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• Zr52.5Cu17.9Ni14.6Al10Ti5 glass with a rel-
ative density exceeding 98.7% is fabri-
cated via selective laser melting (SLM).

• The samples deform plastically (about
0.5%) and have high yield strengths
above 1700 MPa in compression.

• Microhardness maps of SLM specimens
suggest structural homogeneity despite
the complex thermal history.

• The wear performance and corrosion
properties of the SLM samples are com-
parable to that of the as-cast glass.

• SLM allows fabrication of metallic
glasses, which can withstand the condi-
tions arising in real-world applications.
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Nearly fully dense, glassy Zr52.5Cu17.9Ni14.6Al10Ti5 bulk specimens were fabricated by selective laser melting
(SLM) and their behaviour during compressive loading, during wear testing and in a corrosive medium was in-
vestigated. Their performance was compared with as-cast material of the same composition. The additively
manufactured samples exhibit a yield strength around 1700 MPa combined with a plastic strain of about 0.5%
after yielding despite the residual porosity of 1.3%,which is distributeduniformly in the samples. The propagation
of shear bands in the bulk metallic glass prepared by SLM was studied. The specific wear rate and the worn sur-
faces demonstrated that similar wear mechanisms are active in the SLM and the as-cast samples. Hence,
manufacturing the glass in layers does not adversely affect the wear properties. The same holds for the corrosion
tests, whichwere carried out in 0.01MNa2SO4 and 0.1MNaCl electrolyte. The anodic polarization curves of SLM
samples and as-cast samples revealed a similar corrosion behaviour. However, the SLM samples have a slightly
reduced susceptibility to pitting corrosion and exhibit an improved surface healing ability,whichmight be attrib-
uted to an improved homogeneity of the additively manufactured glass.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Selective laser melting (SLM), an additive manufacturing technique
(powder bed fusion), has attracted a lot of attention as a promising
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method for processing a wide variety of metallic materials [1,2]. Owing
to the concept of producing a component layer by layer and because of
the resulting intrinsically high cooling rates (103–108 K/s) [3], themate-
rials properties can be significantly modified leading to, for example,
unexpected high strengths [4]. Such high cooling rates are also inevita-
ble for obtaining a glassy state from a metallic melt and, consequently,
glass-forming alloys have been prepared by means of various
additive-manufacturing techniques [5,6]. The approach to prepare
bulk metallic glasses (BMGs) by SLM bears the indisputable advantage
that the size of the additively manufactured glassy components can ex-
ceed the typical dimensions of cast bulkmetallic glasses, which are gen-
erally limited to a fewmillimetres [7]. Simultaneously, also delicate and
complex geometries can be obtained, which are otherwise inaccessible
to conventional melt quenching techniques [8]. This is very promising
in terms of practical applications of BMGs, which are largely restricted
by their small as well as usually simple geometries [7]. Because of this
unique potential, different glass-forming alloys such as Fe-, Zr-, Ti- and
Al-based alloys have been processed by SLM, to date [9–19].

Like for all materials, the synthesis and processing details them-
selves have a strong bearing on the properties and behaviour of (bulk)
metallic glasses. The layer-by-layer processing can lead to chemical or
structural heterogeneities [20,21] and an elevated concentration of
pores [11,12]. An important question in this context, consequently, is
how additively manufactured metallic glasses perform under condi-
tions, which arise in applications, and whether or not, they behave in
a different manner than as-cast glasses. In this work, we are interested
in clarifying this by specifically concentrating on the mechanical and
corrosion behaviour of a Zr-based bulk metallic glass.

While all bulkmetallic glasses suffer froman almost complete lack of
tensile ductility [22,23], some glass formers are malleable upon com-
pressive loading [22]. Especially Zr-based glasses are known to plasti-
cally deform by a few percent, which is a prerequisite for any
engineering application.Moreover, BMGs are very attractive for applica-
tions involving contact sliding [24–26]. It has been reported that Ni-
based BMGs have a much higher durability than conventional carbon
tool steels [27]. Zr-based, Cu-based and Ti-based BMGs also show excel-
lent wear resistance [26,28–33]. Huang et al. have demonstrated that
the cooling rate is one important parameter for the wear performance
of BMGs [29]. Since SLM generally yields much higher cooling rates
than copper mould casting [3], one can anticipate differences in the
wear behaviour. In addition, the presence of μm-scale pores in the
SLM samples might also play an important role. Yet, data on these as-
pects are still scarce [14] and the detailed mechanism has not been
explored.

Another crucial point in terms of potential applications is the corro-
sion behaviour of BMGs produced by SLM. Cast bulk metallic glasses, in
particular transition metal-based bulk-glass forming alloys, such as Zr-
Cu-based multicomponent alloys, have been subject of numerous fun-
damental corrosion studies [34–39]. In water-based solutions, they ex-
hibit low free corrosion rates and spontaneous and stable anodic
passivation, both generally superior to crystalline alloys with compara-
ble compositions [40]. This is due to the formation of very thin barrier-
type oxide layers, which are mainly composed of valve-metal oxides
(Zr-, Ti-, Nb-, Al-oxides) [39,41,42]. The chemically homogeneous na-
ture of a monolithic glassy state is another reason for the enhanced cor-
rosion resistance [43–45]. However, as-cast glassy samples are very
sensitive to pitting corrosion related to fast pit propagation and low
repassivation abilities. The reasons for pit initiation are structural de-
fects due to non-ideal casting conditions or defects (e.g. notches and
scratches) at the sample surface [36]. Once pitting has commenced,
pits grow rapidly into the reactive metastable phase. Especially Cu is a
critical alloying element in this regard because it increases the pitting
susceptibility and deteriorates the repassivation ability in Zr-based
BMGs [39]. The powder used for additive manufacturing might suffer
from chemical heterogeneities and the SLMprocess imposes completely
different solidification conditions on themetallic melt. They could even
promote chemical heterogeneities and with it structural heterogene-
ities (e.g. crystalline precipitates) [46]. The oxygen uptake during SLM
process may also influence the corrosion resistance of SLM samples
[47]. In addition, pores are present after selective laser melting and all
these factors are expected to impact the corrosion behaviour.

We produced glassy Zr52.5Cu17.9Ni14.6Al10Ti5 specimens with a high
relative density by SLM in the present work. The same set of additively
manufactured, fully glassy specimens is used to systematically investi-
gate the interrelation between processing and properties. This covers
investigation of structural heterogeneity, corrosion properties, wear
and deformation behaviour onuniaxial compression. Sincewe are inter-
ested in the mechanical properties of monolithic bulk metallic glasses,
which exhibit zero ductility in tension, we solely concentrate on com-
pression tests. Only when the performance of the bulk metallic glass is
not adversely affected by additive manufacturing, can selective laser
melting of glass-forming alloys be considered a viable route for the pro-
duction of bulkmetallic glasses on a larger scale, e.g. for commercial ap-
plications. Therefore, comprehensive characterization of bulk metallic
glasses obtained by SLM combined with a direct comparison with as-
cast material of the same composition is of paramount importance.
Our results prove that selectively laser-melted Zr52.5Cu17.9Ni14.6Al10
are able to compete with as-cast samples of the same composition.

2. Material and method

The Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%) ingots were prepared in an arc
melter (Edmund Bühler GmbH) in a Ti-gettered Ar atmosphere. All con-
stituent elements with a purity exceeding 99.9 wt% were cleaned prior
to melting. Each ingot was re-melted four times to ensure chemical ho-
mogeneity. Afterwards, the ingots were gas-atomized by Nanoval
GmbH & Co. KG via electrode induction-melting gas atomization
(EIGA). The particle size distribution was obtained by using dynamic
image analysis (CAMSIZER X2, Retsch TECHNOLOGY). After sieving, a
particle size below 90 μm was chosen for selective laser melting
(d10 = 17 ± 1 μm, d90 = 71 ± 1 μm). The SLM samples were prepared
in a SLM 50 system (Realizer GmbH) equipped with a fibre laser (spot
size: 50 μm). A laser power of 109.5 W, a scanning speed of 1000 mm/
s, a layer thickness of 40 μm and a hatch distance of 200 μm was
employed. The unidirectional scanning vectors were rotated by 90° in
adjacent layers. These parameters represent an optimized process com-
pared to our previous experiments [11]. The oxygen content was kept
below 0.01 vol% by purging the SLM chamber with Ar during the pro-
cess. Cylindrical samples with a length of 6 mm and a diameter of
3 mm were prepared as well as rectangular specimens
(3 × 3 × 6 mm3). In addition, rods with a length of 35 mm and a diam-
eter of 3mmwere obtained by suction casting in an arcmelter (Edmund
Bühler GmbH) using the aforementioned ingots. These dimensions
were chosen to ensure complete vitrification of the
Zr52.5Cu17.9Ni14.6Al10Ti5 melt on quenching [48].

The chemical composition and the oxygen content of the
Zr52.5Cu17.9Ni14.6Al10Ti5 powder and the SLM specimensweremeasured
using ICP-OES (inductively-coupled plasma-optical emission spectros-
copy, IRIS Intrepid II XUV from Thermo Fischer Scientific GmbH) and
carrier gas hot extraction (TC-436DR, LECO), respectively. The composi-
tion of three independent powder batches was analyzed. The XRD sam-
ples with a thickness between 90 and 100 μm were cut from the rods
and ground. X-ray diffraction (XRD) was carried out on a STOE STADIP
diffractometer (STOE & Cie GmbH) with Mo-Kα1 radiation (λ =
0.07093187 nm) in transmission mode. The differential scanning calo-
rimetry (DSC) specimens with a weight of about 17 mgwere measured
at a heating rate of 0.33 K/s in a Perkin-Elmer Diamond calorimeter. The
density of the SLM samples was determined by the Archimedean prin-
ciple using a Sartorius balance (MSA 225S). X-ray computed tomogra-
phy (μ-CT, Phoenix nanotom m, General Electric) was conducted at
130 kV and 100 μAwith a voxel size of 3 μm to analyze the volume frac-
tion and distribution of pores. Additional structural characterization
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was carried out on a FEI Tecnai F20 transmission electron microscope
(TEM) equipped with a field-emission gun. The TEM samples were me-
chanically ground to 30 μm and dimpled to 10 μm, followed by ion-
milling until perforation with a Gatan 691 device under liquid nitrogen
cooling.

Both cylindrical SLM and as-cast samples with a length of 6 mm and
a diameter of 3 mm were prepared for the uniaxial compression tests.
The faces of the cylinders were ground to ensure that they are perpen-
dicular to the cylinder axis. To further investigate the propagation of
shear bands, one lateral side of the rectangular SLM samples was
polished prior to loading to fracture. Room-temperature compression
tests were conducted at a constant crosshead velocity corresponding
to an initial strain rate of 2 × 10−4 s−1 in an Instron 5869 and at
least three specimens for each state were compressed. The strain
was directly monitored at the sample using a laser extensometer
(Fiedler Optoelektronik GmbH). Vickers microhardness measure-
ments were performed on polished samples using an HMV Shimadzu
Microhardness tester. Indents were made with a load of 200 g and
10 s of dwell time. The distance between the individual indents
with a typical diagonal of around 30 μm was 100 μm. Pin-on-disk
friction tests were carried out by a Tribometer (T500, Nanovea) at
room temperature. The cylindrical samples with a length of 20 mm
and a diameter of 3 mm, whose surfaces were ground to 4000 grit
with SiC abrasive paper, and an X210Cr12 steel friction pair were
performed with a load of 15 N applied on the pin, a 15 mm radius
of the wear track, a rotating speed of 240 rpm and a sliding duration
of 480 min. The tests for each sliding duration were done at least 3
times.

The rod specimens with a length of 10 mm and a diameter of 3 mm
diameter were electrically connected and embedded in epoxy resin for
electrochemicalmeasurements. The cross section, the only part exposed
to the corrosive environment of the samples was ground to 4000 grid,
afterwards the interfaces between the sample and the epoxy resin
were coated with a varnish to avoid crevice corrosion. Usually a small
crevice forms between resin and the metal after grinding, which can
cause undesired local (crevice) corrosion. This is not representative of
the behaviour of the bulk glassy material [38] and, hence, constitutes
an artefact. All polarization tests were performed at ambient tempera-
ture in a 0.01 M Na2SO4 and 0.1 M NaCl solution with pH 6.5. This elec-
trolyte has been identified in our lab as suitable for electrochemical
corrosion analysis of Zr-basedmetallic glass samples and, consequently,
it has already been frequently employed for similar studies [35–38,41].
For themeasurements, a Solartron SI1287 electrochemical interfacewas
used, which was connected to a standard three-electrode cell with
Zr52.5Cu17.9Ni14.6Al10Ti5 specimens as working electrode, a saturated
calomel electrode (SCE, E (SHE) = 0.241 V) as the reference electrode
and a Pt-net as the counter electrode. To ensure that the samples have
reproducible surface states, after grinding they were exposed to air
with a relative humidity of around 30% at room temperature for 20 h be-
fore they were tested in the electrolyte. The specimens were immersed
in the solution for 30 min while monitoring the open circuit potential
(OCP). Potentiodynamic polarization measurements were conducted
using a scan rate of 0.5 mV/s up to anodic potential values slightly be-
yond the pitting potential. The polarization direction was reversed
when the measured anodic current density reached a defined value of
1 mA/cm2. The measurement was stopped at −0.5 V versus OCP. Each
test was repeated at least 5 times for both SLM and as-cast samples in
order to assess the repeatability of the results. Bymeans of graphical ex-
trapolation analysis from each measured curve, the characteristic pa-
rameters were determined: the corrosion potential, Ecorr, the corrosion
current density, icorr, the pitting potential, Epit, and the repassivation po-
tential, ER.

The gas-atomized powder particles, the fracture morphologies, the
worn surfaces after friction testing and the pitted areas after polariza-
tion test were investigated in a scanning electron microscope (SEM,
Gemini 1530, Carl Zeiss AG).
3. Results and discussion

The gas-atomized powder has a composition of
Zr52.3Cu18Ni14.6Al10.1Ti5 (at.%), which is in excellent agreement with
the nominal composition of Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%), suggesting
that gas atomization does not significantly change the composition of
the present alloy. The oxygen content of the original alloy powder
(487 ± 5 ppm) is significantly lower than that of the samples after
SLM processing (920 ± 20 ppm). Apparently, residual oxygen in the
chamber is absorbed during SLM processing due to the high affinity
and solution ability of Zr and Ti for oxygen [49,50]. In addition, due to
the low oxygen content in the arc melter, the oxygen content of the
as-cast sample is only 77 ± 5 ppm.

Fig. 1 (a) depicts the particle size distribution of the sieved
Zr52.5Cu17.9Ni14.6Al10Ti5 powder. Knowledge of the powder size distri-
bution is inevitable for designing the proper layer thickness and hatch
distance. The majority of the particles has a diameter ranging between
20 and 50 μm. The morphology of the powder particles shown in
Fig. 1(b) indicates that only some particles have an irregular, non-
spherical shape. Moreover, some satellites sticking to the relatively
large particles and powder agglomerates are visible, which is typical of
gas-atomized powder. Yet, these phenomena are not so pronounced
as to adversely affect the flowability of the powder in the present case
[51,52].

The relative density of all SLM samples exceeds 98.7%, which was
measured using the Archimedeanmethod. The corresponding XRD pat-
terns of the different samples are displayed in Fig. 2 (a). Neither in the
XRD patterns of the cross section of the SLM sample nor in the pattern
of the powder (Fig. 2 (a)) sharp reflections indicating the presence of
crystalline phases, can be observed. Instead, only a broad scattering
maximum is visible, as found for the as-cast sample. Consequently,
bulk amorphous Zr52.5Cu17.9Ni14.6Al10Ti5 samples were fabricated by
SLM. To obtain more details about the glassy nature, the samples were
analyzed in a differential scanning calorimeter. Fig. 2 (b) displays the
DSC traces of a SLM sample, of an as-cast sample as well as of the pow-
der. The glass-transition temperature (Tg) and the crystallization tem-
perature (Tx) are marked by arrows. All samples show a characteristic
glass transition and a supercooled liquid region prior to crystallization.

While the as-cast sample exhibits a small but distinct pre-peak prior
to the strong, second exothermic event, this peak becomes a shoulder in
case of the powder and the SLM sample. This could be caused by the sig-
nificantly higher oxygen content, which is known to stimulate the pre-
cipitation of the big cube phase [53,54]. However, the crystallization
enthalpies of all samples are identical within the experimental error
(SLM: ΔHcryst = 55 ± 2 J/g; as-cast: ΔHcryst = 54 ± 2 J/g; powder:
ΔHcryst = 52 ± 2 J/g), so we can assume that all specimens are indeed
fully glassy and that no crystals precipitate in the additively
manufactured material. This corroborates our XRD analysis.

In order to further characterize the structural state of the SLM sam-
ples, transmission electron microscopy was carried out. A representa-
tive bright-field TEM micrograph and a corresponding selected area
electron diffraction (SAED) pattern are displayed in Fig. 2 (c). The
bright-field TEM image reveals a homogeneous maze-like pattern.
Moreover, the SAED pattern (shown as inset) exhibits broad and diffuse
rings. These results strongly indicate that the SLM sample is fully amor-
phous, which is in agreementwith the results obtained byXRD andDSC.

Fig. 3 (a) shows the defect size (i.e. pore size) distribution and a full
μ-CT reconstruction of a representative SLM sample selected for the
compression test. The pores distribute uniformly across the sample
and no pore aggregation can be found, which is different from our pre-
vious work [11]. During SLM, the formation of pores is inevitable. There
are many factors, which influence the formation of defects such as the
powder deposition itself, the laser power distribution and the quality
of the powder particles [52]. A slightly enhanced laser power in combi-
nationwith an optimized scanning velocity apparently reduces the like-
lihood to locally not melt powder particles. In addition, the proper



Fig. 1. (a) Particle size distribution of the Zr52.5Cu17.9Ni14.6Al10Ti5 powder after sieving. The powder diameters mainly distribute between 20 and 50 μm. (b) Scanning electronmicrograph
of the sieved gas-atomized powder. Some particles display non-spherical shapes. Especially the fine particles tend to form satellites and to agglomerate.
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amount of relatively small powder particles increases the packing den-
sity in the powder bed.

The pore size ranges from 10 μm to 70 μm in the present case. Most
of the defects exhibit a spherical geometry, which reveals that the en-
ergy input is sufficient. Furthermore, the largest fraction of pores has di-
mensions below 35 μm, indicating that the optimized parameter can
eliminate pore aggregation and decrease the average defect size.

Afterwards, the SLM samples and as-cast samples were uniaxially
compressed. Fig. 3(b) depicts the three representative stress-strain
curves for the rectangular and the cylindrical SLM samples (dimension
of Ø3mm×6mm) aswell as for the as-cast sample. The as-cast samples
yield at a stress of 1830 ± 50 MPa and show a distinct plastic strain of
about 1.5%. The cylindrical SLM samples show a comparatively lower
yield stress of about 1710 ± 40 MPa and a typical plastic strain of
around 0.5%. The rectangular SLM specimen yields at lower stresses of
1420 ± 20 MPa and fails at stress of 1540 ± 10 MPa with very limited
irreversible flow. Both stresses are lower than the ones of the cylindrical
samples. Since they were produced with the same process parameters,
the defect size and distribution of them is similar, and, therefore, the
stress concentrations arising at the edges must be responsible for yield-
ing at lower stresses and the deteriorated plastic deformability [55].

The fracture surfaces of the SLM samples were subsequently investi-
gated in a scanning electron microscope (Figs. 3(c) to (f)). The fracture
surface is rather smooth and forms a distinct plane inclined by 45° (inset
of Fig. 3(c)) with respect to the loading axis. This is quite different from
previous investigations, in which the fracture surface is not a single
Fig. 2. (a) X-ray diffraction patterns of the Zr52.5Cu17.9Ni14.6Al10Ti5 powder, as-cast and SLM rod
fully amorphous structure. (b) DSC traces of representative powder, as-cast and SLM sampl
crystallization. (c) TEM micrograph and corresponding SAED pattern (inset) of a SLM sample.
The broad and diffuse rings shown in the inset corroborate this finding.
plane but is reminiscent of an inclined rooftop [12,19]. This means
that the stress state is different in the present SLM samples and reveals
that they predominantly fail in a shear mode [23]. Multiple interlaced
planes form only at the edges of the rods, which cannot be found in
the as-cast samples (not shown here). At higher magnifications (Fig. 3
(d)), it becomes obvious that the areas around the pores have a more
rugged morphology possibly due to the different stress state during
compression [11]. Moreover, the vein-like pattern, which is characteris-
tic of shear fracture of as-cast BMGs [23] is found in pore-free regions
(inset of Fig. 3(d)), suggesting that the lower porosity contributes to
the enhanced plasticity.

To better understand the deformation mechanism of the SLM sam-
ples, the polished lateral surface of rectangular specimens after fracture
was observed in the SEM. Given the layer-by-layer-fabricated glassy
structure of SLM-BMGs, one would expect “interfaces” (about 40 μm
thick, Fig. 3(e)) between the individual melt tracks, as it is typically
found in conventional alloys and metallic glasses after SLM processing
[20,21,46]. One could conjecture that they affect the propagation of
shear bands. However, in Fig. 3(e), only straight shear bands can be ob-
served, and they form an angle of 45° with respect to the loading axis.
The propagation of shear bands is very sensitive to structural heteroge-
neities of the glassy structure [56,57]. During the activation of shear
transformation zones (STZs), antisymmetric stress-fields evolve ahead
of the shear band tip and they are transferred to adjacent non-
activated STZs [58]. Both processes are very susceptible to the presence
of structural heterogeneities even when the structure remains
s with a diameter of 3 mm. Only broad diffraction maxima can be observed, suggesting a
es. The endothermic glass transition (Tg, marked by arrows) is followed by exothermic
A homogeneous maze-like pattern reveals a fully glassy structure for the SLM specimen.



Fig. 3. (a) Defect size distribution and μ-CT reconstruction (inset) of a Zr52.5Cu17.9Ni14.6Al10Ti5 sample produced by SLM. The pore size is randomly distributedwithin the sample. (b) Three
representative stress-strain curves of Zr52.5Cu17.9Ni14.6Al10Ti5 samples prepared by casting and SLM. Both rectangular and rod-shaped SLM samples yield at stresses lower than the as-cast
material and exhibit a smaller plastic strain. (c) Fracture surfaces of the rod samples fabricated via SLM. The fracture angle is about 45° (inset). The morphology of the fracture surfaces
reveals interlaced fracture planes. (d) Magnified section of the fracture surface shown in (c). The morphology around the pore differs from the residual fracture surface. Typical vein-
like patterns are found in pore-free regions (inset). (e) A straight shear band observed on the lateral surface of fractured rectangular SLM sample. (f) Shear band interaction with a pore.
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amorphous. More precisely, such heterogeneities in the amorphous
state can be fluctuations in the local packing density or composition
[56,59,60]. From this perspective, it is somewhat remarkable, that the
shear bands propagate in a straight manner and are not affected by
the layerwise processing, since this is a strong implication for the fact
that the SLM samples are homogeneous even beyond the atomic level.
Fig. 3(f) shows themacroscopic interaction between a pores and a prop-
agating shear band. The shear band cuts through the pore, which is ac-
companied by a slight shift (offset) of the shear band propagation
direction. Pores can be regarded as a second phase [61], which alter
the stress concentration in the material during mechanical loading
[62]. Large pores can, therefore, result in early failure [22]. Hence, fur-
ther improvements in the relative density of additively manufactured
BMGs by optimizing the processing parameters might lead to mechan-
ical properties comparable to those of as-cast BMGs.

In order to study themacroscopic structural homogeneity of the SLM
samples, microhardness measurements were performed on both SLM
and as-cast Zr52.5Cu17.9Ni14.6Al10Ti5 samples. Fig. 4 displays the respec-
tive microhardness maps of the cross and longitudinal section for SLM
and as-cast samples. As shown in Fig. 4(a), the indents were created
in the central part of the samples, where the laser works steadily in
case of the SLM samples andwhere the cooling rate does not have a gra-
dient as in case of the as-cast samples. All the microhardness maps in
Fig. 6 show rather uniform values ranging from 496 ± 6 HV0.2 to
524± 6 HV0.2. When comparing the cross-section and the longitudinal
section of the SLM sample (Figs. 4(b) and (c)), one finds that the hard-
ness values are quite homogeneous across the entire sample. Themicro-
hardness measurements do not reveal any features, which could
correspond to the heat-affected zone or the margins of a melt track
[20,21]. Since no obvious differences in the hardness maps of the as-
cast and SLM samples are present (Figs. 4(d) and (e)), the layer-by-
layer processing method of SLM does not seem to significantly relax or
rejuvenate the structure, which would otherwise result in higher or
lower hardness values, respectively [56].

The sliding wear experiments were conducted to explore whether
the manufacturing process affects the wear behaviour and the wear
mechanisms. The coefficient of friction as a function of time for an as-
cast specimen, is shown in Figs. 5(a) and (b). The coefficient of friction
reaches a steady state with a value of about 0.4 within the first 35 min
of testing. Between 35 and 120 min, the coefficient increases as does



Fig. 4. (a) Schematic of the locations at which microhardness indents were placed on the cross and longitudinal sections of the samples. Panels (b) and (d) depict the microhardness
contour maps for the cross section of SLM and the as-cast sample, respectively. Panels (c) and (e) display the microhardness maps for the longitudinal section of SLM and as-cast
BMGs, respectively.
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its scatter. This is indicative of a transformation in the wear mode [63].
The worn surfaces of the as-cast Zr52.5Cu17.9Ni14.6Al10Ti5 glass after dif-
ferent sliding times are shown in Figs. 5 (c) to (f). Only slim grooves
are visible (Fig. 5(c)) and their evolution indicates a distinct abrasive
mechanism at the early stage of wear. With increasing sliding time,
some fine debris forms (Fig. 5 (d)) and more material is ploughed out
of the surface. This coincides with the drastic increase in the scattering
of the coefficient of friction (Figs. 5(a) and (b)) and suggests a changing
wear mode. Plastically deformed grooves and adhering debris can be
observed at later stages of wear (Figs. 5(e) and (f)). The resulting typical
mixed worn morphology indicates an abrasive and adhesive wear
mechanism [32,63].
The coefficient of friction and the surfaces of the SLM samples at dif-
ferent stages of wear testing are illustrated in Fig. 6. The coefficient of
friction (Figs. 6(a) and (b)) shows a similar trend like the as-cast spec-
imen. Again, a change in the wear mode occurs after 35 min when the
initial steady state ends. However, the fluctuations in the coefficient of
friction after 80 min are more pronounced than for the as-cast sample
and the maximum values are distinctly higher than for the as-cast
glass. As long as the wear mode is purely abrasive (within the first
60 min), the worn surfaces of the SLM sample (Figs. 6(c) and (d)) can-
not be distinguished from the as-cast sample. More but smaller regions
of plastically deformed material are found at the later stages of wear
((Figs. 6(e) and (f)). The wear mode in metallic glasses has been



Fig. 5. (a) and (b) depict the coefficient of friction as a function of sliding time for the as-cast Zr52.5Cu17.9Ni14.6Al10Ti5 sample. Its variation suggests a change in the wear mode. (c) to
(f) show the morphologies of the worn surfaces after 30, 60, 120, 480 min of sliding. Grooves and debris can be clearly seen after the first 60 min (shown in (c) and (d)). In (e) and
(f), plastically deformed regions dominate the surface.
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reported to transform to the “brittle and ductile” mixed stage at the
later stages of wear [24]. Thereby, the sample temperature can rise
with test duration until crystallization occurs. Prior to that,
coexisting softer and harder regions in the glass are expected to
evolve during this mixed stage of wear [24] and they are reflected
in a larger fluctuation of the coefficient of friction [24]. It is notewor-
thy that the scattering of the coefficient of friction is more pro-
nounced for the SLM sample than for the as-cast material. This
could be either related to the higher degree of porosity or to intrinsic
structural heterogeneities on small length scales. The present micro-
hardness measurements are incapable to reveal such small-scale
heterogeneities because of their limited spatial resolution. A more
detailed analysis would render nanoindentation necessary, which
is beyond the scope of the present work.

The coefficient of friction plays an important role in determining the
wear resistance. A smaller value generally indicates higher wear resis-
tance. Fig. 7 (a) compares the average coefficient of friction for the
SLM and the as-cast sample at different sliding times. The average coef-
ficient increases with sliding time, also due to the varying wear mecha-
nism. Even though the coefficient of friction distinctly scatters for the
SLM samples, the average coefficient of friction (COF) is slightly lower
than for the as-cast sample after long testing times (i.e. 480 min), indi-
cating a slightly better wear resistance for the SLM sample. At the early
and intermediate stages of wear testing, the average COF is comparable
for both Zr52.5Cu17.9Ni14.6Al10Ti5 samples (Fig. 7(a)). The specific wear
rate for a SLM and an as-cast sample is shown in Fig. 7(b) and it can
be calculated as follows:

Kw ¼ V
F � L

ð1Þ

where Kw is the wear rate; V is the loss volume determined by V =
(mo−mw)/ρwheremo andmw is themass prior to and after testing, re-
spectively, ρ is the density of the material; F is the load applied on the
sample; L is the sliding distance given by L= 2πrvt, where r is the radius
of the wear track, v is the rotating speed and t is the sliding duration
[29]. The trend of the time-dependent specific wear rate agrees with
the average COF (Fig. 7(a)). Moreover, the wear rate for specimens pre-
pared by the two different processing conditions is within the experi-
mental error –at least for the early and intermediate stages of wear
testing.

In the remainder of this work, wewant to discuss the corrosion tests
performedon as-cast BMGs andBMGs obtainedby SLM. Fig. 8 shows the
anodic polarization curves of selected SLM and as-cast
Zr52.5Cu17.9Al10Ni14.6Ti5 samples recorded in 0.01 M Na2SO4 + 0.1 M
NaCl solution. Please note that the presented curves were selected as
one representative from5 to 7 independentmeasurements for eachma-
terial state. The repeatability of the characteristic potential values is in-
trinsically limited. To account for the experimental error, the typical
scattering of corrosion potential (ΔEcorr), pitting potential(ΔEpit)and
repassivation potential (ΔER) are indicated in the plot. While ΔEcorr
must be mainly ascribed to the individual history of each prepared



Fig. 6. (a) and (b) display the coefficient of friction for the Zr52.5Cu17.9Ni14.6Al10Ti5 sample producedby SLM. A similar trend as in panels (a) and (b) becomes obvious. Panels (c) to (f) show
the SEM images of the worn surfaces after 30, 60, 120, 480 min of wear testing. The SLM samples exhibit a comparable wear performance as the as-cast samples.
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sample surface, ΔEpit and ΔER may be indicative for the manufacturing-
related pitting susceptibility and repassivation ability of the different
sample types [64].

The air-aged as-cast sample state reveals upon initial polarization
very low corrosion current densities, icorr (determined by graphical
Tafel extrapolation) on the order of 0.005 μA/cm2 at Ecorr values ranging
Fig. 7. (a)Average coefficient of friction (COF) of theZr52.5Cu17.9Ni14.6Al10Ti5 SLMand as-cast sam
are similar except for the longest testing duration. (b) The specific wear rate of the SLM and as
(a)).
from −0.23 to −0.35 V vs. SCE [65]. This results from the beginning
oxide formation upon air exposure and immersion in the electrolyte
under OCP conditions. The current density increases gradually up to
2 μA/cm2 during anodic polarization. Consequently, the corrosive disso-
lution is rather low and it is superimposed by the anodic growth of pas-
sive films with a strong barrier-type effect [38,64]. A sudden steep rise
ples as a function of time. TheCOF-values for samples prepared by both process conditions
-cast specimen. The wear rate is in high agreement with the average COF (shown in panel



Fig. 8. Anodic polarization curves recorded for Zr52.5Cu17.9Ni14.6Al10Ti5 SLM and as-cast
samples in 0.01 M Na2SO4 + 0.1 M NaCl solution. Corrosion potential (ΔEcorr), pitting
potential (ΔEpit) and repassivation potential (ΔER) bars represent the scattering of the
values within 5–7 independent measurements. Both samples show similar corrosion
behaviour. The SLM sample performs slightly better than the as-cast sample during
pitting corrosion.
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of the anodic current density at Epit is due to local passive film break-
down, pit initiation and rapid pit growth [38]. A significant overshoot
of the real current density above the current density limit of
1 mA/cm2, which was set as threshold value to reverse the polarization
direction for surface repassivation, aswell as a verywidepotential range
in the reverse scan with a quite high current density correspond to a
very strong pit propagation into the glassy matrix and a very limited
surface healing ability. Since the reverse scanning of the potential re-
duces the driving force for anodic dissolution, the current density
drops and a second minimum at ER occurs reflecting repassivation of
the previously damaged surface. The underlying surface reactionmech-
anisms were in detail described in previous works [34–38]. As the local
breakdown of the very thin passive film on the sample surface (= exca-
vated sample cross section) is a more or less random event, which
mainly depends on the number, distribution and nature of defects in
the BMG, the Epit-value strongly varies across independent measure-
ments of different as-cast samples and results in a rather large ΔEpit.
By contrast, the following strong current density hysteresis and the sub-
sequentminimumat ER show amuch better repeatability. Once the sen-
sitive pit initiation took place, the following pit growth and
repassivation steps proceed at quite similar rates for all cast sample
states of the considered alloy.
Fig. 9. Surface morphologies of Zr52.5Cu17.9Ni14.6Al10Ti5 as-cast sample (a) and SLM sample (b)
and reverse scanning to repassivation potential (ER). The as-cast sample has more but smaller
The polarization curves of the samples prepared by SLM reveal quite
a similar overall behaviour with characteristic steps described above for
the as-cast BMG samples. However, the variation of the pitting poten-
tial, ΔEpit, is less pronounced reflecting a more narrow potential range
of passive film breakdown and pit initiation. Furthermore, the current
density overshoot above the set limit is much smaller and during re-
verse scanning the current density plateau is lower and the minimum
of ER is reached atmore positive potentials. These facts indicate a some-
what less pronounced pit propagation rate and easier surface
repassivation [34,38,64].

Altogether, this indicates a slightly reduced pitting corrosion suscep-
tibility and slightly improved surface healing ability for BMGs prepared
by SLM. This could be related to a better homogeneity in comparison to
as-cast BMGs of the same composition. Yet, these differences appear to
be rather subtle and it is challenging to try to identify those by conven-
tional chemical analysis or electron microscopy.

After the corrosion tests, the surfaces were investigated in a scan-
ning electron microscope to better understand the degradation phe-
nomena. Fig. 9 shows the surface morphologies of damaged cross-
sectional regions of an as-cast (Fig. 9 (a)) and an additively
manufactured BMG sample (Fig. 9 (b)), respectively. The principal dam-
age morphology is for both sample types similar and points to similar
local corrosion processes, which are well described for this glassy alloy
type synthesized by casting [36]. In case of the cast material, three indi-
vidual pits with diameters between 30 and 50 μmwith irregular edges
and rather rough walls are shown in Fig. 9 (a). The size of a pit on a
SLM sample cross section, in contrast, reaches dimensions of about
200 μm (Fig. 9 (b)). One can also detect small cracks and openings,
which are similar to features observed for the corroded as-cast sample.
The pit walls of the SLM sample show “honeycombmicromesh”-like re-
gions, which is typical after repassivation [34]. The openings in the bot-
tom of both sample types indicate that strong local dissolution occurs
deep below the cross-sectional surface. The cavity morphology of the
damages can catalyse the corrosion process since it can provide a short-
cut for the electrolyte and thus, enabling local enrichment of chloride
ions and acidification.

This preliminary comparison between the corrosion behaviour of
additively manufactured and cast Zr52.5Cu17.9Ni14.6Al10Ti5 glass in a se-
lected electrolyte suggests that the structural defects typically occurring
in as-cast samples are more detrimental for the corrosion stability than
the pore-type defects, which are characteristic of SLM samples. While
the former represent chemical discontinuities with sharp phase bound-
aries to the glassy matrix, the latter are geometrical discontinuities
yielding a lower driving force for the chloride attack resulting in pit ini-
tiation and propagation. This can be seen similar to findings from earlier
studies, i.e. that mechanically induced defects such as microindents
have to exceed a certain critical size to become preferred pit initiation
sites rather than crystals at the same glassy sample cross-section [36].
after repassivation. Pits formed during linear anodic polarization to pitting potential (Epit)
pitted regions than the SLM sample. Both samples show rough pit walls.
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However, besides their nature also the number and distribution of de-
fects throughout the sample volume is decisive. Therefore, a more com-
prehensive corrosion study is needed to fully clarify the impact of the
manufacturing route on the corrosionmechanism and the overall corro-
sion properties for glassy alloys.

4. Conclusions

The present study demonstrates that bulk glassy
Zr52.5Cu17.9Ni14.6Al10Ti5 samples can be produced via selective laser
melting (SLM). Their relative density reaches values above 98.7%. Com-
pared to the yield strength of as-cast BMGs (about 1830 MPa), addi-
tively manufactured BMGs yield at lower stresses of about 1710 MPa.
A limited but detectable plastic strain (about 0.5%) after yielding was
determined for all SLM specimens, which is still lower than for the as-
cast glass of identical composition. The residual porosity in the SLM
samples is believed to be responsible for the premature failure of the
BMGs prepared by selective laser melting. Careful process optimization
might even results in raising the plastic strain to the values found in the
cast glass. Nonetheless, the effect of these pores on themicrohardness is
negligible and the hardness values of SLM samples and as-cast samples
have similar distributions. The complex thermal history of the SLMsam-
ples, thus, has no evident influence on the microhardness. A similar
wear performance for SLM and as-cast BMG specimens can be deduced
from the time-dependent coefficients of friction, wear rates and surface
morphologies after wear. In other words, SLM processing has no nega-
tive effect on these mechanical properties. Finally, the comparable an-
odic polarization curves and pitting behaviour of the SLM and as-cast
samples suggest that they have a similar corrosion resistance. The
slightly improved surface healing ability and reduced pitting corrosion
susceptibility is an advantage inherent in SLMBMGs and could originate
from a chemically more uniform glassy structure.

In other words, the BMGs produced by selective laser melting dem-
onstratewear and corrosion resistance,which are very similar to as-cast
BMGs. Even though the plastic strain is still limited, the present findings
prove that additively manufactured metallic glasses can deform plasti-
cally on compressive loading. Careful process optimization might
allow for plastic strains comparable to those found in as-cast glasses.
Our comprehensive investigations reveal that powder bed fusion, such
as selective laser melting, is a suitable and powerful tool for designing
new and sophisticated geometries consisting of amorphous alloys.
This approach could open the door to new applications for thismetasta-
ble material, especially such applications, which require long-term du-
rability in corrosive environments.
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