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ABSTRACT: A new and unique alloy formulation design strategy has been
developed in order to fabricate thin-layered metallic glasses (TLMGs) with
superior fracture resistance and low coefficient of friction (COF) during the
nanoscratching test. Due to the outstanding properties, TFMG could be
applied for different uses, such as for surface coating, biomedical,
bioimprinting, electronic devices, spacecraft, and railway, all of which need
surface fracture resistance. The fabricated Zr-based metallic glass was
prepared from Zr, Al, Cu, Ni, and Ag above 99.9 Wt % in purity by arch
melting techniques. TFMGs were coated on silicon wafer by sputtering the
vapor deposition method from bulk metallic glass then annealed below glass
transition temperature Tg ∼ 450 °C for 10, 30, and 60 min. Nanoindentation
and nanoscratch tests were used to investigate nanomechanical and
nanotribological properties, and atomic force microscopy (AFM) was used
to examine the surface morphology and microstructures of TLMG. The nanoindentation data indicated that the average hardness of
metallic glasses increased from 9.75 (as-cast MG) to 13.4 GPa (annealed for 60 min). Coefficients of friction for the cast sample,
annealed for unannealed, 10, 30, and 60 min, were 0.062, 0.049, 0.039, and 0.03, respectively, as well as the wear depths were 201.56,
148.43, 37.32, and 25.27 nm, respectively. These studies show that the coefficient of friction and wear rate decreases when the
annealing time increases as a result of atomic reordering and structural relaxation that occurred at longer annealing times.
Furthermore, continuous wear process, wear depth, wear track volume, and contact area decrease with increasing annealing time.
This study can be used to design protocols to prepare novel TLMGs, which have outstanding mechanical and tribological properties
for engineering materials applications.

1. INTRODUCTION
Bulk metallic glasses (BMGs) are the focus of demanding
research areas for researchers around the world.1 BMGs are
structurally amorphous metallic alloys, and their compositions
are mixed to avoid crystallization during cooling from the
melt.2 BMGs exhibit extraordinary outstanding properties,
such as high elasticity,3 high hardness, appreciable toughness,
good tribology prosperity,4 and superior corrosion resistance.5

In addition, due to the lack of long-range atomic order in
BMGs, they exhibit exceptional mechanical and physicochem-
ical properties,6 related to conventional crystalline metallic
materials, making them a promising class of engineering
materials. Recent developments in surface-coating technology,
particularly in the production of thin-film metallic glass on the
substrate, there are various processing techniques,7 such as
physical vapor deposition (PVD), chemical vapor deposition
(CVD), magnetron sputtering deposition, casting, and spin-
coating, that have been investigated by researchers.8 These
techniques are used for the recent history of surface-coating
technology developments in metallic glass−metal, ceramic−
ceramic, ceramic−metal, and ceramic−metallic glass-nano-

structured coatings. In thin-film material growth, recent
advances in sputter-coating deposition and PVD have led to
the improvement of superlattice and nanolayered films, which
can normally have ultrahardness properties and surface
fracture-resistance properties.9 Plasma-assisted PVD is possibly
an enormously advantageous method in the advancement of
novel production of wear- and corrosion-resistant materials.
Plasma-assisted PVD permits close regulators on the procedure
parameters, with the resultant possibility to attain special
nonequilibrium compositions and structures.10 Recent re-
searchers are interested in sputter PVD methods to generate
nanocomposite coatings, which are superhard and corrosion/
wear-resistant materials with accompanying great elastic
moduli. Even though impressive efficiencies were shown
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during laboratory tests for such materials, which may not be
the ultimate solution for many commercial practical
applications.11 Moreover, even though the sputter PVD
process is an outstanding method for the study of various
coating surface nanostructures and compositions; other
methods, for instance, electron-beam evaporative PVD could
be commercially highly cost efficient, if evaporate source
materials may be designed.12 MGs are also novel wear-
resistant13 and low friction materials with a highly intensive
demand in tribological applications.14 Zr-based MGs display a
smaller friction coefficient than other metals during dry sliding
conditions.15 In previously reported works, the wear resistance
of CuZr-based MG materials is comparable to classical
tribological ceramics but superior to that of high-performance
steel.16 Metallic glasses can be formed thermoplastically in the
supercooled liquid regime. These special properties of MGs
make them perfect candidates for multipurpose applications,
such as microgears, media-storage devices,17 building, con-
struction, bioimplant,18 and electrode materials,19 energy
conversion/storage,20 and sensors.21 Developing a proper
alloy composition determines both structural and chemical
homogeneities, nanometer-sized ductile dendrite homogene-
ities as a result of annealing have proven their value in
increasing plasticity compared to the as-cast MG. The presence
of such homogeneities promotes the plastic formability
because they increase nucleation and branching.22 At the

macroscale, the tribological mechanisms are complex and
involve a combination of plasticity,23 transformation, and
structural relaxations with structural changes.24,25 There is no
clear and unique correlation between the hardness/modulus
and the tribological behavior of metallic glasses that has been
established so far. Hence, the contributions of hardness, elastic
modulus, and thermal treatment on wear resistance and
nanoscale friction of thin MG compared to bulk and as-cast
counterpart should be studied.26 Furthermore, improper alloy
composition of crystallites, rough surface, and surface reaction
structural relations are the cause for their high friction, poor
wear resistance, and poor plasticity, which limit the long-term
performance of metallic glasses at ambient temperature.27 In
addition, localized and inhomogeneous decomposition at
ambient temperature, free volume, and accompanied by strain
lead to early failure of deformation, which still limits the long-
term service of MGs for structural applications.28 To avoid this
catastrophic failure, this investigation aims to study mechanical
properties like elastic moduli or hardness, inhomogeneity, and
microstructure of metallic glasses in addition to thermal
treatment which play great roles in providing information
about the interrelation mechanism of nanoscale friction and
nanoscale wear rate.
In this work, TFMG was grown on the surface of silicon

substrate by the magnetron sputtering-coating deposition
method from Zr60Cu25Al5Ag5Ni5 BMG. Atomic force micros-

Figure 1. AFM image showing the microstructure of MG at annealing times of 30 (a) and 60 min (b). (c) Indentation profiles of TLMG and
BMG. (d) Hardness of TLMGs for annealing times of 10, 30, and 60 min. Error bars represent the standard deviation of three replica experiments.
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copy (AFM) was used to examine the surface morphology and
microstructures. The nanotribological performance of the
TFMGs were examined by the nanoscratch test, and the
corresponding wear resistance and COF values were studied.
We designed a proper alloy percent composition and
characterized the structure and mechanical properties of
thin-layer amorphous Zr-based MGs. The various annealing
time effects and applied force changes on the morphological
change, elastic modulus, hardness, wear rate, wear depth, and
coefficient of friction of the samples were systematically
investigated.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation and Characterization Meth-

ods. Zr60Cu25Al5Ag5Ni5 metallic glass was prepared by arch
melting. The inorganic alloys of metals, such as Zr, Cu, Al, Ag,
and Ni, above 99.9 Wt % in purity were mixed and cast on Zr-
gettered. The cast alloys were placed on copper cruisers
compressed with quartz at a temperature of 825 ± 25 °C. In
order to ensure the composition homogeneity of metals in the
metallic glass, melting of the alloy should be repeated five
times. The final cast alloy has a plate shape structure with
dimensions of 85 × 57 × 2.2 mm3 (length, height, and width).
200 nm thick MGs were prepared on a silicon wafer by the
magnetron sputtering deposition method from the plate. The
as-cast samples were placed in vacuum quartz tubes and

annealed for 10, 30, and 60 min under vacuum with Ti as an
oxygen getter in a tubular iron-furnace below the glass
transition, Tg ∼ 450 °C and at a maximum pressure of 3 ×
10−5 mbar.29,30 For comparison, one nonannealed sample
representing as-prepared or as-cast samples was prepared. The
samples were immediately removed from the furnace and
cooled to room temperature. Structural relaxation happened
due to thermal treatment below the glass-transition temper-
ature of the alloy. The new design alloy composition of
Zr60Cu25Al5Ag5Ni5 with incorporation of Al, Ag, or Ni might
be the best among glass-forming alloys.31 Nanoindentation
experiments were performed using a Hysitron Triboindenter
TI-750 L (Hysitron, Inc., Minneapolis, MN USA) for 0.9 and 4
μN at a constant loading/unloading rate of 0.1 μN/s. Four
indentations were performed to prove the accuracy of the data
from the same sample. Nanoscratch tests were performed at a
velocity of μm s−1 with applied forces of 0.9 and 4 μN as a
function of displacement to evaluate the wear rate, wear depth,
coefficient of friction, and contact area. During nanoscratch,
the surface morphology and microstructures of the wear track
were captured. Nanoscratch tests were repeated three times.

3. RESULTS AND DISCUSSION
3.1. Microstructures and Mechanical Properties.

Annealing thin-layer metallic glass at various length times
(10, 30, and 60 min) was selected as test parameters because of

Figure 2. (a) Coefficient of friction for BMG and TLMG with displacement. (b) Friction force of TLMG at different annealing times. Coefficient
of friction as a function of the number of scan cycles (c) and annealing time (d). Error bars represent the standard deviation of three replica
experiments.
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the differences in microstructure and mechanical and
tribological properties of Zr60Cu25Al5Ag5Ni5 TLMG. In order
to explore the annealing effect on the microstructure and
surface morphology, atomic force spectroscopy (AFM) has
been used. The AFM images in Figure 1a,b clearly show the
presence of nanoparticles with sizes of around 5.96 and 5.05
nm for the specimens annealed for 30 and 60, respectively. The
images show the nanoscale inhomogeneity indicating chemical
relaxation, with the evolution of atomic scale upon annealing
below the glass transition temperature. The AFM topography
results are in line with the previously reported results.32 These
local compositional fluctuations or random arrangements of
atoms influence the plasticity of MGs, without a high loss of
strength or hardness. The arrangement of atoms can affect
atomic transport, hardness, elastic modulus, magnetic, wear
rate, friction, and electrochemical properties.13,33 Annealing
results for chemical reordering leads to phase transition of MG,
depending on the interatomic distance of atoms and improved
plasticity of MG. Short interatomic distance between transition
metals in the alloy composition may have existed only in the
metallic glass.34 Representative indentations on the BMG and
TLMG of load−displacement curves are shown in Figure 1c.
The surface indentation profiles show that the indented depth
of TLMG is shallow compared with that of BMG, indicating
lower material loss and higher wear resistance.

The depth dependence of the mechanical properties, the
hardness (H), and elastic modulus (E) values of the MGs were
determined for samples that were annealed for different times.
The average hardness of metallic glasses increased from 9.75 to
13.4 GPa (Figure 1d) as the annealing time rose from zero to
60 min, as a result of atomic reordering and structural
relaxation that occurred at longer annealing times. Atomic
chemical ordering in the glassy phase is smaller than in the
crystalline phase, which indicates the improvement of
mechanical and tribological properties.35 The elastic modulus
improved from 142.49 to 162.64 with an increasing annealing
time (figure S2). With respect to elastic behavior, describing
the metallic glass properties not only by hardness and modulus
but also by using a hardness/modulus (H/E) ratio indicating
the elastic strain to failure.2 The average H/E ratio was also
increased as the annealing time increases, as shown Figure S3.
The H/E ratio indicates the plasticity of sample deformation.
Materials with a higher H/E ratio may reveal a structural
transition from elastic to plastic behavior at higher stress levels
compared to those with lower H/E ratios. H/E is a strong
pointer of a good wear resistance of material. The large H/E
value indicating that the material has high resist plastic
deformation, and the most durable MGs can be used for many
applications, which were annealed at different times individ-
ually to obtain heat-dependent surface properties. The

Figure 3. AFM images after nanoscratch tests over (a) as-cast TLMG and after annealing for (b) 30 and (c) 60 min at a normal force of 4 μN and
the corresponding (d) wear depth of each sample at a load of 4 μN.
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mechanical properties observed in this research are comparable
to the previous works.2,36

3.2. Tribological Properties. 3.2.1. Coefficient of
Friction. Figure 2 displays the behavior of friction of the
thin-film metallic glass surface as a function of displacement,
annealing time, and number of wear cycles. Friction
coefficients of bulk and thin-layer metallic glass as a function
of sliding displacement are shown in Figure 2a. The coefficient
of friction is larger in bulk MG than in thin-film MGs. The
sawtooth appearance of bulk MG is revealed, indicating shear
banding and plow formation as the indenter deformed the
matrix as a result of the absence of elastic plasticity. It might be
difficult for the movement of atoms in all directions, while the
indenter scratching the surface is due to the presence of some
extent of crystallinity. As the annealing time increases, reducing
the grain size, annealing-induced embrittlement of metallic
glasses results in a lower friction coefficient and excellent wear
resistance. Figure 2b demonstrates that for all annealed MGs,
the reduction of friction force was observed as a function of
sliding distance under load 4 μN. The value of friction force
dropped gradually when the annealing time increased from
zero to 60 min. The friction force of highly annealed MGs is
much lower than that of the cast-MG. The graph of friction
force for a cast MG revealed sawtooth, many small peaks,
indicating the rough surface, deformation of surface matrix,
and weak wear resistance performance, whereas the graph of
highly annealed MG showed a smooth peak as increasing with

annealing time indicating that the laminated surface and
mechanical and tribology properties were successfully
improved.6,37 The coefficient of friction as a function of the
number of scratch cycles after annealing for different times is
shown in Figure 2c under an applied load of 0.9 μN. The
coefficient of friction initially seems to increase with the
number of wear cycles and then reaches a steady value at for all
samples. The increase in the coefficient of friction during the
initial wear cycle is related to a larger plowing depth, as
reported previously.38 In addition, the coefficient of friction of
the thin-film MGs slightly decreases with increasing temper-
atures and aging times. The effects of annealing time on the
coefficient of friction of thin-film MGs has been observed in
Figure 2d under 0.9 and 4 μN applied force. The mean
coefficient of friction value was similar for both test conditions.
It is clear that the value of friction coefficient is about 0.062 for
the nonannealed, while for the MG, it was annealed for 60 min,
and the coefficient of friction slightly decreased (<0.03) under
0.9 μN applied force. The friction coefficient decreases with
increasing annealing time in both conditions, which is in line
with previous reports,39 demonstrating the possibility of
reduction of friction coefficient by tuning the surface
patterning with aging temperature.13 It is reported that most
of the frictional work during the wear process creates heat
energy, which modifies the tribological behaviors of Nano-
scratched surfaces, such as forming delocalized free metal ions

Figure 4.Wear rate as a function of annealing time for (a) 4 and (b) 0.9 μN. (c) Contact area as a function of annealing time for 0.9 and 4 μN. (d)
Wear volume for each sample as a function of sliding displacement for 4 μN. Error bars represent the standard deviation of three replicate
experiments.
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for chemical reordering or even heating interfacial contact
materials.40

3.2.2. Nanowear Depth. The nanoscratch test was
conducted on the TLMGs, which were annealed at different
times individually to obtain heat-dependent surface properties.
Figure 3 shows the AFM images of the wear track surface of
three MGs after the nanoscratch test using normal forces, 4
μN. All nanoscratch wear track images display different
features in both FN = 0.9 and 4 μN loads. In addition, AFM
images demonstrate different wear depth and contact area of
MGs for different annealing times. Wide and deep grooves
were shown (Figure 3a) for nonannealed MG but shallow
scratch tracks were observed for highly annealed MGs (Figure
3c). The wear debris has been seen for as-cast, which are
material accumulation on the lateral sides, indicating the
serious plastic deformation during friction. The wear rate and
volume weight loss for 4 μN were significantly higher than the
0.9 μN test conditions, which is in line with previous reports.
The wear depth of each scratch sample is determined and
shown in Figure 3d. The values of the wear depth decrease
from 201.56 nm for the nonannealed to 148.43, 37.32, and
25.27 nm for the TLMG annealed for 10, 30, and 60 min,
respectively, which is in line with previous reports. The
nanoscratch wear track images of the three thin-film MGs at
normal forces, 0.9 μN, are shown Figure S4. The wear depth is
equivalent to both the height of the accumulated material and
the depth of the scratch. It can be seen that the thin-layer MG,
which is annealed for a long period of time, revealed a shallow
wear track, indicating there is clearly elastic recovery behind
the indenter and exhibited excellent wear resistance perform-
ance and very low coefficient of friction.41 Wear resistance
improved with annealing time increases, as a result of good
hardness and elastic modulus of materials, which led to too
much reduction of friction while plowing the MG layer on an
indenter.42 During annealing, antiwear and low coefficient of
friction in all conditions improved on the surface of the film,
and there might be dangling bonds (immobilized free radical);
therefore, annealing needs to satisfy these bonds by surface
reconstruction, charge transfer, or chemical absorption.32,43,44

3.2.3. Wear Rate. The variations of wear rate as a function
of displacement for each samples at normal forces of 0.9 and 4
μN load are shown in Figure 4a,b, respectively. It is found that
for all samples the wear rate first decreases and then steady-
state wear is observed as a function of the sliding distance
under both loads and all annealing time. The wear rate
dropped continuously with increasing annealing time for both
test conditions. The wear rates for 4 μN were meaningfully
higher than 0.9 N test conditions, which is in line with previous
works.45 More importantly, the wear rate of the highly
annealed MGs is much lower than that of the nonannealed
MG. Figure 4c shows the contact area as a function of
annealing time for 0.9 and 4 μN. As can be seen, the scratch
contact area decreases with increasing annealing time for both
loads. Contact areas for 4 μN were meaningfully higher than
0.9 N test conditions, which is in line with previous works.
This behavior of the contact area depends on the mechanical
properties (hardness and elastic modulus) and the micro-
structure of the film.46

Figure 4d shows the wear volume of the scratched area of
samples for normal force, 4 μN. It is found that the wear
volume decreases with increasing annealing time as a result of
improved elastic modulus or high H/E ratio and low friction
coefficient. This will be the reason for the high wear resistance

of materials.47 Researchers regarded that the real area of
contact and material properties, such as microstructure, surface
topography, and mechanical properties, are the key factors that
govern the wear rate.48 These findings might offer a promising
protocol to enhance the wear resistance and lower the COF of
the MG thin films by developing the proper alloy percent
composition and appropriate annealing time below the perfect
Tg value.

4. CONCLUSIONS
In summary, we have studied the surface morphology and
microstructure by AFM, mechanical properties by the
nanoindentation experiment, and tribological properties by
the nanoscratch experiment of MG films annealed for various
lengths of time. The hardness value and the average elastic
modulus of the samples increased with increasing the annealing
time, and the annealed samples revealed better properties than
as-cast MG. The H/E ratio of all samples increased with
increasing annealing time. The nanoscratch results indicate
that annealing at different times significantly reduces friction
and improves wear resistance performance. In addition, the
decrease of wear depth, wear volume, and contact area under
the annealing effect appeared in the continuous wear process,
resulting in a lower coefficient of friction and good wear
prevention performance, making MGs a promising material for
applications in tribological materials, electrode materials,
energy storage, and sensor applications.
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