oxygen
contamination. Yet, by taking the rather low processing temperatures
in the supercooled liquid state and consequentially sluggish diffusion
processes into account, the influence of the TPF process should rather
be neglectable. This approach seems valid as the mechanical perfor-
mance is not harshly altered by TPF at all.

The exothermal structural relaxation signal found for the LPBF-AB
sample in Fig. 2b is a typical result of a fast cooling process present dur-
ing vitrification [45], which is not surprising if taking the process-typical
high cooling rates of up to 10° K/s into account [6]. In contrast, the LPBF-
TPF sample does not feature a significant structural relaxation signal,
reflecting the much slower cooling rate of roughly 10 K/s that is achiev-
able with the used device [17,18] and by conductive cooling through the
sample volume itself.

Thermoplastic forming has been reported to have a negative influ-
ence on the ductility of BMGs since slowly cooled glasses are structur-
ally more relaxed, corresponding to a lower free volume and a lower
enthalpic state [45,46], and therefore tend to show increased brittleness
[47-49]. Yet, the present findings suggest that the influence of the relax-
ation state is rather neglectable as the oxygen embrittlement dominates
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the mechanical behavior, before and after TPF post-processing. So, in
case of the present alloy and process conditions, the mechanical proper-
ties before and after TPF can be assumed to be identical, thereby simpli-
fying the overall prediction of expectable mechanical performance of a
post-processed part. This decoupling of mechanical performance and
the TPF process further underlines its applicability as a viable post-
processing route.

First tests to increase the surface quality of an LPBF-formed sample
in setup (B), see Fig. 4b and c, show promising results by drastically low-
ering the roughness. Yet, residual artifacts remain visible, most likely
caused by initial irregularities in the LPBF-formed surface that were
too massive to be smoothed out in the present experimental setup.
Here, further testing campaigns for parameter optimization are needed.
Pretreating the LPBF surface before starting the TPF process by e.g. grit
blasting or sanding could erase protruding irregularities and, thus, in-
crease the surface quality achievable by TPF. The potential of such an ap-
proach is shown by the results of setup (C) in Fig. 4e and f. The
previously sanded beam precisely reproduces the TPF-imprinted tem-
plate and demonstrates the generally known net-shape formability of
BMGs [48,50] for the first time in case of an additively formed part.

A more complex TPF template form that combines the given part
containment from setup (B) with the fine structure pattern of setup
(C) could be used to add a functional surface to a LPBF-formed part
without changing its overall geometry through undesired plastic
deformation. Such a production route would allow to combine the
geometrical freedom of additive manufacturing with a tailorable
application-oriented surface optimization in part regions where it is ex-
plicitly needed. This is of interest especially for components that are too
complex to be formed by casting and require surface qualities that are
difficult to achieve by machining. Examples can be found in medical ap-
plications, e.g. for technology used for minimal-invasive surgeries. Fig. 5
schematically demonstrates such a LPBF-TPF production route for a
minimal-invasive clamp device. For this application, both clamp halves
have to provide form closure, and therefore demand for a precisely de-
fined surface pattern with low tolerances, which is applied by a local TPF
post-treatment.

If only a relatively small area with a defined surface pattern is
needed, an even more straight forward approach could be found that re-
nounces the use of a complex containment setup. Thereby, a small
heated template piston is to be pressed onto the respective area. The
surface is locally heated into the supercooled liquid state and is
imprinted by the piston template, while the surrounding volume re-
mains cold and in the undeformed glassy state. After imprinting, the pis-
ton template is removed, and the deformed surface area is cooled
quickly by the ambient material. Such a localized approach is especially
suitable for jewelry applications, where e.g. complexly skeletonized
LPBF parts could be surface finished or even personalized (similar to
an embossing process) through imprinting. Here, Pt-based BMG sys-
tems would be promising candidates, since they combine high thermal
stability against crystallization, ductile mechanical behavior even after
slow cooling, and a high resistance against oxygen absorption due to
the noble metal character [49,51].

Furthermore, a recent study by Bochtler et al. demonstrated the
principal possibility to use TPF for consolidation of AMZ4 powder to
highly dense bulk material with a low minimal porosity [18]. In the
present study, the density measurements suggest that the LPBF-
formed samples already show a porosity level low enough to remain
unchanged after TPF processing, most likely since closed gas pores em-
bedded in the bulk material cannot easily be erased through pressing in
the supercooled liquid state. Yet, the results by Bochtler et al. [18] sug-
gest that TPF could be a valid option to increase the relative density of
additively formed BMG-parts with higher degrees of porosity, leaving
this approach as a possible topic of future studies. A similar post-
processing technique is already established for crystalline additively
formed metals in form of hot isostatic pressing (HIP) [52,53].
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Fig. 4. a) Piston set used for TPF setup (B), consisting of two polished pistons and a cylinder casing, that allows to press and smoothen the rough surface of an LPBF as-built cylinder (placed
on top of the lower piston) without severe change of geometry through plastic deformation. Optical microscopy image, b), and SEM secondary electron contrast image, c), of the as-built
(left) and TPF-pressed cylinder surfaces in direct comparison. d) Hard metal template (left) and imprinted LPBF-formed beam (right) from setup (C). e) The surface structure of the
template shows a periodic structure with fine milling cuts (left), which is directly mirrored on the imprinted beam (right). The respective SEM secondary electron images, f), confirm
the remarkable surface reproduction.
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Fig. 5. TPF post-processing can be used to add finely structured surface patterns to additively formed BMG parts in regions that demand special surface requirements. In this schematic
example, a LPBF-formed half of a clamp device used for minimal-invasive surgery is locally imprinted with a fine grit pattern using a template that features the negative shape of the
desired pattern. Due to local containment around the TPF-processed region, severe geometry change through plastic deformation is avoided.

5. Conclusion

Overall amorphous AMZ4 specimens were produced by LPBF addi-
tive manufacturing according to previous studies. The possibility of
TPF post-processing of these samples is explored in the present work,
leading to three conclusions: 1) In principle, LPBF-formed AMZ4 pro-
vides enough thermal stability to withstand TPF without severe crystal-
lization effects. Synchrotron XRD may allow to detect small degrees of
crystallinity induced by TPF, but the mechanical properties remain
mostly unchanged on a high level and encourage industrial applications.
2) The typical surface roughness of as-built LPBF-formed samples can be
drastically reduced through TPF, albeit preliminary steps like sanding or
sand blasting might be needed to get completely rid of remaining sur-
face artifacts. 3) Imprinting of sanded LPBF-formed AMZ4 can create
TPF-typical near-perfect surface pattern.

Due to their unique amorphous structure, BVIGs are the only metal-
lic materials that offer the possibility to apply thermoplastic forming.
The present study provides the proof of principle that this net-shape
creating method can be used to post-process additively formed metallic
glasses. This is a distinct advantage over additively formed crystalline al-
loys and allows for novel production routes, especially for medical and
jewelry applications.
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