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A B S T R A C T

The effects of nanoscale chemical heterogeneity on the wear, corrosion, and tribocorrosion resistance of
ZrCuNiAl thin film metallic glasses were investigated by examining samples of similar global composition but
with either homogenous or heterogeneous local composition. Unlike the homogenous sample, the heterogeneous
sample exhibited local compositional fluctuations of Zr-rich (~52.8 at.%) and Zr-lean (~51.7 at.%) regions
separated by ~413.0 ± 64.7 nm. Dry scratch wear study showed that the homogenous samples exhibited lower
wear rates and friction coefficients than their heterogenous counterparts due to their higher hardness and lower
stiffness, as measured from nanoindentation tests. Corrosion resistance of both samples was studied through
potentiodynamic polarization and Mott-Schottky analysis in 0.6 M NaCl aqueous solution under room tem-
perature. It was found that the heterogeneous samples exhibited higher pitting resistance than their homogenous
counterparts by forming a protective passive layer with lower defect density. Finally, the effects of chemical
heterogeneity on the tribocorrosion rate and repassivation kinetics of both samples were discussed based on their
differences in mechanical and electrochemical properties measured.

1. Introduction

Metallic glasses (MGs) exhibit good elastic limit [1], high strength
[2,3], and excellent wear [4,5] and corrosion resistance [6,7] largely
owing to the lack of long-range order, the absence of grain boundary,
and in many cases, the retention of high alloying content in homo-
genous solid solution [8,9]. With the reduction of the critical cooling
rate, MGs can be cast into bulk metallic glasses (BMGs) to optimize
mechanical properties such as strength and fracture toughness, how-
ever, they often suffer from a very limited ductility and serrated plastic
flow [9–12]. Thin film metallic glasses (TFMGs), i.e. MGs with typically
hundreds of nanometers to several microns thickness, offset the short-
comings of BMGs by retarding strain localization via interface-mediated
plasticity and hence have drawn great interest lately as they can be
readily applied as coatings for various engineering applications which
requires both good mechanical properties and high corrosion resistance
on the surface [13–15]. For instance, Pd-based TFMGs with attractive
forming ability have been used in micro-electro-mechanical systems
(MEMS) [16]. Zr-based TFMGs, the focus of this work, have been

applied in dental implant due to their high strength, exceptional frac-
ture toughness and corrosion resistance [17]. In many of these appli-
cations, simultaneous wear and corrosion resistance, i.e. tribocorrosion
resistance, are essential for the product's long-term durability and safe
operation.
The hardness of Zr-based TFMGs prepared by physical vapor de-

position ranges from ~5.5 GPa to as high as ~16.2 GPa at room tem-
perature [18–20]. Such high hardness typically translates into wear
resistance superior to many conventional engineering metals in various
applications [21,22]. For example, Tsai et al. found that the cutting
durability of surgical blades coated with Zr48Cu36Al8Ag8 and
Zr53Cu30Ni9Al8 TFMGs was much higher than that of commercial AISI
440C martensitic stainless steel [23]. Cai et al. showed that the fretting
wear rate of Zr60.14Cu22.31Fe4.85Al9.7Ag3 TFMGs was approximately 2.8
times lower than that of Ti6Al4V alloys under the same dry sliding
conditions [17]. However, since wear of Zr-based TFMGs is a complex
dynamic process, often associated with subsurface shear band forma-
tion and contingent crystallization [24], the opposite has also been
reported [25]. For example, Fu et al. [25] studied the sliding behavior
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of Zr-based MGs using molecular dynamics simulation and found that
no exceptional friction and wear characteristics were observed.
A recently proposed four R's design paradigm has pointed out the

importance of tailoring the properties of MGs via controlling their na-
noscale compositional and structural heterogeneity [26,27], where the
four R's represent (1) retaining more soft spots that participate in soft
vibrational modes, (2) restraining shear-band propagation and nuclea-
tion, (3) rejuvenating glass structure into a more deformable state, and
(4) relocating to alloy compositions rich in structural inhomogeneity.
Based on such hypothesis, the macroscopic properties of MGs can be
tailored by tuning the nanoscale chemical heterogeneity during pro-
cessing. Indeed, several experimental and simulation studies of BMGs
and TFMGs have indicated that nanoscale heterogeneity strongly affects
both of their mechanical and corrosion properties [28–30]. It should
also be pointed out that while MGs are inherently inhomogeneous with
a wide spectrum of atomic-packing heterogeneities, the term ‘nanoscale
heterogeneity’ used herein specifically refers to quasi-periodic compo-
sitional fluctuations over a length scale of hundreds of nanometers,
hence a higher degree of heterogeneity than those intrinsic to con-
ventional homogenous MGs. For example, Rashidi et al. [28] reported
that the chemical heterogeneity was induced during the introduction of
Sn to Cu47Zr47Al6 bulk metallic glass, resulting in increased shear band
formation and enhanced ductility. Wang et al. [29] studied the effects
of nanoscale chemical heterogeneity on the mechanical properties of
CueZr MGs via multiscale computer simulation and found that the
organization of nanometer-scale shear transformation into shear-band
patterns is dependent on the length-scale of the spatial heterogeneity.
An optimum correlation length of ~5 nm was identified to result in the
highest plastic strain to failure and lowest strain localization.
In terms of corrosion resistance, the chemical heterogeneity is often

found to exhibit an adverse effect on the corrosion resistance of MGs
owing to its obstruction to uniform passive film growth [31]. Zhang
et al. [30] found that the Al3Ni or Al11Ce3 intermetallics precipitation
has negative effect on pitting resistance of Al-based MG whereas no
detrimental effect was observed in nanoscale α-Al precipitation. Mudali
et al. [32] pointed out that chemical inhomogeneous cluster zones in
Zr-based BMGs served as attractive sites for aggressive ions and further
accelerate the corrosion in locations containing less noble alloy com-
ponents. Generally speaking, chemical homogeneity and an absence of
surface defects are desired to achieve a more uniform corrosion mode
and lower corrosion rate than those with high degrees of structural
disorder and compositional fluctuations [33–35].
These previous work indicate the contradictory effects of chemical

heterogeneity on the mechanical and corrosion properties of MGs.
While most studies have evaluated these two properties separately, few
work has been performed to simultaneously evaluate its effects on
TFMGs during simultaneous mechanical and chemical loads. In this
work, the effects of nanoscale chemical heterogeneity on the wear,
corrosion, and tribocorrosion properties of ZrCuNiAl TFMGs were in-
vestigated by examining two types of samples: heterogeneous and
homogeneous Zr-TFMGs. The former exhibit domains with composi-
tional fluctuations of ~1.1% Zr and ~ 0.5% Cu, separated at
~413.0 ± 64.7 nm. On the other hand, the homo-Zr samples exhibited
chemical homogeneity even at the nanoscale (to the resolution limit of
scanning electron based energy dispersive X-ray spectroscopy). The
goals of the present study include: 1) quantification of the wear, cor-
rosion, and tribocorrosion resistance of Zr-based TFMGs, 2) evaluation
of the effects of chemical heterogeneity on mechanical properties and
the passive film property, and 3) understanding the effects of chemical
heterogeneity on the depassivation and repassivation kinetics of Zr-
based TFMGs during tribocorrosion in 0.6 M NaCl solution.

2. Experimental methods

2.1. Materials synthesis

A base pressure of 7 × 10−5 Pa was achieved prior to film de-
positions. Zr51Cu34Ni8Al7 films of ~200 nm thickness were deposited
on Si substrates using radio frequency (RF) magnetron sputtering at RF
power of 100 W, deposition time of 30 min, working distance of 10 cm,
direct-current substrate bias of 50 V, and substrate rotation of 20 rpm
without intentional substrate heating. The target is a quaternary Zr-
based alloy with a composition similar to that of the film. Two sets of
Zr-TFMG samples were prepared, with heterogeneous (hereafter re-
ferred as heter-Zr) and homogeneous (hereafter referred as homo-Zr)
chemical distribution, by adjusting Ar pressure to be around 5 mTorr
(~6.7 × 10−1 Pa) and 3 mTorr (~4 × 10−1 Pa) respectively, while Ar
flow rate was kept constant at 20 sccm. These samples were then used
for scratch, corrosion, and tribocorrosion tests later on. It is believed
that such different Ar pressure leads to variations in the chemical het-
erogeneity of the deposits [36,37]. A more detailed description of the
synthesis procedure can be found in [13,38].

2.2. Characterization of mechanical properties

The mechanical properties of the samples were measured by na-
noindentation tests (Hysitron Ti900) using a standard diamond
Berkovich indenter following the Oliver and Pharr method [39]. Prior
to indentation, the tip-area function was calibrated using a fused quartz
sample. A trapezoidal loading function was applied, with 5 s loading/
unloading time and 2 s holding time at 2–3 mN. Special care was taken
during the indentation to minimize the substrate effect by ensuring that
the maximum indentation depth was less than ~20% of the total film
thickness [40]. The reported results represent average values obtained
from more than ten repeated tests for each sample sets.

2.3. Electrochemical measurement

Potentiodynamic polarization (PD) tests were conducted in a typical
three electrode configuration at ambient temperature in naturally aer-
ated 0.6 M NaCl aqueous solution (pH ~ 6.4 ± 0.3) using a Gamry
Reference 600® potentiostat. The as-deposited samples, mixed metal
oxide coated titanium mesh, and a commercial silver‑silver chloride
electrode (1 M KCl internal solution) served as the working (WE),
counter (CE), and reference electrode (RE) respectively. An exposed
area of ~1 × 1.5 cm2 was prepared on the samples using a protective
stop-off lacquer. PD tests were conducted after 1 h of immersion of the
sample in the electrolyte for stabilizing the open circuit potential
(OCP). The scan was performed at a rate of 0.167 mV/s, starting at a
potential ~200 mV cathodic to OCP and terminated when a rapid in-
crease in the anodic current density took place, reaching 1 mA/cm2.
Tafel extrapolation was performed by selecting a linear portion of the
PD curve approximately 100 mV above and below the corrosion po-
tentials (Ecorr) to determine the corrosion current densities (icorr) of
both samples. To examine the behavior of the passive film, Mott-
Schottky (MS) analysis were conducted for five days. MS tests were
conducted from 0 to 300 mV vs. OCP in the anodic region at 1 kHz
frequency, 10 mV rms amplitude, and 10 mV/s potential sweeping rate.

2.4. Dry scratch and tribocorrosion tests

Dry scratch tests of both samples were conducted using a multi-
functional tribometer (Rtec Instruments, CA, USA). Dry scratch tests
were performed under 0.2 N normal load, 0.2 mm/s sliding velocity,
over 5 mm total scratch length for 25 s in air. A diamond tip (12.5 μm
radius) was used as the counter body, and the contact between the tip
and sample was maintained for 5 s before each test.
Tribocorrosion tests were performed under 0.2 N normal load,
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0.2 mm/s sliding velocity, over 5 mm total scratch length for 25 s
against diamond tip (12.5 μm radius) counter body. During the tribo-
corrosion test, a three-electrode setup was used, where the as-deposited
sample (with ~1 × 1.5 cm2 exposed area), activated titanium mesh,
and 1 M KCl Ag/AgCl electrode were used as the WE, CE, and RE, re-
spectively, immersed in 0.6 M NaCl aqueous solution. This setup was
connected to a potentiostat/galvanostat/zero resistance ammeter
(Gamry Reference 600™ system). The electrolyte used was ~40 ml of
0.6 M NaCl aqueous solution, open to air. During the tribocorrosion
test, both of samples were tested under two different applied potential
conditions: an anodic potential of 400 mV above OCP (OCP + 0.4 V)
and OCP. Before each test, the current/potential was stabilized for
~10–20 min. Unless specified otherwise, all results reported here were
averaged from at least three repeated tests.

2.5. Materials characterization

The composition and morphology of sample surfaces and cleaved
cross-sections were characterized by a field-emission scanning electron
microscopy (FESEM, LEO 1550) with an Oxford INCASynergy energy
dispersive X-ray spectroscopy (EDS). To reveal any compositional het-
erogeneity, the as-deposited samples were etched in 1 ml HNO3: 5 ml
C2H6O solution for 30 s at room temperature. A grazing incidence X-ray
diffractometer (GIXRD, Panalytical X'pert) with a wavelength of 1.54 Å
Cu Kα under 45 kV and 40 mA were used to characterize the micro-
structure of as-deposited thin film samples. After dry scratch and tri-
bocorrosion tests, the cross-sections of wear tracks were studied using
focus ion beam microscopy (FIB, Helios600) at 30 kV and 0.9 nA cur-
rent. A protective Pt layer (~0.3–1.5 μm) was deposited on the sample
surfaces prior to milling of the cross-sectional samples.

3. Results and discussion

3.1. Characterization of as-deposited Zr-TFMGs

Fig. 1 presents the GIXRD patterns of the as-deposited thin films,
where the typical broad hump diffraction peaks were observed at 2θ
angle of ~36o, confirming the amorphous nature of both samples, si-
milar to prior report [41]. Fig. 2(a) and (b) show the surface mor-
phology of the as-deposited heter-Zr and homo-Zr samples. Both sam-
ples exhibited a mirror finish to the naked eye and are featureless under
SEM. After etching process, the homo-Zr sample remains featureless, as
shown in Fig. 2(d). However, networks of deep etched grooves were
observed in heter-Zr sample (indicated by arrow in Fig. 2(c)),

suggesting the presence of nanoscale chemical heterogeneity within
and outside the groove region that result in different etching rates on
the surface. EDS analysis of heter-Zr reveal a compositional fluctuation
of 1.1 at.% Zr and 0.5 at.% Cu within and outside the groove region, as
summarized in Table 1. A similar but more dramatic chemical hetero-
geneity has been reported in Cu47.5Zr47.5Al5 MG [42] where two
amorphous phases were formed by liquid phase separation, with com-
positional differences of ~8.5 at.% Cu, 12.9 at.% Zr and 4.4 at.% Al.
To evaluate whether such mild chemical heterogeneity would affect

the mechanical properties of TFMGs, both samples were cleaved via
clippers with the thin film on the tensile side. Fig. 2(e) and (f) show the
fractography of both samples. It can be seen that while homo-Zr ex-
hibited clearly brittle fracture with a smooth fractured surface, heter-Zr
exhibited a more corrugated fractured surface, indicating its better
fracture resistance and potentially higher ductility. These results con-
firm the high sensitivity of both chemical and mechanical properties of
Zr-TFMG due to variations of processing conditions (i.e. Ar working
pressure).
The microstructure of thin films deposited by PVD is often found to

be dominated by growth instabilities originating from a competition
between surface diffusion and self shadowing, which can be tailored by
controlling various deposition parameters such as deposition angle,
substrate rotation, and the working pressures of Ar [36,37,43]. For
example, Denis et al. [43] studied the effects of different working
pressures of Ar from 0.4 to 10 Pa, and observed a thin film growth mode
transition in Au-based thin film metallic glasses. As reported in previous
research [44], under higher Ar working pressure, the probability of ion
collisions between Ar and deposited elements is increased, resulting in
more cluster growth. Under low Ar working pressure, the kinetic energy
of atoms will be well reserved to overcome the shadowing effect (i.e.
adatoms transferring from surface peaks to valleys), causing the for-
mation of more homogeneous microstructure [43,45]. In addition, high
working pressure can minimize the preferential ejection effect during
sputtering owing to the diverse mass of the sputtering elements, re-
sulting in slightly higher Zr concentration in the heter-Zr sample [44].

3.2. Nanomechanical properties

The hardness and elastic modulus of both samples were obtained
after a series of nanoindentation tests under 2–3 mN normal load. These
normal loads were chosen to maximize the indentation depth (to avoid
indentation size effect) [46,47] yet minimize the substrate effect based
on the thin film thickness. The typical indentation depths of both
samples were around 30 nm. Fig. 3 and Table 3 summarize the me-
chanical properties of both sample sets. Both hardness (H) and elastic
modulus (E) values obtained are comparable to those reported before
for similar Zr-based TFMGs or BMGs [48,49]. It can be also seen that
the heter-Zr samples exhibit lower H and higher E values than those of
homo-Zr samples. The contradictive mechanical properties (i.e. higher
elastic modulus but lower hardness) of heter-Zr could not be explained
using a simple rule of mixture (ROM) of modulus and hardness [50].
The difference in modulus could be related to the different relaxation
state of the glassy films, consistent with prior report [51]. Upon de-
position, the heter-Zr samples produced by higher Ar working pressure
(lower kinetic energy of deposition) possess a longer time for the de-
posited atoms to relax, reaching a lower energy state that gives rise to a
higher modulus. The homo-Zr samples, on the other hand, involve re-
latively fast surface diffusion of the deposited atoms, retaining a higher
energy state and thus a lower modulus. In addition, the smaller average
interatomic distance (d/K) in heter-Zr could also contribute to its higher
modulus than homo-Zr [52]. According to the diatomic gas model [53],
the average interatomic distance (d/K) can be measured from XRD
results following Kλ = 2dSinθm, where λ is the wavelength Cu-Kα
(0.154 nm), θm is the angle of the broad peak, d is the atomic spacing of
a diatomic gas, and K is assumed to be an unknown constant for an
amorphous solid (K = 1.23 for a diatomic gas). The averageFig. 1. GIXRD patterns of as-deposited heter-Zr and homo-Zr TFMG samples.
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interatomic distance of heter-Zr (d/K ~ 0.244) is smaller than that of
homo-Zr (d/K ~ 0.247), indicating denser atomic packing state as well
as to stronger atomic interaction in heter-Zr.
On the other hand, the difference in hardness speaks to the im-

portance of nanoscale chemical variation induced by processing. Such
observations are in qualitative agreement with prior experimental and
simulation work of Wang et al. [29,54]. Notably, for spatially homo-
genous MG samples the plastic deformation is controlled by stress-
driven nucleation of a catastrophic shear band, which requires higher

stress and leads to brittle failure, consistent with our results of homo-Zr.
As the spatial heterogeneity increases, the deformation mechanism
transforms to strain percolation of multiple shear bands from local soft
regions, resulting in a decrease in strength (or hardness) and an in-
crease in ductility, similar to those seen in heter-Zr films. Furthermore,
the different elastic modulus mismatch between the thin film and
substrate could be another factor for the different ductility of the two
samples [48]. The elastic modulus of standard Si is 187 ± 8 GPa,
exhibiting a lower elastic modulus mismatch with heter-Zr (Eheter-
Zr = 145.8 ± 7.36 GPa) than with homo-Zr (Ehomo-Zr = 100.8 ±
1.8 GPa). More compatible elastic modulus between the thin film and
the substrate can reduce the interfacial stress discontinuities and
minimize brittle failure [55].
Based on the mechanical differences, heter-Zr and homo-Zr samples

are expected to lead to different tribological behavior. While bulk
materials' wear rate is typically inversely related to their surface
hardness according to the classical Archard's law [56], for thin film
materials, it has been reported that the ratio between hardness and
elastic modulus (H/E) serves as a better indicator for wear resistance.
Typically a higher H/E ratio is associated with better wear resistance

Fig. 2. SEM images of (a, b) as-deposited surface (c, d) etched surface and (e, f) cross section after cleaving of heter-Zr and homo-Zr TFMG samples. Inset line profile
in (c) shows the greyscale profile measured along the horizontal white arrow direction.

Table 1
Summary of global and local compositions of heter-Zr and homo-Zr samples
from EDS analysis. The boundary areas of heter-Zr are marked by red lines in
Fig. 2(c) while areas away from these boundaries are referred as interior.

Sample ID Zr (at. %) Cu (at. %) Ni (at. %) Al (at. %)

Homo-Zr (global) 50.3 ± 0.32 33.8 ± 0.68 8.9 ± 0.32 6.9 ± 0.62
Heter-Zr (global) 52.6 ± 0.54 33.9 ± 0.35 7.4 ± 0.04 6.1 ± 0.69
Heter-Zr (Interior) 51.7 ± 0.68 34.0 ± 0.42 7.7 ± 0.23 6.5 ± 0.12
Heter-Zr (boundary) 52.8 ± 0.05 33.5 ± 0.17 7.3 ± 0.22 6.5 ± 0.33
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[48]. It can be seen from Table 3 that the H/E value of the homo-Zr
sample (0.1) is higher than that of heter-Zr sample (0.06), suggesting a
better wear resistance of the former. As shown in the next section, such
a prediction is in agreement with the dry scratch test results.

3.3. Corrosion behavior

Fig. 4(a) shows the typical PD curves of both samples tested in 0.6 M
NaCl solution. Table 2 summarizes all measured electrochemical
parameters from the PD tests. The polarization resistance (Rp) was
calculated by the Stern-Gray equation as [57].

=
× +

i
2.3 R ( )

,corr
a c

p a c (1)

where βa and βc are the slopes of the anodic and cathode curve re-
spectively. It can be seen that while both samples exhibit similar OCP,
icorr of homo-Zr is slightly lower than that of heter-Zr. The homo-Zr
sample exhibited a pitting potential of ~1.05 V vs. Ag/AgCl, while
heter-Zr showed no apparent sudden increase of corrosion current as
those seen at pitting potential of homo-Zr in the whole scan range. Such
results suggest that the heter-Zr samples exhibit a higher pitting re-
sistance than its homo-Zr counterpart in 0.6 M NaCl aqueous solution
albeit its slightly lower icorr. Visual inspections (results not shown here)
of both samples after tribocorrosion at anodic potential from the next
section further confirms the higher pitting tendency of homo-Zr than
heter-Zr. Such observation contradicts the common belief that chemical
heterogeneity imposes detrimental effects on corrosion resistance [58],

but is in agreement with several prior research that indicates corrosion
resistance of MGs containing passive elements increase after structural
relaxation [31,59,60] due to the releasing of internal stress [31] and
reduction of free volume in the as-prepared amorphous alloy [59]. In-
deed, there is growing evidence to indicate that mild nanoscale che-
mical heterogeneity, introduced either during processing or low tem-
perature annealing, behaves rather differently from their micron-sized
counterparts in affecting corrosion resistance [61–63]. For example,
Asami et al. [61] found that the corrosion resistance of amorphous
CreZr alloys was improved via nano precipitation when the size of Zr
precipitates is less than 20 nm. An increased Cr concentration was
found in the passive film to enhance its protectiveness over the whole
surface. Interestingly, a similar critical size of ~20 nm (of Al-rich
precipitate) was also identified in amorphous AleCr system [63], above
which the corrosion resistance decreases. In this work, we assume that
the higher resistance of heter-Zr to pitting initiation and growth is at-
tributed to the uneven distribution of elements and the Zr-enriched
boundary structure (i.e. marked by the red lines in Fig. 2(c)) [62].
Under neutral pH, according to the thermodynamic calculations of
dissolved ions vs. oxide stability (i.e. the Pourbaix diagram), the passive
layers of both alloys are assumed to contain primarily ZrO2 and Al2O3.
Since Al content is small in the alloy, and remains close to ~6.5–6.9 at.
% in both homo-Zr, its effects on the different corrosion behavior is
negelected here. The slight enrichment of Zr in the boundaries of heter-
Zr (~2.5 at.% higher than that of homo-Zr) could promote the forma-
tion of a more compact ZrO2 structure on the surface. Such ‘network’ of
Zr-rich boundaries may act similarly (probably to a much less extent) as

Fig. 3. Summary of (a) hardness and (b) elastic modulus of heter-Zr and homo-Zr TFMGs measured from nanoindentation tests.

Fig. 4. (a) Typical potentiodynamic polarization curves, and (b) time evolution of defect density of heter-Zr and homo-Zr samples in 0.6 M NaCl aqueous solution.
Error bars in (b) represent one standard deviation from all repeated tests.
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grain boundaries in crystalline passive alloys. For crystalline passive
alloys, it is thought that smaller grain size, hence higher grain boundary
density influences corrosion resistance by affecting the rate of ion
transport through the passive film, as well as the passive film dissolu-
tion rate [64]. For nanocrystalline materials that have a much higher
grain boundary density at the surface compared to their microcrystal-
line counterparts, these boundaries lead to higher average surface re-
activity through increased electron state density and diffusional defect
transport.
To further quantify the differences in the passive film property, MS

analysis was conducted for five days for homo-Zr and heter-Zr samples,
as shown in Fig. 4(b). The charge carrier density was calculated as [65]:

= ±1
C

2
eN

E E kT
q

,2
0

fb
(2)

where C is the capacitance, ε is the passive film dielectric constant, ε0 is
the permittivity of vacuum (8.85 × 10−14 F/cm), N is the charge
carrier concentration, E is the applied potential, Efb is the flat band
potential, k is the Boltzmann constant (1.38 × 10−23 JK−1), T is the
absolute temperature and q is the elementary charge
(1.602 × 10−19C). It can be seen that the heter-Zr samples contain ~
fiver orders of magnitude lower defect density than homo-Zr. Since the
defect density in the passive film is proportional to the sample's pitting
susceptibility, a much higher pitting resistance is expected in heter-Zr.

3.4. Dry scratch test

The surface morphologies of both samples after dry scratch test are
shown in Fig. 5(a) and (b). Worn surfaces of both samples are quite
smooth. On the worn surface of heter-Zr samples, pile-ups could be seen
at the edges of the wear track, indicating extensive plastic deformation
during abrasive wear [66]. On the other hand, no visible pile-up could
be seen on homo-Zr samples. Instead, loose wear debris was frequently
observed along the side of the wear track, indicating a lack of plastic
deformation and more brittle failure on the surface, consistent with its
higher hardness and lower compliance (lower E), and more brittle
fracture than its heter-Zr counterparts. Cross-sectional SEM images (not
shown) reveal that the heter-Zr sample exhibits a deeper and slightly

narrower wear track than homo-Zr sample, ultimately resulting in
higher material volume loss than homo-Zr sample, as summarized in
Fig. 8, in agreement with the H/E ratio prediction [48]. The coefficient
of friction (COF) of both samples is shown in Fig. 5(c). It can be seen
that the heter-Zr sample exhibits a higher average COF (~0.46) than
that of homo-Zr sample (~0.37) during dry scratch test, consistent with
its higher wear rate [14].

3.5. Tribocorrosion behavior

Fig. 6(a) shows the evolution of current during the tribocorrosion
tests of both samples. The dashed lines mark the start and finish of the
scratch test. It can be seen that the overall current density of both
samples are much higher under the anodic potential (0.4 V above OCP)
than that under OCP. Under the anodic potential, the current remained
almost constant before the indenter probed the surface, and shifted to
more positive values during scratching, indicating positive wear-cor-
rosion synergy (i.e. wear accelerate corrosion). Such positive shift of
current is likely due to the depassivation on the wear track, where the
surface passive film is locally destroyed or removed, exposing the more
active, and unprotected thin film material. Once the test was finished,
the current of both samples recovered their original state, indicating
repassivation on the wear track. It is noted that the current evolution of
homo-Zr under the anodic potential shows an abrupt increase before
the initiation of the scratch test due to early film dissolution (indicated
by arrow in Fig. 6(a)). In addition, film delamination was observed by
visual inspection at the end of the test, hence their results are not in-
cluded in Fig. 6(b) and Fig. 7 later on. Overall, the much higher cor-
rosion current rise during scratch as well as early film dissolution of
homo-Zr indicates its poorer tribocorrosion resistance than that of
heter-Zr under the testing condition.
During the tribocorrosion test, COF of both samples was much lower

than that of the dry scratch test, as shown in Fig. 6(b), probably due to
the lubrication effects of the electrolyte [67]. COF of homo-Zr under the
anodic potential is not presented here due to film delamination during
tribocorrosion. Interestingly, the average COF values of heter-Zr sample
(~0.08 under OCP + 0.4 V and ~0.05 under OCP) is lower than that of
homo-Zr sample (~0.13), suggesting that its passive film is more ef-
fective in reducing friction. This is rather surprising as ZrO2 has very

Table 2
Summary of electrochemical parameters from PD tests of homo-Zr and heter-Zr sampels in 0.6 M NaCl.

Sample ID Ecorr
(mV)

Epit
(mV)

Epit-Ecorr
(mV)

icorr
(nA/cm2)

βa (V/decade) βc
(V/decade)

Rp
(x 106 Ω cm2)

Homo
-Zr

−204.3
± 11.2

0.98
± 0.1

205.3
± 11.2

20.98
±25.6

0.61
± 0.47

0.59
±0.46

2.17
± 0.43

Heter
-Zr

−202.7
± 45.5

NA NA 23.69
±12.5

0.24
± 0.03

0.08
±0.01

1.68
± 1.43

Fig. 5. (a, b) Surface SEM images and (c) COF of heter-Zr and homo-Zr samples after dry scratch test. Dashed lines in (b) indicate the edges of the wear track.
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low ionic potential and is generally associated with higher friction (i.e.
abrasive rather than lubricious) [68]. More work is required to quantify
the composition, structure, and properties of these passive films, which
is left for future work.
Fig. 7 shows the surface SEM images of both samples after the tri-

bocorrosion tests. The worn surfaces of heter-Zr and homo-Zr samples
under OCP condition, as shown in Fig. 7(a) and (b), are similar to that
observed under dry scratch test. Cross-sectional SEM images in Fig. 7(d-
f) show that there is very little material loss for both samples and no
film delamination. Table 3 summarizes the wear track dimensions and
the calculated material volume loss. Under OCP, a narrower and shal-
lower wear track was observed in heter-Zr, resulting in a tribocorrosion
rate ~38% lower in heter-Zr sample than homo-Zr sample, as shown in
Fig. 8. Under the anodic potential (0.4 V above OCP), the wear track of
heter-Zr sample (Fig. 7(c)) appears to be deeper than that under OCP,
with extensive shear bands formation, typical for MGs after plastic

deformation [28,49,50]. EDS analysis (Fig. 7(a-c) insets) reveals that all
elements including oxygen are uniformly distributed on the worn sur-
faces. A much higher oxygen concentration was observed on the wear
track of heter-Zr under the anodic potential than under OCP. In addi-
tion to the higher oxidation driving force at the anodic potential, it is
likely that the presence of extensive shear bands with excess free vo-
lume also promotes the surface chemical reactivity with oxygen [59].
To further quantify chemical wear during tribocorrosion under the

anodic potential, the amount of material loss due to corrosion was
calculated for both samples using Faraday's law as Vchem = QM/nFρ,
where Q is the total charge transferred from the start to finish during
tribocorrosion test at E = 0.4 V above OCP, M is the atomic mass
(≈73.77 g/mol), n is the valence (≈1.81), F is the Faraday's constant
(96,500C/mol), and ρ is the density (≈7.13 g/cm3) of Zr-based TFMG
[69]. Fig. 8 shows the chemical wear (Vchem) of heter-Zr sample is
around 4.62 × 10−9 mm3, which is about two orders of magnitude

Fig. 6. (a) Current evolution and (b) coefficient of friction (COF) of heter-Zr and homo-Zr samples during tribocorrosion under OCP and anodic applied potential
(400 mV above OCP). Dashed lines in (a) mark the start and finish of the scratch by the counterbody.

Fig. 7. (a-c) Surface and (d-f) cross-sectional SEM images of homo-Zr and heter-Zr samples after tribocorrosion test (OCP for homo-Zr; OCP and OCP + 0.4 V anodic
applied potential for heter-Zr). Dashed lines in (a, d-f) indicate the edges of the wear track. Insets in (a-c) show the element compositions (at. %) obtained by EDS
analysis on the wear tracks.
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lower than that of homo-Zr sample (Vchem = 1.43 × 10−7 mm3). The
chemical wear during tribocorrosion was dominated by their respective
corrosion properties, where homo-Zr exhibited higher material loss
than heter-Zr, in consistent with their pure corrosion behavior. Overall,
the results in this section showed that nanoscale chemical heterogeneity
affects both the mechanical and electrochemical properties of Zr-
TFMGs, which act synergistically to result in a better tribocorrosion
resistance in heter-Zr than homo-Zr sample under the selected testing
conditions.

4. Conclusions

In this work, the effects of chemical heterogeneity on the wear,
corrosion, and tribocorrosion resistance of magnetron sputtered
ZrCuNiAl TFMGs were evaluated by comparing two sets of sample:
heter-Zr and homo-Zr. The presence of nanoscale (~ 413 nm) chemical
heterogeneity (~ 1.1% Zr and 0.5% Cu) was found to significantly af-
fect the mechanical properties, resulting in lower hardness and higher
ductility in heter-Zr than homo-Zr. As a result, the dry scratch wear
resistance of homo-Zr was higher than that of heter-Zr samples. On the
other hand, such nanoscale chemical heterogeneity affects the pitting
corrosion in the opposite trend, where heter-Zr was found to outper-
form homo-Zr. Mott-Schottky analysis showed that the presence of
nanoscale chemical fluctuations of Zr and Cu at the surface promoted
the formation of a more protective passive film with lower defect
density during corrosion. Finally, the tribocorrosion resistance of heter-
Zr samples was found to be better than that of homo-Zr sample while
the chemical wear was dominated by their respective electrochemical
properties. The results of the present work may shed light on future
structural optimization strategies for improving reliability of TFMGs
under combined surface stress and corrosion conditions.
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