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The research clarified the relationship between applied deposition bias voltage and the resulting bonding
structure evolution, which directly adjusts corrosion resistance and tribological properties of multilayered
tantalum-containing carbon coatings. Comparative analysis of bonding structure revealed that the preferential
orientation of the tantalum carbide structure shifts from TaC (200) to TaC (111) as the bias voltage ranges from
—75V to —125 V. The TaC (111) structure significantly enhances chemical stability and anti-deformation ability,

contributing to low corrosion current and specific wear rate. The graphite structure formed in the coating
deposited at a bias voltage of —175 V effectively contributed to the lowest friction coefficient. However, the
friction advantage is accompanied by decreased mechanical strength and accelerated wear.

1. Introduction

With the automotive industry toward electrification, Japanese
manufacturers are increasingly concerned with tribological challenges
in ester-based lubricant systems used in modern powertrains. Ester-
based lubricants exhibit heightened corrosivity compared to tradi-
tional mineral-based lubricants. The chemical interactions between
corrosive environments and metal surfaces often generate localized
degradation, including pitting and delamination, compromising struc-
tural integrity and creating a synergistic acceleration of wear [1].
Addressing these challenges requires advanced surface engineering so-
lutions capable of simultaneously providing barrier protection against
chemical corrosion, maintaining low-friction interfaces, and excellent
mechanical strength in aggressive chemical environments. Among the
various protective technologies, Diamond-Like Carbon (DLC) coatings
have emerged as valuable surface engineering solutions due to their
exceptional mechanical durability and self-lubricating characteristics
[2-10]. Although several studies have documented the corrosion resis-
tance of certain DLC coatings, systematic research exploring the opti-
mization of the coatings specifically for aggressive chemical
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environments remains underdeveloped. Combining mechanical
strength, tribological properties, and chemical stability is increasingly
critical for advanced engineering applications [11-14].

The mechanical performance of carbon coatings is fundamentally
related to their bonding structure. The tetrahedral amorphous carbon
(ta-C) structures characterized by predominant sp® hybridization exhibit
superior hardness values [15-22]. This property advantage can be
maintained even with the incorporation of metallic dopants. Previous
investigations by our research group have focused on
tantalum-containing coatings [10,23,24], where we observed that
controlled tantalum incorporation could be achieved without compro-
mising the hardness of the ta-C structure while simultaneously reducing
the friction coefficient. A notable advantage of tantalum-containing
coatings is their dual functionality: they stabilize the carbon network
against oxidative degradation while simultaneously forming passive
tantalum oxide that improves the chemical stability of the coatings in
corrosive environments. Therefore, further investigation into corrosion
resistance,  friction  behavior, and wear properties of
tantalum-containing ta-C coatings (ta-C: Ta) in corrosive environments
is warranted. Layer structure design is crucial in controlling the bonding
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Fig. 1. The schematic of the IBA-FAD deposition system.

structure and minimizing defects. Our earlier research designed a
bilayer structure comprising a ta-C bottom layer followed by a
Ta-containing top layer, with a combined thickness of 300 nm, that
delivered exceptional resistance to corrosive wear. This enhanced per-
formance was attributed primarily to the emergence of protective
tantalum-based oxide along the wear interface [25]. Based on the
bilayer structural design, deposition parameters are also crucial in
controlling the cross-sectional bonding structure and defect character-
istics [26-30]. Fayed et al. [26] reported that the deposition bias voltage
is a main factor in increasing the coating density and decreasing the
surface roughness with the deposition bias voltage increasing from
100 V to 300 V, corresponding to the enhanced corrosion resistance. Ren
et al. [27] designed various hydrogen-free DLC coatings deposited at
bias voltage from 0 to —100 V, which exhibited corrosion current of
4.53 pA/cm? when the deposition bias voltage of —75 V. They found that
deposition bias voltage influences the energy and rate of the plasma
depositing on the substrate, which in turn affects the defect character-
istics, bonding structure, and corrosion resistance of the coating. Han
et al. [28] developed DLC coatings using deposition bias voltages
ranging from 0 to —200 V (with various bias gradient rates) over 60 min.
The DLC coating deposited with a —25 V gradient demonstrated superior
wear resistance due to the hardness and elevated C-C sp> bond content.
The results demonstrate that deposition bias voltage is an important
parameter affecting coating properties and application in corrosive
environments.

This paper investigates the application of bilayer coatings (ta-C
bottom layer followed by a ta-C: Ta top layer) in corrosive environments,
focusing on how the applied bias voltage affects corrosion resistance,
friction behavior, and wear properties. Given the difficulty of replicating
proprietary corrosive environments across industries, we employed the
3.5 wt percent sodium chloride solution as a representative corrosion
and tribology test medium. Our analysis examines three critical aspects:
(1) the relationship between carbon-tantalum bonding structures and
corrosion resistance, (2) the correlation between wear surface properties
and resulting friction behavior, and (3) the role of microstructural fea-
tures (specifically tantalum carbide nanocrystals and graphite structure)
in determining mechanical strength and wear resistance.

Table 1
Deposition parameters for coatings prepared at various bias voltages.

Coating C target Ta target Ar flow, Deposition Bias
structure current, A current, A ml/min voltage, V
ta-C 60 0 2 —75, —100,
ta-C: Ta 80 0.3 12 —125,
-150, —-175

2. Experimental procedure
2.1. Coating deposition procedure

A cylindrical tungsten carbide (WC) disk with a diameter of 22.4 mm
was selected as the substrate material for coating deposition. Prior to
being placed into the vacuum system, the WC surfaces underwent
sequential solvent cleaning utilizing benzene, followed by acetone to
ensure the removal of contaminants. Coating was prepared using an Ion
Beam Assisted-Filtered Arc Deposition (IBA-FAD) system [31], with the
equipment illustrated schematically in Fig. 1. The pre-deposition process
comprised two primary steps: initial chamber evacuation to establish a
base pressure of 4.0 x 1072 Pa, controlled introduction of argon gas
(flow rate: 18 ml/min) for generating energetic ions accelerated at
1.8 kV. These ions bombarded the substrate surface for 20 min, facili-
tating both contaminant removal and surface activation to promote
adhesion with the subsequently deposited coatings. The coating depo-
sition process comprised two primary steps: (1) Tantalum plasma was
synthesized with energetic Ar © (argon gas flow rate: 15 ml/min)
bombarding the Ta target (target current of 0.3 A), forming a pure
tantalum interlayer. (2) The coating structure was developed through an
undoped ta-C bottom layer followed by a ta-C: Ta top layer. During the
deposition process, carbon plasma was generated from the ignited car-
bon target and deposited at a 90-degree angle to the WC substrate. We
prepared coatings at bias voltages of —75V, —100V, —125V, —150 V,
and —175 V, controlling the deposition time to maintain a consistent
coating thickness of about 365 nm. Table 1 lists the specific deposition
parameters.

2.2. Corrosion test procedure

Electrochemical measurements were conducted using a HAL3001A
system (manufactured by Meiden Hokuto Denko, Japan) incorporating
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Fig. 2. The schematic of the three-electrode measurement system.

an HB-305 potentiostat/galvanostat unit. We employed a conventional
three-electrode system as illustrated in Fig. 2. This system featured a
saturated calomel reference electrode (RE) establishing the potential
measurement circuit, a platinum counter electrode (CE) for current
circulation, and the coating specimen serving as the working electrode
(WE). The coating specimen was positioned in the testing cell, and a
consistent electrolyte-exposed surface area of 0.8 cm? The test envi-
ronment consisted of 3.5 wt percent sodium chloride solution at room
temperature. Prior to conducting potentiodynamic polarization (PDP)
measurements, each coating specimen underwent a 30-minute equili-
bration period until achieving a stable state. Subsequently, polarization
scans were initiated from a cathodic potential of —0.7 V and toward
anodic potential up to + 0.7 V, with potential controlled at a constant
rate of 1 mV per second. Analysis of the resulting polarization curves
employed the standard Tafel extrapolation technique [32,33]. Addi-
tionally, polarization resistance (Rp) was determined through the
following Stern-Geary relationship:
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where f,and j. correspond to the Tafel gradients in anodic and cathode
directions.

2.3. Tribological testing procedure

Tribological evaluations were performed on a designed ball-on-disk
tester. The system incorporated force sensors that continuously
measured frictional force and converted it to the friction coefficient. The
tribological interface consisted of a tungsten carbide (WC) sphere
(radius of 4 mm) mounted in a specialized holder. Testing was per-
formed with the coating specimen (coated disk) fully submerged in the
3.5 wt percent sodium chloride solution. During the test, coating spec-
imens underwent rotational contact at a vertical loading force of 10 N
applied to the stationary WC sphere. The coating specimen was sub-
jected to continuous rotation at a fixed angular velocity of 150 revolu-
tions per minute, with the contact position at a 4 mm radial distance
from the center of rotation. To increase the reliability of the results, each
coating specimen was tested three times. For quantitative wear analysis,
non-contact optical profilometry was employed to characterize the wear
scar geometry and calculate the specific wear rate by integrating cross-
sectional profiles from multiple positions along the wear scar.

2.4. Coating characterization

The chemical bonding structures at both the coating surface and
through the coating thickness were characterized using a PHI Quantera
X-ray Photoelectron Spectroscopy (XPS) system. Spectral acquisition
consisted of twenty sequential measurement cycles to ensure data reli-
ability, with spectral deconvolution performed using MultiPak analyt-
ical software. Field emission scanning electron microscopy (FE-SEM, SU-
8200, Hitachi) with Energy Dispersive X-ray Spectroscopy (EDS) anal-
ysis was used to evaluate as-deposited coating surface morphology.
Renishaw in-via Raman system employing 532 nm laser excitation
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Fig. 3. XPS analysis of coatings (a) C1s deconvolution results of coating at bias voltage of —75 V, (b) deconvoluted C1s peak area ratios of the coatings at bias voltage
decreasing from —75 V to —175 V, (c) sp?/sp® ratio of the coatings at bias voltage decreasing from —75 V to —175 V, (d) the Ta4f deconvolution results of coating at
bias voltage of —75 V, (e) deconvoluted Ta4f peak area ratios of the coatings at bias voltage decreasing from —75 V to —175 V, (f) Ta-O content of the coatings at bias

voltage decreasing from —75V to —175 V.
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Fig. 4. Surface morphologies of coatings deposited at bias voltages of (a) —75V, (b) =100V, (c¢) —125V, (d) —150V, and (e) —175 V.

allowed assessment of carbon hybridization states in as-deposited
coatings and the post-test wear surface on the WC sphere. To enable
nanoscale structural analysis, cross-sectional view ultrathin coating
specimens were prepared using a focused ion beam (FIB, Scios, Thermo
Fisher Scientific, USA). During preparation, a protective platinum layer
was deposited to preserve coating integrity. Coating structures were
subsequently analyzed in a Transmission Electron Microscope (TEM)
(FEI-Titan3 Cubed Themis G2 300) featuring double aberration correc-
tion, enabling atomic-resolution imaging of crystalline distributions and
interfacial structures throughout the bilayers. Hardness measurement
for mechanical properties characterization was performed using an
Elionix indentation (ENT-5) tester in constant load control mode with a
maximum force of 1000 pN. The coating roughness and the character-
istics of the as deposited, corroded and worn surfaces were observed
using a laser optical microscope. The Image J analytical software
employed statistical evaluation of corrosion defect densities across the
coating specimen following exposure to the corrosive environment.

3. Results and discussions
3.1. Structural and morphological characterization of the coatings

An XPS test was performed to analyze surface chemical bonding
structures of coatings. Fig. 3 shows the Cls and Ta4f deconvolution

results, deconvoluted peak area ratios, sp>/sp° ratio of carbon structure,
and oxidized-bonded Ta-O content. The Cls deconvolution result,

i
SU8230 10.0kV 9.4mm x10.0k SE(UL) 5.00um

10.0kV 15.0mm x10.0k SE(UL)

illustrated in Fig. 3(a), reveals electronic states corresponding to mul-
tiple bonding structures in the carbon network. Binding energies at
282.8 eV, 284.1 eV, 285.1 €V, 286.9 eV, 288.5 eV, and 290.2 eV indi-
cate chemical bonds of C-Ta, C-C spz, C-C sp3, C-0, C=0, and = electron
shake-up, respectively [34,35]. The deconvoluted peak area ratios of the
above bonds and the typical C-C sp?/sp° ratio results are shown in Fig. 3
(b) and 3 (c). A clear correlation exists between deposition bias voltages
and carbon hybridization states. As the bias voltages decreased from
—75 Vto —175V, it was observed that a progressive enhancement of the
C-C sp? bond ratio and the expense of the C-C sp® bond ratio, reaching
the highest sp?/sp° ratio at a bias voltage of —175 V. The Ta4f decon-
volution result is shown in Fig. 3(d), where the binding energies at
23.5eV (4 f7,,) and 25.4 eV (4 f 5,5) are attributed to tantalum atoms
engaged in carbide bonding structure and forming the Ta-C bond. The
binding energies at 24.6 eV and 26.5 eV provide evidence of the Ta-O
bond formed in the sub-oxidized Ta structures. The higher binding en-
ergies at 26.3 eV and 28.2 eV correspond to tantalum atoms in the fully
oxidized pentoxide state (TazOs) [36,37]. The deconvoluted peak area
ratios of the above bonds and the total oxidized-bonded Ta-O content
results are shown in Fig. 3(e) and 3 (f). Regarding the decreasing
deposition bias voltage from —75 to —175V, it is noteworthy that the
Ta-O content increases and reaches the maximum value at the bias
voltage of —175V. The above results indicate that decreasing the
deposition bias voltage promotes both graphitization of the coating and
the oxidation ability of tantalum atoms on the coating surface.

The as-deposited coating surface morphologies were examined using

Point B
g

5.00pm SU8230 10.0kV 15.1mm x10.0k SE(UL) 5.00um

Fig. 5. Surface morphologies observed using a FESEM of the coatings at various bias voltages (a) =75V, (b) —125V, (c) —175V.
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Table 2

EDS analysis at selected positions A and B on the coating surface.
Atom percent C [¢] Ta w
Point A 80.08 1.62 16.60 1.69
Point B 82.04 1.80 14.41 1.74

a laser microscope and FESEM images. Laser microscope images of the
coatings (shown in Fig. 4) show that no significant differences were
observed among the coating surfaces at various deposition bias voltages,
and no obvious pores, cracks, or other defects were detected on the
surfaces.

Fig. 5 displays the FESEM surface observation of the coatings. There
are no apparent pores, cracks, or other defects on the coating surfaces.
To investigate the light-colored striped regions observed on the coating

@,

-0
7

-0.6 04 —02 0.0 02 04 0.6
Potential, V

(b)
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surface, we performed comparative EDS analysis on both the dark and
light-colored striped regions on the coating surface (designated as points
A and B, respectively). As shown in Table 2, no differences in elemental
atomic percentages were found between these two positions. Therefore,
we believe that this surface morphology of the coating may be related to
micro-grooves that inherently existed during substrate surface
machining.

3.2. Corrosion resistance of the coatings

3.2.1. Corrosion test parameters and corroded surface morphology
Electrochemical behavior was evaluated through potentiodynamic
polarization (PDP) measurements, comparing the corrosion resistance of
the coatings as a function of deposition bias voltage. Fig. 6 displays the
polarization curves, fitted corrosion current density (Log i), and

=7.50

©
o

Polarization resistance of coating, Q-cm?

—8.10

175 150 125 100 75

Bias, V

Fig. 6. (a) Polarization curves of the coatings at bias voltage decreasing from —75 V to —175 V, (b) fitted corrosion current density and polarization resistance of the

coatings at bias voltage decreasing from —75V to —175 V.
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Fig. 7. Corroded surface morphology of coatings deposited at bias voltages of (a) =75V, (b) —100V, (¢) —125V, (d) —150V, (e) =175V, and (f) corrosion pa-

rameters including density and depth.
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Fig. 8. (a) Ip/Ig ratio of coatings at bias voltage decreasing from —75 V to —175 V (obtained from the Raman spectrum deconvolution), (b) specific sp?/sp> value of

the coatings obtained from XPS analysis through coating thickness.

calculated polarization resistance (Rp) of the coatings. Generally, the
corrosion current density (Log i) and polarization resistance (Rp) can
distinguish the corrosion resistance of the coatings. A higher corrosion-
resistant coating typically exhibits lower Log i and higher Rp values [38,
39]. The Log i value initially decreased from —7.67 to —7.93 as bias
voltage decreased from —75V to —125V, and the Log i value subse-
quently increased to —7.57 as bias voltage further decreased to —175 V.
The Rp value inversely correlates with the Log i value. Consequently, the
corrosion resistance of the coatings decreases in the order of —125V,
—-100V, —150V, —75V, and —175 V, with the coating deposited at
—125 V bias voltage exhibiting the highest corrosion resistance. Fig. 7
shows the morphology of the corroded coating, providing insight into
how deposition bias voltage affects the corrosion currents and polari-
zation resistance of the coatings. Observation of corroded coating sur-
face (shown in Fig. 7(a-e)) revealed pitting corrosion defects across all
coatings, though with variations in density and depth (shown in Fig. 7
(£). The pitting corrosion depth remained similar as the deposition bias
voltage decreased from —75 V to —125 V, but then increased gradually
as the bias voltage decreased to —150V and —175V. The coating
deposited at a bias voltage of —175 V exhibited the highest corrosion
depth. Comparing the corrosion density among the coatings, the coating
deposited at a bias voltage of —75V exhibited the highest pitting
corrosion density. The coating deposited at a bias voltage of —125V
showed significantly lower corrosion density compared to that depos-
ited at —75 V. Analyzing the above results, the highest corrosion density
of —75V bias voltage and the highest corrosion depth of —175 V bias
voltage may be the factor in the higher corrosion current than that of
—125 V bias voltage.

3.2.2. Corrosion mechanism of the coatings

Regarding the corrosion resistance of carbon coatings, the surface
properties function as crucial determinants of the electrochemical
behavior [40]. The increased roughness provides more active sites for
initiating corrosion reactions [41]. However, the average surface
roughness value is 11.5,11.4, 11.4, 11.6, and 12.1 nm of the coatings at
deposition bias voltage from —75V to —175 V. A similar roughness
value may not be a factor in the various corrosion currents. Regarding
the surface properties, the generation of oxide-based protection at the
coating surface inhibits the penetration of corrosive species and hinders
corrosion reactions [42-44]. Analyzing the deconvoluted Ta-O peak
result in Fig. 3(f), it is noteworthy that the Ta-O content reaches the
maximum value at the bias voltage of —175 V. However, the coating at
the bias voltage of —175V displays the highest corrosion current.
Therefore, the surface properties of the coatings may not be a significant
factor in corrosion resistance, and greater focus should be placed on the
total cross-sectional structure of the coatings. The cross-sectional carbon
structure was characterized using Raman spectroscopy and XPS analysis

through the coating thickness. The obtained D peak to G peak height
ratio (Ip/Ig) from the Raman spectrum deconvolution and specific
sp2/sp° value at various Ar" etching times are shown in Fig. 8. Analysis
of the results in Fig. 8(a) and 8 (b) reveals a monotonic negative cor-
relation between the Ip/Ig ratio and deposition bias voltage. The
sp?/sp® values at the same etching times all show a monotonic increase
with deposition bias voltage from —75V to —175 V. However, the
monotonic increase of Ip/Ig ratio and sp?/sp° value corresponds to the
decrease in chemical stability, which is inconsistent with the tendency of
coating corrosion current [45-47].

To clarify the mechanism of how deposition bias voltage affects the
corrosion current density and corrosion parameters (including corrosion
depth and corrosion density) of the coatings, cross-sectional structures
were analyzed using high-resolution transmission electron microscopy
(HRTEM) images, with results shown in Fig. 9. No obvious holes or crack
defects are visible in the whole cross-section of the coatings (Fig. 9(a-d)),
indicating the stability of coating deposition and the uniformity of
coating structure. Higher magnification of the boxed regions in Fig. 9(a-
d) is shown in Fig. 9(a, b, ¢, d-1; a, b, ¢, d-2), which reveals that coatings
consist of nanocrystalline structures embedded in an amorphous matrix.
Analysis of the nanocrystalline structures (including variations in lattice
spacing and diffraction spots characteristics) reveals significant differ-
ences in the top ta-C: Ta and bottom ta-C layers deposited at various bias
voltages. In the top ta-C: Ta layer, the lattice spacing of 0.221 nm,
0.255 nm, and 0.359 nm corresponds to TaC (200), TaC (111), and
graphite structure, respectively. In the bottom ta-C layer, graphite
nanocrystals with a lattice spacing of 0.331-0.378 nm are embedded in
the amorphous carbon matrix. The coating deposited at a bias voltage of
—75 V mainly features TaC (200) nanocrystals embedded in the amor-
phous carbon matrix. For the coating deposited at a bias voltage of
—100 V, both TaC (200) and TaC (111) nanocrystals are embedded in
the amorphous carbon matrix. The coating deposited at a bias voltage of
—125V mainly features TaC (111) nanocrystals embedded in the
amorphous carbon matrix. With the deposition bias voltage decreased to
—175V, in addition to the TaC nanocrystals formed in the ta-C: Ta layer,
distinct graphite structures are also embedded in the amorphous carbon
matrix. Additionally, the graphite nanocrystal spacing in the ta-C layer
exceeds that in other coatings. The varying nanocrystalline structures in
coatings deposited at various bias voltages play a critical role in corro-
sion resistance. As the deposition bias voltage decreases from —75 V to
—125V, it is noteworthy that the tantalum carbide preferential orien-
tation shifts from TaC (200) to TaC (111), and a denser amorphous
carbon structure forms. Compared to the TaC (200) structure, the TaC
(111) structure features maximized coordination numbers with stronger
bonding strength and higher surface cleavage energy, creating more
effective barriers against charge transfer processes, which are essential
for reducing corrosion reaction rate and increasing chemical stability
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Fig. 9. Cross-sectional HRTEM images of the coatings (a) =75 V, (b) =100V, (c¢) —125 V, (d) —175 V, (a-1) high-resolution (640 k magnification) TEM image of the
green boxed region in Fig. 9(a), (b-1) high-resolution (640 k magnification) TEM image of the green boxed region in Fig. 9(b), (c-1) high-resolution (640 k
magnification) TEM image of the green boxed region in Fig. 9(c), (d-1) high-resolution (640 k magnification) TEM image of the green boxed region in Fig. 9(d), (a-
1-2) FFT (Fast Fourier Transform) image of Fig. 9(a-1), (b-1-2) FFT (Fast Fourier Transform) image of Fig. 9(b-1), (c-1-2) FFT (Fast Fourier Transform) image of
Fig. 9(c-1), (d-1-2) FFT (Fast Fourier Transform) image of Fig. 9(d-1), (a-2) high-resolution (640 k magnification) TEM image of the blue boxed region in Fig. 9(a), (b-
2) high-resolution (640 k magnification) TEM image of the blue boxed region in Fig. 9(b), (c-2) high-resolution (640 k magnification) TEM image of the blue boxed
region in Fig. 9(c), (d-2) high-resolution (640 k magnification) TEM image of the blue boxed region in Fig. 9(d).

[48,49]. A denser amorphous carbon structure can also effectively
inhibit the penetration of corrosive species. Therefore, the formation of
the TaC (111) structure and denser amorphous carbon structure in the
coating deposited at —125 V bias voltage results in fewer chemically
active sites and lower corrosion defect density compared to the coating
deposited at —75 V bias voltage. Compared with the amorphous carbon
structure, the formation of graphite structure in the coating deposited at
—175 V bias voltage displays lower interlayer attractive energy, larger
interlayer spacing and stronger electrical conductivity, which provides a

penetration path for the corrosive species, enhances the charge transfer
process, and demonstrates lower chemical stability [50,51]. Therefore,
the formation of graphite structure in ta-C: Ta layer and higher graphite
nanocrystal spacing in the ta-C layer contributes to the highest corrosive
defect depth of the coating deposited at —175 V bias voltage.
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Fig. 10. Friction behavior of coatings (a) friction coefficient of the coatings, (b) representative Cls deconvolution result (-75 V) in the wear scar, (c) deconvoluted
peak area ratios of coatings at bias voltage decreasing from —75 V to —175 V, (d) relationship between friction coefficient and the sp?/sp° ratio in the wear scar.

3.3. Tribological properties of the coatings

3.3.1. Friction behavior of the coatings

Quantified friction coefficient measurements during immersed
sliding contact in sodium chloride solution exhibited variations corre-
sponding to deposition bias voltage. As the deposition bias voltage de-
creases from —75V to —125V, Fig. 10 (a) shows that the friction
coefficients were 0.08 and 0.077 for deposition bias voltages at —75 V
and —100 V, respectively. For the coating deposited at —125 V bias
voltage, the friction coefficient decreased slightly after 1800 s, reaching
0.066 by the end of the test. As the deposition bias voltage decreased to
—150V and —175V, the coatings exhibited slight fluctuations
throughout the sliding process, and the friction coefficients decreased
significantly, ultimately reaching final values of 0.063 and 0.062,
respectively. The varying friction coefficients indicate that the deposi-
tion bias voltage affects the tribological properties of the coatings.

Generally, surface characteristics, particularly reduced surface
roughness and elevated sp?/sp® ratio, are key factors that reduce inter-
facial shear resistance during the sliding process [52,53]. However,
experimental analysis revealed that all coatings in this study exhibit
comparable surface roughness values. This suggests that the variations
observed in the friction coefficient must be attributed to factors beyond
surface roughness. Analyzing how the carbon structure influences the
friction coefficient proves crucial. XPS analysis was conducted to char-
acterize the sp?/sp®ratio in the wear scar on the coatings. The Cls
deconvolution result, presented in Fig. 10 (b), revealed multiple bond
structures like those observed in the as-deposited coatings (shown in
Fig. 3(a)). The chemical bonds include C-Ta, C-C spz, C-C sp3, C-0,C=0,
and = electron shake-up. Fig. 10 (d) shows the relationship between the
friction coefficient and the spz/ sp3 ratio (derived from the deconvoluted
peak area ratio results presented in Fig. 10 (c)). The sp2/sp° ratio cor-
relates negatively with measured friction coefficients. This finding
suggests that bias voltage modulation provides a direct method for
self-lubricating surfaces through controlled graphitic transformation

processes during deposition. The lowest friction coefficient was corre-
lated with the maximum sp?/sp® ratio value achieved in the coating
deposited at —175 V bias voltage.

Regarding the stable and fluctuating sliding processes of the coating
deposited at bias voltages of —100 V and —175V, Fig. 11 displays the
wear surface characteristics of the WC sphere through laser imagery and
Raman spectra data. As shown in Fig. 11 (a, b), the WC sphere surface
that contacted with coatings displays the blank region (indicated as
point 1), black damage region, and yellow region (indicated as point 2,
only for coating deposited at a bias voltage of —100 V). The black
damage regions remained isolated from direct contact with the coating
throughout the friction coefficient evaluation period. The characteristics
of the friction-affected region (indicated as points 1 and 2) are critical
for understanding the sliding process. Fig. 11 (c) shows the Raman
spectral analysis conducted on the friction-affected regions (indicated as
point 1 and point 2). While the tungsten carbide, tungsten oxide, and
tantalum oxide are present at point 1 for all coatings, point 2 for the
coating deposited at a bias voltage of —100 V exhibits an obvious
graphitized peak. Profilometric analysis of the WC wear surface, shown
in Fig. 11 (d), reveals distinctive material accumulation where it con-
tacted with the coating deposited at —100 V bias voltage. The formation
of an accumulated graphitized transfer layer is the main factor
contributing to the stable sliding process observed for the coating
deposited at a bias voltage of —100 V. Based on the HRTEM observations
in Fig. 9, the fluctuating sliding process observed at —175 V bias voltage
can be attributed to competing mechanisms: the formation of lubricating
graphite structures and the resulting decrease in mechanical strength.
The decreased mechanical strength appears to cause coating damage
during the sliding process and results in friction coefficient fluctuations.

3.3.2. Wear properties of the coatings

Fig. 12 shows the wear scar images of coatings tested in sodium
chloride solution. As shown in Fig. 12 (a-e), with decreasing deposition
bias voltage from —75 V to —175 V, only the coatings deposited at bias
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Fig. 11. Wear surface properties of the WC counterpart sphere (a) Laser images of the wear surface on the WC sphere after testing against the coating at bias voltage
of —100 V, (b) Laser images of the wear surface on the WC sphere after testing against the coating at bias voltage of —175 V, (c) Raman spectra analysis conducted on
the friction-affected region, (d) Wear profile of the worn WC sphere after testing against the coatings.

voltages of —100 V and —125 V display normal wear. In addition to
normal wear, peeling off is observed on coatings deposited at bias
voltages of —75V, —150 V, and —175 V (highest peeling off density).
Fig. 13 (a) shows the specific wear rate of the coatings. As the deposition
bias voltage decreases from —75 V to —100 V and —125 V, the wear rate
decreases from 3.36 to 2.78 and 2.94 x 10~ & mm®/Nm, respectively.
The wear rate escalates significantly to 4.96 x 10~ ® mm®/Nm as the
deposition bias voltage decreases to —175 V. The various wear patterns
and specific wear rates suggest that deposition bias voltage functions as
a key determinant in the wear properties of the coatings.

The absence of chemical degradation in the wear scar directs
analytical focus toward mechanical properties, particularly the contri-
bution of hardness to wear resistance mechanisms [54]. Fig. 13 (b, c)
shows the nanoindentation curves and the calculated hardness. Unlike
the other coatings that only display normal indentation processes, the
coating deposited at a bias voltage of —175 V exhibits several parallel
indentation points (indicated as a red dashed circle). As shown in Fig. 13
(d), the analysis of the correlation between hardness and wear rate re-
veals a negative correlation, indicating that higher hardness corresponds
to improved wear resistance. Coatings deposited at bias voltages of
—100V and —125V exhibit higher hardness than other coatings,

resulting in lower wear rates, while the coating deposited at —175 V bias
voltage exhibits the lowest hardness and consequently the highest wear
rate. Generally, the coating bonding structure is a key factor affecting its
hardness [55,56]. However, it is worth noting that neither the Ip/Ig ratio
obtained from Raman spectra nor the sp?/sp® ratio obtained from XPS
analysis (through coating thickness) directly correlates with the hard-
ness values. The results suggest that the distribution of tantalum
bonding structures continues to play a critical role in determining
hardness. Analysis of the HRTEM images in Fig. 9 reveals that as the
deposition bias voltage decreases from —75 V to —125 V, the preferen-
tial orientation of the tantalum carbide structure shifts from TaC (200)
to TaC (111). Compared to the TaC (200), the preferential growth of TaC
(111) nanocrystals in the coating provides enhanced resistance to plastic
deformation due to its maximized coordination numbers with stronger
bonding strength. This corresponds to a higher hardness observed in the
coating deposited at a bias voltage of —125V [41]. Comparing the
coatings deposited at bias voltages of —100 V and —125 V, the poly-
crystalline structure and increased crystal density in the coating
deposited at bias voltages of —100 V led to enhanced deformation
resistance and the highest hardness [56,57]. In contrast, the graphite
structure formed in the coating deposited at —175 V, with its lower
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interlayer attractive energy and larger interlayer spacing, decreased
deformation resistance and hardness.

Fig. 14 presents a framework that illustrates the mechanisms influ-
encing electrochemical behavior and wear properties. This compre-
hensive visualization depicts the correlation between deposition bias
voltage and the resulting structural properties, which determine corro-
sion current density and wear response. Specifically, the bias voltage of
—125V promotes preferential growth of TaC (111) nanocrystalline
structure with a superior chemical stability and mechanical strength,
resulting in enhanced resistance to chemical corrosion and wear
removal. Conversely, the bias voltage of —175V induces extensive
carbon network reorganization toward the graphite structure, which
creates pathways for corrosive species transport and compromises the
mechanical load-bearing capacity of the coating.

4. Conclusions

In this study, we prepared bilayer coatings (ta-C bottom layer fol-
lowed by a Ta-containing top layer), focusing on how the applied
deposition bias voltage optimizes corrosion resistance and tribological
properties. This investigation demonstrates that deposition bias voltage
serves as a critical parameter that adjusts the bond structure of the
coatings, with an optimal value of —125 V enabling the preferential
growth of TaC (111) nanocrystal domains embedded in a dense amor-
phous carbon matrix. The preferential growth of TaC (111) nanocrystals,
with its stronger bonding strength and higher surface cleavage energy,
shows a superior chemical stability and mechanical strength, resulting
in excellent corrosion current (Log i = -7.93) and wear rate (2.94 x 1078
mm®/Nm). Comparing the structure of the coating deposited at a bias
voltage of —125V, the formation of a polycrystalline structure and
increased crystal density in the coating deposited at a bias voltage of
—100 V led to enhanced deformation resistance, corresponding to the
highest hardness and the lowest wear rate (2.78 x 10~® mm®/Nm). Bias
voltage of —175 V induces carbon network reorganization toward the
graphite structure, resulting in the lowest friction coefficient (0.062).
However, the decreased mechanical strength led to the fluctuating
sliding processes, coating peeling damage, and the highest wear rate
(4.96 x10~% mm®/Nm).
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