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ARTICLE INFO ABSTRACT

Handling Editor: P-Y. Chen Zr-based bulk metallic glasses (BMGs) are promising for extensive industrial applications due to their superior
mechanical properties, excellent glass formation ability (GFA), and low manufacturing costs. However, the wear
resistance of Zr-based BMGs, especially when exposed to high-temperature service environments, is deficient and
could lead to premature failure of critical components. Herein, we report an effective strategy that can signifi-
cantly enhance the high-temperature wear resistance of Zr-based BMGs, referred to as pre-oxidation treatment
(PT). At ambient temperature, the wear rate of the pristine Zr-based BMG samples was estimated to be ~173.7 x
107% mm® N~! m~?, whereas the PT samples subjected to the PT strategy showed no detectable volume loss. In
addition, the wear rate of the PT samples at 250 °C was ~11.5 x 10~® mm® N™! m™.. Intriguingly, even as the
temperature surpassed the crystallization point of the BMG, the PT samples demonstrated a further enhancement
in wear resistance, showcasing a wear rate of approximately ~7.29 x 10~® mm® N~! m™L. Our work introduces a
promising and convenient strategy to enhance the high-temperature wear resistance of Zr-based BMG compo-
nents, thereby promoting their application in real-world engineering scenarios.
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1. Introduction

Bulk Metallic glass (BMG) is a -cutting-edge material with
outstanding properties, such as superior strength, high hardness and
excellent wear resistance [1-7]. Among which Zr-based BMGs are
currently the most promising one to be used in engineering fields given
their exceptional glass forming ability (GFA) and lower manufacturing
costs [8-10]. These advantages enable them to prepare large-size BMG
and widely employed in advanced scenarios [4,11-14]. For example,
Zr-based BMGs are promising for application in the high-temperature
precision molding of optical glass [15]. However, the wear resistance
of Zr-based BMG is considered to be insufficient, especially in
high-temperature environments [16]. The relatively low glass transition
temperature (Tg) leads to rapid failure of Zr-based BMG in
high-temperature friction situations [17,18]. Therefore, enhancing the
wear resistance of Zr-based BMG in high-temperatures region has both
engineering significance and research interest.

Methods commonly used to improve the wear resistance of the metal

materials are various surface treatment techniques such as coatings
[19-211, shot peening [22,23], ion nitriding [24,25], laser cladding [26,
271, oxidation treatments [28-33] and so on. Among those, oxidation
treatment is a facile and low-cost surface treatment method, which can
effectively enhance the wear resistance. Caron et al. performed nano-
scale sliding wear experiments on pre- and post-annealed NigagNbsg BMG
and demonstrated the protective effect of thicker surface oxide layers
against wear under multiple loads [34]. Jia et al. analyzed the wear
mechanism of Zr-based BMG annealed under argon and oxygen atmo-
spheres and found that oxidized Zr-based BMG exhibited the best wear
resistance with increased hardness and stronger elastic recovery
compared to pristine as-cast (AC) and structure-relaxed Zr-based BMG
[35]. Zhou et al. reported that the thickness of the wear-resistant oxide
layer of Zr-based BMG after oxidation treatment was increased by the
addition of the rare earth element lutetium, which significantly
enhanced the wear resistance of oxide-treated Zr-based BMG [36]. Many
studies have been reported that the increased thickness of the oxide
layer after oxide treatment can improve the wear resistance of BMG in
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Fig. 1. (a) Schematic of wear experiment. (b) As-cast (AC) sample with positioning notch. (¢) XRD and DSC curves of the ZrssCuzoNisAl;o BMG. (d) Weight versus
temperature curve of ZrssCusoNisAl;o BMG in the air. (e) Pre-oxidation treatment (PT) sample with positioning notch. (f) Backscattering morphology of cross section

of PT sample.

room temperature (RT) environments, however, the effect of oxide
treatment on the wear performance of BMG in higher temperature en-
vironments has rarely been reported.

In this work, the wear resistance of Zr-based BMG (Zrs5CuzgNisAlyq)
was demonstrated to be significantly enhanced over a wide temperature
range through pre-oxidation treatment (PT). At RT, the wear rate of
original sample without any pretreatment is ~173.7 x 10 mm® N™?
m~!, whereas there was no detectable volume loss of PT sample.
Furthermore, at the temperature of 250 °C, the wear rates of the AC and
PT samples are ~253.2 x 10 mm®* N"! m ! and ~11.5 x 107% mm®
N~! m™}, respectively. Notably, the AC and PT samples also exhibit
excellent wear resistance even the temperature beyond the crystalliza-
tion temperature (Ty) of Zr-based BMG. The corresponding wear rates at
the wear temperature of 500 °C is ~17.71 x 10 mm?® N m~! and
~7.29 x 1079 mm® N~! m™}, respectively.

2. Experimental
2.1. Sample preparation

Zrs5CuggNisAl; g alloy ingots were synthesized by arc melting pure Zr
(99.95 at.%), Cu (99.99 at.%), Ni (99.99 at.%) and Al (99.9 at.%) in a
high-purity argon atmosphere. The ingot was melted in five iterations to
ensure a homogeneous mixture of alloy composition. Zr-based BMG
plates measuring 1.5 mm x 20 mm x 50 mm were fabricated via casting
of the molten alloy ingot into a water-cooled copper mold. Using a low-
speed wire electrical discharge machining (WEDM; SODICK AP250L),
Zr-based BMG plates were processed into 11 mm diameter disks with a
positioning notch, as depicted in Fig. 1b.

2.2. Characterizations

The amorphous property of AC and PT samples was analyzed using
X-ray diffraction (XRD; Rigaku MiniFlex 600) with Cu Ko radiation. In
addition, the thermal characteristics of original Zr-based BMG were
evaluated by differential scanning calorimetry (DSC; PerkinElmer DSC-
8000) with a heating rate of 20 °C/min. The weight change of Zr-based
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BMG upon heating in air was measured using a thermalgravimetric
analyzer (TG; NETZSCH TG 209F3). The micro-structure and elemental
distribution of wear experiment samples were analyzed using a field
emission scanning electron microscope (SEM, FEI QUANTA FEG 450)
with energy dispersive spectroscopy (EDS) capability. The volume loss
after wear experiments was evaluated using a white light interference
profiler (Bruker ContourGT-X 3D). The hardness and modulus of AC and
PT samples were measured using a nanoindenter (TI750 Hysitron Ltd)
with a maximum load of 10 mN.

2.3. Wear test

The surface of AC and PT samples were tested for dry sliding wear at
different temperatures using a ball-on-disk tribometer (Rtec MFT-5000,
USA) under air atmosphere, and a schematic of the wear experiment is
shown in Fig. 1a. A commercially available zirconium dioxide (ZrO3)
ball with a diameter of 9.5 mm and a hardness of roughly 14 GPa was
chosen as the corresponding counterpart. The load of 3.5 N was applied
to all the wear test samples and slid for 30 min at a wear radius of 3 mm
and a fixed sliding speed of 100 rpm. The temperature of the wear ex-
periments of AC and PT samples were set to RT, 250 °C and 500 °C to
investigate the effect of PT on wear behavior of Zr-based BMG over a
wide temperature region. The wear rate @ of AC and PT samples after
wear at different temperatures can be calculated by the following
equation [16,37]:

Vioss
w= ,
PxL

@

Where Vi is the total wear volume loss (mm?), P is the applied normal
load (N) and L is the total sliding distance (m).

3. Results and discussion

The XRD pattern and DSC curve of the original ZrssCugoNisAl; o BMG
are shown in Fig. lc. A broad diffraction peak can be observed in the
XRD pattern, indicating that the as-cast Zr-based BMG is completely
amorphous. Based on the DSC curve, it can be determined that the T



W. Wang et al.

Table 1
The statistics of coefficient of friction, cross-section area and wear rate of AC and
PT samples at RT, 250 °C and 500 °C.

Samples Wear Coefficient of Cross- Wear rate ( x
environment friction section area 107° mm®
(pm?) N'm™)
As-cast RT 0.087 1824 173.7
250 °C 0.124 2659 253.2
500 °C 0.389 285 27.1
Pre-oxidation RT 0.044 - -
treatment 250 °C 0.06 121 11.5
500 °C 0.351 74 7.04

and Tx of the Zr-based BMG are approximately 420 °C and 480 °C,
respectively. In addition, Fig. 1d illustrates the TG result of Zr-based
BMG in air. It can be found that the weight of Zr-based BMG starts to
increase at approximately 380 °C. Based on the results of DSC and TG,
the temperature and duration of PT were chosen as 380 °C and 90 min,
respectively, in order to avoid crystallization and achieve a thicker oxide
layer. As shown in Fig. le, the surface of PT sample appears black. The
cross-sectional morphology of PT sample was observed by backscat-
tering as shown in Fig. 1f. It can be observed that a differential layer with
a thickness of about 1.28 pm exists after PT.

3.1. Wear behavior at 250 °C and 500 °C

To provide a more comprehensive analysis, the wear behavior of
BMG samples at RT were firstly investigated. The coefficient of friction
(COF) of AC and PT samples at RT are shown in Fig. S1 (a, d), respec-
tively. During the initial wear stage, it is evident that the COF experi-
ences a rapid increase followed by a stabilization phase, commonly
referred to as the “running-in” stage [31,37,38]. As summarized in
Table 1, the average COF values of AC and PT samples at RT are
approximately 0.087 and 0.044, respectively. The corresponding 3D
morphology of wear tracks of AC and PT samples at RT are shown in
Fig. S1 (b, e). We can find that apparent wear tracks are observed belong
to AC sample, and no wear tracks are observed in PT sample. The results
demonstrate that the oxidized samples exhibit significantly enhanced
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wear resistance at RT compared to the original samples. The
cross-sectional morphology of AC and PT samples are shown in Fig. S1
(c, f), respectively. The cross-sectional area of the wear track of the
former can be obtained by the integration method to be about 1824 pm?,
while the PT sample exhibited almost a linear wear tracks profile,
indicating no obvious volume loss. The wear rate (w) of the AC sample at
RT can be calculated as ~173.7 x 10 ® mm® N1 m™! (w1) based on Eq.
(1), and the PT sample shows an extremely low wear rate without sig-
nificant wear.

To investigate the benefit of PT on high temperature wear resistance,
the AC and PT samples were subjected to wear experiments at 250 °C.
The COF of AC and PT samples at 250 °C are displayed in Fig. 2 (a, d),
respectively. We can find that the COF mutation of AC sample was more
severe in the stable wear stage. And the average COF of AC sample was
higher than that of PT sample, which were about 0.12 and 0.06,
respectively. The 3D morphology of AC and PT samples at 250 °C are
displayed in Fig. 2 (b, e), respectively. It can be found that the PT sample
shows less wear compared to the AC sample, which assumes that the pre-
oxidation treatment enhances the wear resistance even at high tem-
peratures. The corresponding cross-sectional profiles of AC and PT
samples were presented in Fig. 2 (c, f), we can calculate that the area of
the wear tracks of AC and PT samples at 250 °C are about 2659 pmz (S2)
and 121 pm? (Sa), respectively. And the wear rate of AC and PT samples
are ~253.2 x 10 mm® N1 m™! (w2) and ~11.5 x 10 mm®N"'m™!
(w3), respectively.

Finally, to investigate the wear behavior of AC and PT samples at
higher temperatures, the wear experiments at 500 °C were performed.
The COF of AC and PT samples at 500 °C are shown in Fig. 3 (c, d),
respectively. It can be observed that the COF of the PT sample remains
very stable in the steady state, while the COF of the AC sample gradually
increases before stabilizing. And there is no significant abrupt change in
the COF of both samples throughout the stable wear stage, which the
mean COF values at 500 °C of AC and PT sample are about 0.39 and
0.35, respectively. In addition, the 3D morphology of the wear tracks of
AC and PT samples at 500 °C are presented in Fig. 3 (b, €) and the
corresponding cross-sectional profiles of wear tracks are shown in Fig. 3
(¢, ). It can be obtained that the cross-sectional areas of wear track of AC
and PT samples at 500 °C are 285 pm? (S4) and 74 pm? (Ss), respectively.
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Fig. 2. Characterization of AC and PT samples at 250 °C. (a) COF versus time curve of AC sample at 250 °C. (b) Wear morphology of AC sample at 250 °C. (c) Cross-
sectional profile of AC sample at 250 °C. (d) COF versus time curve of PT sample at 250 °C. (e¢) Wear morphology of PT sample at 250 °C. (f) Cross-sectional profile of

PT sample at 250 °C.
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Fig. 3. Characterization of AC and PT samples at 500 °C. (a) COF versus time curve of AC sample at 500 °C. (b) Wear morphology of AC sample at 500 °C. (c) Cross-
sectional profile of AC sample at 500 °C. (d) COF versus time curve of PT sample at 500 °C. (e) Wear morphology of PT sample at 500 °C. (f) Cross-sectional profile of
PT sample at 500 °C.
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Fig. 4. Wear patterns of AC and PT samples at 250 °C. (a-b) The wear morphology and magnification of AC sample at 250 °C. (c-d) The wear morphology and
magnification of PT sample at 250 °C.

And the corresponding wear rates are about ~17.71 x 10" mm® N~? 3.2. Wear appearance

m ! (ws4) and 7.29 x 107° mm® N~! m™! (ws). Both samples exhibit

significant reductions in wear rates, and the reasons behind this phe- The wear morphology of AC and PT samples at RT are shown in
nomenon will be explained in the Discussion section. Fig. S2 (a, b), respectively. It can be observed that the wear morphology

of PT sample is consistent with the 3D morphology result, showing no
significant wear. However, the AC sample shows severe wear. This can
be seen from the wear morphology, which exhibits plastic deformation,
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Table 2

The statistics of elemental oxygen content of AC and PT samples in different regions at 250 °C and 500 °C.
Position P, P, P3 P, Ps Pg P, Pg
Element
O (at.%) 4.59 37.95 49.88 61.25 47.90 59.93 50.56 58.75

Grooves

Smooth surface

4

Cracks

7%

Peeling

N

Smooth surface

Fig. 5. Wear patterns of AC and PT samples at 500 °C. (a-b) The wear morphology and magnification of AC sample at 500 °C. (c-d) The wear morphology and

magnification of PT sample at 500 °C.

tribological layer (tribo-layer), pores and grooves.

3.2.1. Wear appearance at 250 °C

Fig. 4a displays the detailed morphology of wear track of AC sample
after being subjected to wear at 250 °C, and obvious plastic deformation
can be observed. This can be attributed to the frictional heat generated
during the reciprocating sliding process surpassing the Ty, resulting in a
reduction in the viscosity and formation of a softened layer on the AC
sample [39,40]. Moreover, during the wear process, a localized accu-
mulation caused by plastic deformation leads to the development of
tribo-layer in the presence of sustained loading, which is a typical
characteristic of adhesive wear [37]. The crack and peeling of the
tribo-layer can be observed in the local magnified Fig. 4b. Under the
action of cyclic stress, localized tribo-layer are prone to develop
microcracks, which further propagate and lead to the delamination of
the tribo-layer. This indicates the presence of fatigue wear in the wear
process. It is concluded that the severe plastic deformation of the AC
sample accelerated the formation and delamination of the plate-like
tribo-layer, which ultimately leads to increased wear. In order to
further investigate the wear mechanism of the AC sample at 250 °C, the
distribution of oxygen content in different characteristic areas on the
wear tracks was analyzed by EDS. As summarized in Table 2, the oxygen
content in the non-wear region (P;) and the locally accumulated
tribo-layer region (P2) is 4.59 % and 37.95 %, respectively, which in-
dicates oxidation in the tribo-layer region. Therefore, the wear mecha-
nisms of the AC sample at 250 °C are predominantly plastic
deformation-dominated adhesive wear, fatigue wear, and slight oxida-
tive wear.

2170

To investigate the wear mechanism of PT samples at 250 °C, we
observed the detailed morphology of wear trace. The morphology of the
wear tracks of PT sample after being subjected to wear at 250 °C is
presented in Fig. 4c. Compared to the AC sample, it is evident that the PT
sample exhibits narrower wear tracks, smoother wear surfaces, and
milder wear severity, indicating superior wear resistance of the PT
sample. Furthermore, the presence of slight plastic deformation, cracks,
and delamination on the wear marks can be observed from the locally
magnified morphological details in Fig. 4d, which demonstrates the
existence of adhesive wear and fatigue wear. For further investigation,
as summarized in Table 2, the oxygen content of the non-wear region
(P3) of the PT sample is 49.88 %, which indicates the presence of an
oxide layer on the surface of the PT sample. The existence of a hard oxide
layer can enhance the ability of BMG to resist the embedding of the
abrasive ball, thereby improving the wear resistance of the Zr-based
BMG at 250 °C [41]. However, the oxygen content of the locally accu-
mulated tribo-layer area (P4) is 61.25 %, attributed to the further
oxidation of the PT sample due to reciprocating friction, indicating the
existence of oxidative wear. Therefore, the wear mechanism of the OT
sample at 250 °C involves adhesive wear, fatigue wear, and oxidative
wear.

3.2.2. Wear appearance at 500 °C

To investigate the excellent wear resistance exhibited by both sam-
ples at higher temperatures, their wear morphology was studied. The
wear morphology of the AC sample after worn at 500 °C is displayed in
Fig. 5a. It can be found that the wear track surface is relatively smooth,
but grooves can be observed, which is a typical characteristic of abrasive
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sectional morphology of PT sample at 500 °C. (d) Oxygen elemental analysis of the cross section. (e) XRD analysis of the oxide layer. (f) Comparison of nano-

indentation results for Zr-based BMG and oxide layer.

wear [37]. The smooth surface of the wear track implies that the AC
sample exhibits relatively excellent wear resistance at 500 °C. From the
local magnified image of the wear track area in Fig. 5b, it can be
observed that there are tiny pores, micro cracks, and peelings in smooth
tribo-layer, which indicates the presence of adhesive wear and minor
fatigue wear. It is noteworthy that, as summarized in Table 2, the oxygen
content of the non-wear region (Ps) is 47.9 %, which indicates that the
entire AC sample was severely oxidized at an ambient temperature of
500 °C. Moreover, the oxygen content in the layered tribo-layer region
(Pg), which is 59.93 %, which indicates further oxidation occurring
during reciprocating friction, providing evidence of oxidative wear.
Therefore, the wear mechanism of the AC sample at 500 °C involves
adhesive wear, fatigue wear, and oxidative wear, all of which occur in
conjunction with severe oxidation.

To study the wear mechanism of the PT sample with excellent wear
resistance at 500 °C, the corresponding morphology of wear track is
displayed in Fig. 5c. It can be clearly noticed that the non-wearing re-
gion presents a rough morphology, while the wear region, however,
presents a smooth morphology. And the wear track width of the PT
sample is narrower than that of the AC sample, and the wear track
surface is smoother, demonstrating the superior wear resistance of the
PT sample at 500 °C. Moreover, as shown in Fig. 5d-a smooth surface is
still observed in the locally magnified image of the wear track, with only
a small number of micro cracks and pores being observed, indicating
very slight fatigue wear. This suggests that there was minimal fatigue
wear present of the PT sample. In addition, as summarized in Table 2,
the oxygen content in the rough non-wear region (Py) is 50.56 %, while
the oxygen content in the smooth wear track region (Pg) is 58.75 %. This
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indicates that the PT sample continues to undergo oxidation in the
500 °C environment, and the oxidation is more severe at the wear track
area. In summary, the wear mechanism of the PT sample at 500 °C in-
volves a combination of mild fatigue wear and oxidative wear, with the
participation of an oxide layer and further oxidation.

3.3. Discussion

To investigate the reasons for the improvement of wear resistance of
Zr-based BMG in high-temperature due to PT, the wear tracks cross-
section was analyzed using backscattering pattern and EDS. The wear
tracks cross-sectional morphology of PT sample at 250 °C, and the AC
and PT samples at 500 °C are shown in Fig. 6(a—c), respectively. It can be
found that all these samples exhibit differential layers of varying
thickness. As shown in Fig. 6d, EDS analysis revealed that the differ-
ential layers are oxygen-rich zone, thus confirming that these differen-
tial layers are oxide layers. According to Fig. 6a, it can be observed that
the PT sample exhibits an oxide layer with a thickness of approximately
1.03 pm after being subjected to wear at 250 °C. However, as shown in
Fig. 6b, the AC sample exhibits an uneven oxide layer with a thickness of
approximately 3.01 pm after being subjected to wear at 500 °C. Addi-
tionally, the oxide layer exhibits an inhomogeneous interface with the
substrate. As shown in Fig. 6¢, the PT sample exhibits a thicker and more
homogeneous oxide layer than AC sample, with a thickness of approx-
imately 4.61 pum. Therefore, based on the above results, it can be
concluded that both AC and PT samples undergo severe oxidation with a
significant increase in the thickness of the oxide layer during the wear
experiment at 500 °C. This is consistent with the results of TG as shown
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Fig. 7. Schematic of the wear mechanism at 250 °C and 500 °C. (a) Wear mechanism of AC sample at 250 °C. (b) Wear mechanism of PT sample at 250 °C. (c) Wear
mechanism of AC sample at 500 °C. (d) Wear mechanism of PT sample at 500 °C.

in Fig. 1d, indicating that the rate of weight gain of Zr-based BMG
reaches its maximum at 500 °C. The oxide layer of both AC and PT
samples grows rapidly during the wear process at 500 °C and dominates
the wear process. In the initial stage of wear at 500 °C, the AC sample
undergoes wear predominantly on the surface of the crystalline matrix,
resulting in inhomogeneous wear tracks. However, in the steady wear
stage, the continuously growing oxide layer mainly participates in the
wear process. Therefore, this is the reason for the presence of an inho-
mogeneous interface between the oxide layer and the substrate of the AC
samples. The composition of the oxide layer was analyzed using XRD. As
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shown in Fig. 6e, the result indicates that t-ZrO, and Al;O3 are the
predominant constituents of the oxide layer. These hard oxides
contribute to the improved wear resistance of Zr-based BMG [42]. Fig. 6f
displays the results of nanoindentation, which indicate that the original
BMG possesses an average hardness and modulus of 5.5 GPa and 57.7
GPa, respectively. Conversely, the oxide layer displays an average
hardness of 15.5 GPa and modulus of 200.8 GPa, respectively. There-
fore, the PT samples have a hard oxide layer that protects the substrate
during the wear process, significantly improving the wear resistance of
Zr-based BMG in high-temperature environment.
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To facilitate the understanding of the wear mechanisms of AC and PT
samples in different high-temperature environments, Fig. 7 shows the
corresponding schematic of the wear mechanisms. As shown in Fig. 7a,
the AC sample without an initial protective oxide layer experiences a
frictional heating temperature exceeding the T, during wear at 250 °C,
resulting in the formation of a softening layer on the wear surface.
Therefore, the wear mechanisms of AC sample are adhesive wear, fa-
tigue wear, and slight oxidative wear dominated by plastic deformation
of softened layer. However, as shown in Fig. 7b, the initial hard oxide
layer of PT sample participates in wear during both the “running-in”
stage and the stable wear stage. The corresponding wear mechanisms
involve adhesive wear, fatigue wear, and oxidative wear dominated by
the oxide layer. In addition, during the wear experiment at 500 °C, the
ambient temperature exceeded the Tx of Zr-based BMG, resulting in its
crystallization. As shown in Fig. 7c, during the “running-in” stage, the
low-hardness crystalline state of original Zr-based BMG experiences
wear. However, at this stage, the extremely high oxidation rate leads to
the protection of the crystalline matrix by the newly formed hard oxide
layer during stable wear. Therefore, the wear mechanisms of AC sample
at 500 °C is dominated by severe oxidation-induced adhesive wear,
slight fatigue wear and oxidation wear. In contrast, as shown in Fig. 7d ,
the PT sample exhibits involvement of the oxide layer in the wear pro-
cess in both stages, thereby protecting the crystallized substrate. In
conclusion, despite the fact that crystallization can cause the Zr-based
BMG to lose its excellent properties, PT can significantly enhance the
high-temperature wear resistance of Zr-based BMG.

4. Conclusions

In this paper, a pre-oxidation treatment strategy was developed to
significantly enhance the wear resistance of Zr-based BMGs in the
temperature range from RT to 500 °C (above Ty). At RT, the original
BMG sample exhibited drastic wear with a wear rate of ~173.7 x 107°
mm® N~ m™L. In contrast, the PT sample showed significantly enhanced
wear resistance with no observable volumetric wear. Correspondingly,
at higher temperatures of 250 °C and 500 °C, the PT samples exhibited a
noticeable enhancement in wear resistance, with values of ~11.5 x 10-
6 mm® N"! m™! and ~7.29 x 10°® mm® N~! m™, respectively. The
results showed that the designed pre-oxidation treatment successfully
formed robust ZrO, oxide layers on the surface of Zr-based BMGs, thus
preventing the drastic wear of the BMG substrate at high temperatures.
As a result, our findings offer a cost-effective and practical method to
improve the suitability of Zr-based BMG components in challenging
high-temperature environments, thus broadening their applications in
real-world engineering.
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