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Abstract

Ti6Al4V alloy is widely used in biomedical and engineering applications; however, its
limited wear resistance and lack of intrinsic antibacterial activity restrict its long-term per-
formance. Although multi-element nitride coatings prepared by cathodic arc evaporation
(CAE) have shown considerable potential, the influence of substrate bias voltage on their
microstructural evolution and multifunctional performance remains insufficiently under-
stood. In this study, (TiCrCuZrAlAg)N multi-element nitride coatings were deposited on
Ti6Al4V substrates by CAE under substrate bias voltages of 50, 100, and 150 V. The effects
of bias voltage on coating composition, crystal structure, hardness, wear behavior, and
antibacterial performance were systematically investigated. Increasing the bias voltage
enhanced ion bombardment, leading to reduced coating thickness, lower Cu/Ag incorpora-
tion, and degraded crystallinity, which consequently affected coating performance. Among
the investigated conditions, the coating deposited at 50 V exhibited the highest hardness
(1628.4 HV), the lowest wear rate (0.08 × 10−7 g/m), and the highest antibacterial efficiency
(99.2%). This study establishes a correlation between substrate bias voltage, microstructural
evolution, and multifunctional performance in CAE-deposited (TiCrCuZrAlAg)N coatings,
providing practical guidance for the design of multifunctional protective coatings.

Keywords: Ti6Al4V; cathodic arc evaporation; bias voltage; (TiCrCuZrAlAg)N; hardness;
wear resistance; antibacterial efficiency

1. Introduction
Ti6Al4V is a titanium alloy renowned for its high specific strength, excellent corrosion

resistance, and good biocompatibility. Consequently, it is the most widely used titanium
alloy in both aerospace and biomedical applications, including medical implants and
prosthetic devices [1–4]. Although Ti6Al4V exhibits favorable mechanical strength and
corrosion resistance, it suffers from relatively low surface hardness, which results in poor
wear resistance. This limitation restricts its use in applications involving high contact loads
or severe tribological conditions [5]. On the other hand, Ti6Al4V has been widely used
in the field of biomedical materials; however, studies on its antibacterial properties and
related improvement strategies remain relatively limited [6,7]. Given the importance of
this issue for both clinical applications and material performance, it is of significant value
for investigations in both academic research and practical applications.

It is well known that surface modification can improve the surface properties of metal-
lic materials, such as physical vapor deposition (PVD) methods. Cathodic arc evaporation
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(CAE) is a PVD technique that utilizes highly ionized metal vapor generated by cathodic
arc discharges [8]. Owing to its high ionization efficiency, energetic metal ions can be
accelerated toward the substrate under an applied bias voltage, significantly influencing
thin-film growth processes. The ion bombardment associated with CAE affects atomic
mobility, nucleation behavior, defect formation, residual stress development, and coating
densification, all of which play critical roles in determining the microstructure and func-
tional properties of deposited films. Since the ceramic films produced generally exhibit
excellent hardness, wear resistance, and corrosion resistance, metallic nitride coatings pre-
pared by PVD have been extensively studied. Representative examples include TiN, CrN,
CrAlN, TiBN, and TiCrN-based coatings, which have been successfully applied to improve
the surface performance of steels and engineering alloys [9–13]. Paiva et al. reported
that TiN, CrN, and CrAlN coatings deposited on AISI H13 steel significantly improved
wear resistance [9]. Hidalgo-Badillo et al. demonstrated that CrN/TiBN bilayer coatings
enhanced both wear and corrosion resistance of cobalt-based alloys [10]. Similarly, Li et al.
deposited CrN-, CrTiN-, and CrTiBN-based coatings on 316 stainless steel and observed
substantial improvements in tribological and electrochemical performance [11]. Tobola et al.
reported that TiN/TiCrN/TiN multilayer coatings deposited on M2 tool steel achieved
hardness values exceeding 30 GPa while maintaining excellent wear resistance [12]. In
our previous work, CrAlSiN multilayer coatings deposited on austempered ductile iron
(ADI) significantly improved surface hardness and wear resistance through microstructural
refinement and coating densification [13]. In recent years, increasing attention has been
devoted to multi-element nitride coatings containing four or more metallic elements. Such
coatings offer greater compositional flexibility and may exhibit synergistic effects arising
from complex chemical interactions, enabling simultaneous enhancement of mechanical,
electrochemical, and biological properties [14–23]. For example, our previous study demon-
strated that varying the N2/Ar gas flow ratio during the deposition of (TiCrCuAlSi)N
coatings significantly affected coating structure and wear performance [14]. Although
several studies have investigated multi-element nitride and high-entropy alloy nitride
coatings prepared by PVD [15–23], relatively few reports have focused on coatings synthe-
sized by CAE, despite the distinct ion-assisted growth characteristics associated with this
deposition technique.

Although Ti6Al4V alloy is extensively employed in biomedical implants because of its
excellent biocompatibility and favorable mechanical properties, its relatively low hardness
and poor wear resistance remain major limitations under long-term service conditions. Sur-
face modification using hard nitride coatings has therefore become an effective strategy for
improving the durability and functionality of Ti6Al4V components. Previous studies have
primarily focused on conventional TiN- and CrN-based coatings deposited on Ti6Al4V
substrates [24]. More recently, multi-element nitride coatings have attracted increasing
attention because their compositional complexity provides additional opportunities for tai-
loring mechanical, tribological, and biological properties. Nevertheless, although substrate
bias voltage is recognized as one of the most important deposition parameters in CAE
processes, its influence on the microstructure and property relationship of multi-element
nitride coatings remains insufficiently understood. In particular, the effects of ion bombard-
ment and re-sputtering on coating composition, crystallinity, and multifunctional surface
performance have rarely been systematically investigated. In CAE, substrate bias voltage
directly controls the energy of incident ions during film growth, thereby affecting atomic
mobility, defect formation, elemental incorporation, and coating densification. Although
the influence of bias voltage on the microstructure and mechanical properties of conven-
tional hard nitride coatings has been widely investigated, its effects on Cu/Ag-containing
multifunctional multi-element nitride coatings remain poorly understood. Specifically, the
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coupled effects of bias-induced ion bombardment on Cu and Ag retention, microstructural
evolution, mechanical properties, wear behavior, and antibacterial performance have not
been systematically elucidated in coatings deposited on Ti6Al4V alloy.

Therefore, the objective of this study is to systematically investigate the effects of
substrate bias voltage on the composition, microstructure, hardness, adhesion, wear resis-
tance, and antibacterial performance of (TiCrCuZrAlAg)N multi-element nitride coatings
deposited on Ti6Al4V using a PVD process employing CAE. The novelty of this work lies
in elucidating the correlations among substrate bias voltage, ion bombardment, Cu/Ag
incorporation, microstructural evolution, and the resulting multifunctional properties,
particularly the balance between mechanical performance and antibacterial activity. The
findings are expected to provide new insights into the structure–property relationships of
multifunctional multi-element nitride coatings and to offer guidance for the design and
optimization of advanced antibacterial surface-engineered materials for biomedical and
engineering applications.

2. Materials and Methods
2.1. Substrate Preparation

This study used a commercial Ti6Al4V (grade 5) titanium alloy as the substrate;
specifically, rods were cut and machined into circular discs (Φ25 mm × 6 mm) to serve as
coating specimens, which were then ground and polished until the surface was smooth
(Ra = 0.217 µm). The chemical composition of the Ti-alloy is listed in Table 1.

Table 1. Chemical composition of the Ti6Al4V alloy used in the study (wt.%).

Al V Fe C N O Ti

5.5–6.75 3.5–4.5 ≤0.40 ≤0.08 ≤0.05 ≤0.20 Bal.

2.2. PVD Coating Treatment

This study employed a PVD system utilizing CAE as the vapor-generation source
for coating deposition; a schematic illustration of the system is shown in Figure 1. Before
deposition, the Ti6Al4V substrates were ultrasonically cleaned in acetone, ethanol, and
deionized water for 10 min each and subsequently dried with warm air. The deposition
chamber was evacuated to a base pressure below 5.0 × 10−3 Pa before introducing the
working gases. Prior to coating deposition, Ar plasma ion etching was performed for 15 min
under a substrate bias voltage of −700 V to remove surface contaminants and the native
oxide layer, thereby improving coating adhesion. During deposition, two alloy targets with
disc type (Φ100 mm × 30 mm), TiCrCu and ZrAlAg, were used simultaneously for co-
deposition. The TiCrCu target supplied Ti and Cr as the primary nitride-forming elements,
while Cu was incorporated to provide antibacterial functionality. The ZrAlAg target
supplied Zr and Al to improve coating hardness, oxidation resistance, and microstructural
stability, whereas Ag was introduced as an additional antibacterial element to further
enhance antibacterial performance. Ar and N2 gases were introduced at flow rates of 40
and 80 sccm (N2/Ar = 2), respectively, while the chamber pressure was maintained at
approximately 0.6 Pa. Nitrogen was the reaction gas to form a (TiCrCuZrAlAg)N ceramic
film. The target current for the deposition process was set to 60 A, while the substrate bias
voltage was varied across three values: 50 V, 100 V, and 150 V. The distance between the
cathodic arc targets and the substrate holder was fixed at 15 cm. The total deposition time
was 70 min. The main process parameters are detailed in Table 2.
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Figure 1. Schematic illustration of the PVD system employing CAE for coating deposition.

Table 2. PVD processing parameters of (TiCrCuZrAlAg)N coatings in this study.

Parameter Value

Two targets Ti34%-Cr34%-Cu32% and
Zr42%-Al42%-Ag16%

Working pressure (Pa) 0.6

Cathode current (A) 60

Substrate bias (V) 50, 100, 150

Ar+ ion bombardment (V) −700

Substrate temperature (◦C) 290

Rotation rate (rpm) 4

Distance between target and substrate (cm) 15

Total deposition time (min) 70

2.3. Coating Characteristic Measurement and Morphological Observation

In this study, the characterization of the deposited coatings was conducted as follows.

(1) The chemical composition of the films was analyzed using a field-emission electron
probe microanalyzer (EPMA, JXA-8530F Plus, JEOL Ltd., Tokyo, Japan). The mea-
surements were performed at an accelerating voltage of 15 kV with a probe current
of 20 nA. The elemental compositions were determined over an analysis area of ap-
proximately 100 × 100 µm2, and the reported values represent the average of three
randomly selected locations on each specimen to obtain statistical reliability.

(2) The crystalline structure of the coatings was examined using a multifunctional X-ray
diffractometer (XRD, D8 Discover, Bruker AXS GmbH, Karlsruhe, Germany) using Cu
Kα radiation (λ = 1.5406 Å). The diffraction patterns were collected over a 2θ range
of 20–80◦ with a scan step size of 0.02◦ and a counting time of 1 s per step. The X-ray
tube was operated at 40 kV and 40 mA.

(3) A field-emission scanning electron microscope (FESEM; SU-8000, Hitachi High-
Technologies Corporation, Tokyo, Japan) was employed to observe the surface and
cross-sectional morphologies of the films, as well as to measure the coating thickness.
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FESEM was operated at an accelerating voltage of 15 kV and a working distance of
approximately 10 mm.

(4) The surface roughness (Ra) of the coated specimens was measured using a surface
roughness tester (Surftest SV-400, Mitutoyo Corporation, Kawasaki, Japan). For each
specimen, surface roughness measurements were performed using a cut-off length
of 0.8 mm and an evaluation length of 4 mm. The reported Ra value represents the
average of five independent measurements.

(5) The adhesion strength quality (ASQ) of the coatings was evaluated using Rockwell-
C indentation testing with a load of 150 kgf. The resulting damage patterns were
compared with standard ASQ classifications, where HF1-HF4 indicate acceptable
adhesion and HF5-HF6 represent insufficient adhesion (HF is the German abbreviation
for adhesion strength) [25].

(6) In addition, the surface hardness of the coated specimens was measured using a
Vickers hardness tester (MVK-H100, Akashi Corporation, Osaka, Japan) under a load
of 300 g. The selected load allowed the indentation to penetrate through the coating
into the substrate, producing a combined mechanical response of the coating/substrate
system (substrate effect), as illustrated in Figure 2. Therefore, the measured values
represent the surface hardness of the coated substrate system rather than the intrinsic
hardness of the coating. For each specimen, five measurements were performed at
randomly selected locations, and the average value was reported as the representative
surface hardness.

Figure 2. Schematic illustration of the substrate effect during Vickers hardness measurement.

2.4. Wear Testing

Based on previous wear test experience [13,14,24] and the related literature [26], wear
experiments in the study were conducted using a ball-on-disc tribometer (CSM Instru-
ments SA, Peseux, Switzerland). The testing conditions were as follows: (1) unlubricated
conditions, (2) for evaluating the coating performance under more severe wear conditions,
a circular wear track with a diameter of 5 mm using a 6 mm diameter WC–6%Co ball as
the counter body, (3) a sliding speed of 10 cm/s, (4) an applied load of 2 N, (5) an ambient
temperature of 25 ◦C, and (6) a relative humidity of 65%. During the tests, the friction
coefficient was continuously recorded as a function of sliding distance up to a total travel
distance of 1200 m. The wear rate was determined from the weight loss of the specimens,
measured using a microbalance with an accuracy of 1 × 10−4 g. Each wear test was inde-
pendently repeated three times under identical testing conditions, and the reported wear
rates represented the mean values with the corresponding standard deviations. In addition,
the worn surfaces of the specimens were examined using field-emission scanning electron
microscopy (FESEM).
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2.5. Antibacterial Testing

The antibacterial activity of the coated specimens was evaluated according to the
JIS Z 2801 standard, which has been adopted internationally as ISO 22196 [27]. This
standardized method quantitatively evaluates the antibacterial performance of hard, non-
porous surfaces by determining their ability to inhibit bacterial growth after a 24 h contact
period. Owing to its high sensitivity and reproducibility, it has been widely used for
assessing antibacterial coatings and surface-engineered materials intended for biomedical,
healthcare, and consumer applications.

For antibacterial evaluation in the study, the uncoated Ti6Al4V substrate and all
coated specimens deposited at substrate bias voltages of 50, 100, and 150 V were tested.
Escherichia coli (ATCC 8739) was selected as the model Gram-negative bacterium. The
bacterial cultures were incubated at 37 ◦C for 24 h. After incubation, the specimens were
rinsed with phosphate-buffered saline (PBS), followed by serial dilution. The bacterial
colonies were photographed using a GelDoc Go Imaging System, and the colony-forming
units (CFU) were quantified using ImageJ software (version 1.53t, National Institutes of
Health, Bethesda, MD, USA). The antibacterial rate was subsequently calculated based on
the CFU counts of the coated specimens relative to those of the uncoated Ti6Al4V substrate.

3. Results and Discussion
3.1. Analysis of Coating Composition and Structure

In this study, scanning electron microscopy coupled with energy-dispersive spec-
troscopy (SEM-EDS) was employed to analyze the compositional characteristics of the
films. Elemental compositions were determined using point analysis, with five randomly
selected points measured for each film, and the results were subsequently averaged to
ensure reliability. The primary elements analyzed included Ti, Cr, Cu, Zr, Al, Ag, and N.
The compositional data of films deposited under three different bias voltage conditions
are listed in Table 3. As the bias voltage increased from 50 to 150 V, the Ti, Cr, and Al
contents increased, whereas the Zr, Cu, and Ag contents decreased. These compositional
changes are primarily attributed to enhanced ion bombardment and re-sputtering at higher
substrate bias voltages. Elements with relatively high sputtering yields or low surface
binding energies, particularly Cu and Ag, are preferentially re-sputtered from the growing
film, whereas refractory nitride-forming elements such as Ti, Cr, and Al are retained. As a
result, increasing the bias voltage promotes the formation of Ti-, Cr-, and Al-rich nitride
coatings while suppressing Cu and Ag incorporation. This compositional evolution is
expected to improve coating densification and structural stability but may reduce antibac-
terial activity because of the lower Cu and Ag contents. The observed trends are further
supported by the microstructural, hardness, wear, and antibacterial results discussed in the
following sections.

Table 3. Chemical composition of the coatings analyzed by SEM-EDS (at.%).

Specimen N Ti Cr Cu Zr Al Ag

50 V 54.92 7.42 7.33 6.23 11.84 11.27 0.99

100 V 50.69 9.57 9.49 4.12 10.57 14.66 0.90

150 V 48.85 11.54 11.35 2.25 9.86 15.49 0.66

Figure 3 shows the XRD patterns of the (TiCrCuZrAlAg)N coatings deposited at
substrate bias voltages of 50, 100, and 150 V. All coatings exhibit broad diffraction peaks
at approximately 36–38◦, 41–43◦, and 61–63◦, which can be primarily attributed to face-
centered cubic (FCC) nitride phases, including TiN-, ZrN-, TiAlN-, and CrAlN-related solid
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solutions. The broad and partially overlapping diffraction peaks suggest the formation
of a multi-element nitride matrix rather than discrete individual nitride phases. Weak
Cu-related reflections are also observed, indicating that a small fraction of Cu exists as a
separate metallic phase. In contrast, no distinct Ag diffraction peak is detected, which may
be attributed to its relatively low concentration and highly dispersed state within the coat-
ing matrix. As the substrate bias voltage increases, the diffraction peaks become broader
and less intense. Although no quantitative analysis of peak broadening was performed,
this trend suggests reduced crystallinity and increased lattice distortion. Such changes are
consistent with enhanced ion bombardment at higher substrate bias voltages. The higher
kinetic energy of incident ions may promote atomic displacement, defect formation, and
residual stress accumulation during film growth [28,29]. Although moderate ion bombard-
ment can enhance atomic mobility and coating densification, excessive bombardment may
introduce additional lattice defects and hinder long-range crystal growth, leading to the
observed peak broadening. The compositional results presented in Table 3 are consistent
with this interpretation. As the bias voltage increases, the Cu and Ag contents decrease,
suggesting that enhanced re-sputtering preferentially removes these relatively weakly
bonded metallic elements from the growing film. Consequently, substrate bias voltage
affects both the crystallographic characteristics and elemental incorporation behavior of
the coatings. Collectively, these results suggest that enhanced ion bombardment and re-
sputtering play important roles in the evolution of the coating microstructure, which is
expected to influence the various properties as explored in the study.

Figure 3. XRD patterns of the coated specimens.

3.2. Observation of Coating Surface and Cross-Section

Figure 4 shows the surface morphologies of the (TiCrCuZrAlAg)N coatings deposited
under different substrate bias voltages. All coatings exhibit similar surface morphologies
characterized by numerous spherical microdroplets, which are typical features of the CAE
process. These microdroplets originate from the ejection of molten cathode material during
arc discharge and become incorporated into the growing film [30–32]. Consequently, all
coated specimens exhibit higher surface roughness than the polished Ti6Al4V substrate. The
effect of substrate bias voltage on surface roughness is summarized in Figure 5. Although
the coated specimens exhibit higher roughness values than the substrate, the Ra value
decreases slightly with increasing bias voltage. This trend is consistent with enhanced
ion bombardment during film growth. Higher-energy ions increase surface atom mobility,
promote atomic rearrangement, and facilitate the re-sputtering of loosely bonded surface
asperities and protruding microdroplets, resulting in a smoother coating surface.
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Figure 4. SEM surface morphologies of the coated specimens: (a) 50 V; (b) 100 V; (c) 150 V.

Figure 5. Comparison of surface roughness (Ra values) among the uncoated and coated specimens.

The cross-sectional morphologies shown in Figure 6 and the coating thicknesses sum-
marized in Figure 7 further demonstrate the influence of substrate bias voltage on coating
growth. The coating thickness decreases from 3.55 µm at 50 V to 2.83 µm at 100 V and
2.51 µm at 150 V. This reduction is attributed to enhanced ion bombardment, which in-
creases the re-sputtering probability of deposited atoms and thereby lowers the effective
deposition rate. Although ion bombardment promotes coating densification, the increased
removal of deposited species results in a progressive decrease in coating thickness with
increasing bias voltage. These observations are consistent with the compositional changes
discussed in Section 3.1, where enhanced re-sputtering preferentially reduces the incorpo-
ration of Cu and Ag. Collectively, the results indicate that substrate bias voltage governs
coating growth through the combined effects of ion-assisted densification and re-sputtering,
which are expected to influence the subsequent mechanical and antibacterial properties.
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Figure 6. SEM cross-sectional view of the coatings: (a) 50 V; (b) 100 V; (c) 150 V.

Figure 7. Comparison of the coating thickness for the three coated specimens.

3.3. Analysis of Coating Adhesion and Hardness

Figure 8 presents the Rockwell-C indentation morphologies of the (TiCrCuZrAlAg)N
coatings deposited under different substrate bias voltages. As shown in Figure 8a,b, the
coatings deposited at 50 V and 100 V exhibit intact indentation profiles without noticeable
cracking or delamination around the indentation, and are therefore classified as HF1 ac-
cording to the VDI 3198 standard [25]. In contrast, localized flaking is observed around the
indentation edge of the coating deposited at 150 V, corresponding to an HF3 classification
(Figure 8c). Although all coatings satisfy the acceptable adhesion criterion (HF1–HF4), the
adhesion performance shows a gradual decline with increasing substrate bias voltage. This
trend is consistent with the microstructural evolution discussed in Sections 3.1 and 3.2.
Increasing the substrate bias voltage enhances ion bombardment and coating densification
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but also intensifies re-sputtering during film growth. In PVD nitride coatings, excessive ion
bombardment has been reported to promote lattice distortion and compressive residual
stress, which may increase the susceptibility of coatings to indentation-induced damage.
Although residual stress was not measured in the present study, the progressively increased
localized flaking observed at higher bias voltages is consistent with this interpretation.
These results suggest that an appropriate substrate bias voltage is necessary to balance
coating densification and adhesion performance.

 

Flaking

Figure 8. Fractured morphology of the coated specimens from the Rockwell-C adhesion test: (a) 50 V;
(b) 100 V; (c) 150 V. The arrow indicates flaking area in (c).

Figure 9 compares the surface hardness of the uncoated Ti6Al4V substrate and the
coated specimens. Deposition of the (TiCrCuZrAlAg)N coatings markedly increased the
surface hardness from 385.5 HV for the substrate to 1170.6–1628.4 HV for the coated
systems, demonstrating the strengthening effect of the multi-element nitride coatings.
Among the investigated conditions, the coating deposited at 50 V exhibited the highest
surface hardness, whereas the hardness decreased gradually with increasing substrate
bias voltage. This trend is consistent with the microstructural evolution discussed in the
previous sections. At 50 V, moderate ion bombardment promoted effective coating growth
while limiting excessive re-sputtering, resulting in the greatest coating thickness. As the
substrate bias voltage increased, enhanced ion bombardment intensified re-sputtering,
leading to a progressive reduction in coating thickness. Because the Vickers indentation
depth under the applied load (approximately 4–6 µm) exceeded the coating thickness
(2.51–3.55 µm), the measured hardness was strongly influenced by the substrate effect.
Consequently, the thinner coatings deposited at higher bias voltages provided less load
support during indentation, allowing greater plastic deformation of the Ti6Al4V substrate
and resulting in lower measured surface hardness.

It should be emphasized that the measured values represent the surface hardness of
the coating/substrate system rather than the intrinsic hardness of the coatings. Although
nanoindentation or lower-load microhardness testing would be more appropriate for
evaluating the intrinsic coating hardness, the present measurements were intentionally
designed to assess the overall surface hardness of the coated substrate, which is more
representative of practical engineering and biomedical applications where the coating and
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substrate function as an integrated system. The influence of phase constitution on hardness
should also be considered. However, the XRD results show that all coatings exhibit similar
TiN-, CrN-, ZrN-, and TiAlN-related phases, with no evidence of new crystalline phase
formation as the substrate bias voltage increased. Therefore, the observed variation in
surface hardness is more reasonably attributed to differences in coating thickness and the
associated substrate effect than to changes in phase constitution.

Figure 9. Comparison of surface hardness of the uncoated and coated specimens.

3.4. Wear Behavior of Coatings

Figure 10 compares the friction coefficients of the uncoated Ti6Al4V substrate and the
coated specimens. All coated specimens exhibited higher friction coefficients than the sub-
strate, with the average value increasing from approximately 0.50 for the polished Ti6Al4V
substrate to 0.75–0.90 for the coated specimens. This increase is primarily attributed to the
rougher surface morphology produced by the CAE process. The presence of microdroplets
and surface asperities increases mechanical interlocking between the contacting surfaces
and promotes plowing during sliding, resulting in higher friction coefficients than those of
the polished substrate. However, although the coated specimens exhibit similar surface
roughness values (Ra = 0.446–0.487 µm), noticeable differences in friction coefficient are still
observed, indicating that surface roughness alone cannot fully account for the tribological
behavior. Variations in coating thickness, microstructure, elemental composition, and
sliding interface characteristics are also expected to contribute to the friction response.

In contrast, the wear-rate results presented in Figure 11 show an opposite trend. De-
spite their higher friction coefficients, all coated specimens exhibit substantially lower
wear rates than the uncoated substrate, demonstrating that wear resistance is not directly
correlated with the friction coefficient. Instead, the superior wear performance is pri-
marily attributed to the load-bearing capability provided by the multi-element nitride
coatings, which effectively suppress plastic deformation and material removal of the rel-
atively soft Ti6Al4V substrate during sliding. Among the investigated conditions, the
coating deposited at 50 V exhibits the lowest wear rate, indicating the best wear resistance.
This behavior is consistent with its greater coating thickness, higher measured surface
hardness, and improved load support. As the substrate bias voltage increases, enhanced
re-sputtering reduces the coating thickness, thereby decreasing the load-bearing capability
of the coating/substrate system and leading to a gradual increase in wear rate.
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Figure 10. Friction coefficient curves of the substrate and the coated specimens.

Figure 11. Comparison of the wear rate of the various specimens after wear tests.

The wear-track morphologies shown in Figure 12 further support these observations.
The coating deposited at 50 V exhibits the narrowest wear track and the least material
removal (Figure 12a), whereas the wear-track width gradually increases for the coatings
deposited at 100 V and 150 V (Figure 12b,c). Parallel grooves are observed along the
sliding direction for all coated specimens, indicating that abrasive wear is the dominant
wear mechanism. In addition, localized accumulations of wear debris, particularly on the
150 V coating, suggest the coexistence of mild adhesive wear and third-body abrasion.
These observations are consistent with the progressive reduction in coating thickness and
load-bearing capability as the substrate bias voltage increases.

Overall, the tribological results indicate that substrate bias voltage significantly in-
fluences wear performance by modifying the coating structure and thickness during de-
position. While the friction coefficient is affected by multiple factors, including surface
morphology and sliding interface characteristics, the wear resistance is primarily governed
by the load-bearing capability of the coating/substrate system.
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wear debris 

Figure 12. Surface wear-track of the coated specimens after ball-on-disc wear testing: (a) 50 V;
(b) 100 V; (c) 150 V.

3.5. Antibacterial Behavior of Coatings

Figure 13 presents representative bacterial colony images after incubation with the
uncoated Ti6Al4V substrate and the (TiCrCuZrAlAg)N-coated specimens, while the cor-
responding colony-forming unit (CFU) counts and antibacterial rates are summarized in
Table 4. All coated specimens exhibit substantially improved antibacterial performance
compared with the uncoated substrate, demonstrating the effectiveness of the multi-element
nitride coatings in inhibiting the growth of Escherichia coli. Among the investigated con-
ditions, the coating deposited at 50 V exhibits the lowest CFU count and the highest
antibacterial rate (99.2%). Although all coatings maintain excellent antibacterial activity, the
antibacterial rate decreases gradually as the substrate bias voltage increases from 50 V to
150 V, indicating that substrate bias voltage influences the antibacterial performance of the
coatings. This trend is consistent with the compositional changes discussed in Section 3.1.
Increasing the substrate bias voltage reduces the Cu and Ag contents, suggesting that
enhanced re-sputtering decreases the incorporation of these antibacterial elements during
film growth. Because Cu and Ag are the primary antibacterial constituents in the present
coating system, the lower Cu and Ag contents are expected to reduce the availability of
antibacterial species at the coating surface, thereby decreasing antibacterial performance.
The antibacterial activity of Cu- and Ag-containing coatings is generally attributed to the
release of Cu+/Cu2+ and Ag+ ions, which can disrupt bacterial cell membranes, interfere
with intracellular proteins and nucleic acids, and ultimately inhibit bacterial metabolism
and proliferation [33–35]. However, the release of metal ions was not quantified in the
present study. Therefore, this mechanism is discussed based on previous reports and
should be regarded as a reasonable interpretation rather than direct experimental evidence.
In addition to the incorporation of Cu and Ag, the nitriding process may also influence
antibacterial performance through changes in surface chemistry, surface energy, and mi-
crostructural characteristics. Since these factors were not independently evaluated, their
individual contributions cannot be quantitatively distinguished.
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Figure 13. Photographs of E. coli colonies formed on Petri dishes, showing specimens of (a) Ti6Al4V;
(b) 50 V; (c) 100 V; (d) 150 V, respectively.

Table 4. Comparison of CFU and antibacterial rate of the coated specimens.

Specimen Ti6Al4V 50 V 100 V 150 V

CFU 484 4 27 148

Antibacterial rate (%) --- 99.2 82.2 69.4

Overall, the antibacterial results suggest that the observed variation in antibacterial
performance is primarily associated with differences in Cu and Ag incorporation result-
ing from the substrate bias voltage, while the potential contributions of other surface
characteristics cannot be excluded.

4. Conclusions
1. (TiCrCuZrAlAg)N multi-element nitride coatings were successfully deposited on

Ti6Al4V substrates by cathodic arc evaporation. All coatings exhibited FCC nitride
structures, and increasing the substrate bias voltage resulted in broader diffraction
peaks, suggesting reduced crystallinity and increased lattice distortion.

2. Increasing the substrate bias voltage enhanced ion bombardment and re-sputtering,
resulting in reduced coating thickness and lower Cu and Ag incorporation.

3. The mechanical and tribological properties were significantly influenced by the sub-
strate bias voltage. The coating deposited at 50 V exhibited the highest surface hard-
ness, the best wear resistance, and HF1 adhesion behavior.

4. All coatings exhibited excellent antibacterial activity against Escherichia coli. The
coating deposited at 50 V achieved the highest antibacterial performance, whereas
increasing the substrate bias voltage reduced the antibacterial efficiency because of the
lower Cu and Ag incorporation.

5. In summary, the study results suggest that substrate bias voltage plays a critical
role in tailoring the composition, microstructure, and multifunctional performance
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of (TiCrCuZrAlAg)N coatings through its influence on ion bombardment and re-
sputtering during film growth. These findings provide useful guidance for designing
multifunctional nitride coatings for biomedical and engineering applications.
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