
Citation: Metel, A.; Sotova, C.;

Fyodorov, S.; Zhylinski, V.; Chayeuski,

V.; Milovich, F.; Seleznev, A.; Bublikov,

Y.; Makarevich, K.; Vereschaka, A.

Improving the Wear and Corrosion

Resistance of Titanium Alloy Parts via

the Deposition of DLC Coatings. C

2024, 10, 106. https://doi.org/

10.3390/c10040106

Academic Editors: Jinliang Song and

Craig E. Banks

Received: 27 September 2024

Revised: 5 December 2024

Accepted: 12 December 2024

Published: 16 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Improving the Wear and Corrosion Resistance of Titanium Alloy
Parts via the Deposition of DLC Coatings
Alexander Metel 1 , Catherine Sotova 1 , Sergey Fyodorov 1, Valery Zhylinski 2 , Vadzim Chayeuski 3,
Filipp Milovich 4, Anton Seleznev 1 , Yuri Bublikov 5, Kirill Makarevich 1 and Alexey Vereschaka 5,*

1 Department of High-Efficiency Machining Technologies, Moscow State University of Technology
“STANKIN”, Vadkovsky Lane 3a, 127055 Moscow, Russia; a.metel@stankin.ru (A.M.);
e.sotova@stankin.ru (C.S.); sv.fedorov@stankin.ru (S.F.); a.seleznev@stankin.ru (A.S.); mkm@c-plus.pro (K.M.)

2 Department of Chemistry, Technology of Electrochemical Production and Electronic Materials, Belarusian
State Technological University, 13a, Sverdlov Street, 220006 Minsk, Belarus; zhilinski@yandex.ru

3 Department of Physics, Faculty of Information Technology, Belarusian State Technological University, 13a,
Sverdlov Street, 220006 Minsk, Belarus; doctorv_v_ch@mail.ru

4 Materials Science and Metallurgy Shared Use Research and Development Center, National University of
Science and Technology “MISiS”, Leninsky Prospect 4, 119049 Moscow, Russia; filippmilovich@mail.ru

5 Institute of Design and Technological Informatics of the Russian Academy of Sciences (IDTI RAS), Vadkovsky
Lane 18a, 127055 Moscow, Russia; yubu@rambler.ru

* Correspondence: dr.a.veres@yandex.ru; Tel.: +7-9169100413

Abstract: This article compares the properties of the diamond-like carbon (DLC) coating with those of
ZrN and (Zr,Hf)N coatings deposited on the Ti-6Al-4V titanium alloy substrate. To improve substrate
adhesion during the deposition of the DLC coating, preliminary etching with chromium ions was
conducted, ensuring the formation of a chromium-saturated diffusion surface layer in the substrate.
A Si-DLC layer followed by a pure DLC layer was then deposited. The hardness of the coatings,
their surface morphology, fracture strength in the scratch test, and tribological properties and wear
resistance in the pin-on-disk test in contact with Al2O3 and steel indenters were investigated. The
structure of the DLC coating was studied using transmission electron microscopy, and its corrosion
resistance in an environment simulating blood plasma was also investigated. In the pin-on-disk
test in contact with Al2O3 and AISI 52100 indenters, the DLC-coated sample demonstrates a much
lower friction coefficient and significantly better wear resistance compared to the nitride-coated and
uncoated samples. Both nitride coatings—(Zr,Hf)N and ZrN—and the DLC coating slow down
the corrosive dissolution of the base compared to the uncoated sample. The corrosion currents of
the (Zr,Hf)N-coated samples are 37.01 nA/cm2, 20% higher than those of the ZrN-coated samples.
The application of (Zr,Hf)N, ZrN, and DLC coatings on the Ti-6Al-4V alloy significantly inhibits
dissolution currents (by 30–40%) and increases polarization resistance 1.5–2.0-fold compared to the
uncoated alloy in 0.9% NaCl at 40 ◦C. Thus, the DLC coating of the described structure simultaneously
provides effective wear and corrosion resistance in an environment simulating blood plasma. This
coating can be considered in the manufacture of medical products (in particular, implants) from
titanium alloys, including those functioning in the human body and subject to mechanical wear (e.g.,
knee joint endoprostheses).

Keywords: diamond-like carbon; wear resistance; corrosion resistance; titanium alloy; coating

1. Introduction

Diamond-like carbon (DLC) coatings have found wide application in various fields of
modern industry due to a number of useful properties. In addition to their high hardness
and wear resistance, they are distinguished by high chemical passivity and corrosion
resistance [1–6]. Although relatively low heat resistance and the tendency for diffusion
and dissolution in iron limit the application of DLC in the production of cutting tools,
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these coatings are effective as anti-corrosion and wear-resistant materials at operating
temperatures below 450 ◦C, which is acceptable for most applications. The disadvantages of
DLC coatings include high internal stresses; these can lead to poor substrate adhesion [5–10]
and result from energetic ion bombardment during deposition [11]. Furthermore, studies
have noted that the internal stresses in DLC coatings can arise from both the inherent stress
generated during coating deposition and the thermal stress induced by the mismatch in the
coefficient of thermal expansion between the DLC coating and the substrate materials [12].
In addition to causing poor substrate adhesion of the coating, these stresses promote the
formation of microcracks, together leading to premature coating failure. Adhesion can be
improved through the deposition of transition (adhesion) layers (usually Cr-CrN, W, or Si
with various additives) and pretreatment of the deposition surface (particularly via plasma
nitriding or laser microprofiling) [2,3,13]. The introduction of Cr-CrN intermediate layers
ensures strong adhesion of the DLC coating to the substrate [14]. However, researchers
have also reported the insufficient adhesion strength of DLC coatings with an intermediate
Cr or Cr-CrN layer, leading to the rapid destruction of the coatings [15–17]. Compared with
single-layer DLC coatings, multilayer DLC coatings with Cr-CrN or Cr-W-DLC transition
structures exhibit improved strength, while the content of sp3 covalent bonds is reduced.
This indicates a significant improvement in the adhesion strength and impact toughness of
the multilayer coatings and a significant reduction in the residual stress [18,19].

While high internal stresses impair substrate adhesion, the main contribution to the
high wear resistance of the DLC coating arises from compressive stresses formed during its
deposition, both in the coating itself and in the outer layers of the substrate [20,21].

The corrosion resistance of DLC-coated samples has been investigated in various
environments. For example, the anticorrosive properties of the Cr-CrN-DLC coating
deposited on the Ti-6Al-4V alloy substrate have been studied with regard to electrochemical
corrosion in a 3.5% NaCl solution [1]; after testing, the oxygen content on the Cr-CrN-
DLC surface was lower than that on the surface of the uncoated and nitrided titanium
alloys. The sample with the Cr-CrN-DLC coating also had the lowest corrosion current
density, icorr, and the highest polarization resistance, Rp. In another study, the Cr-CrN-DLC
coating deposited on a St37 steel substrate reduced the corrosion current density in a
3.5 wt% NaCl solution from 1.19 to 0.53 µA/cm2 and increased the polarization resistance
from 33.93 to 76.66 kΩ [22]. Furthermore, the properties of DLC coatings with various
combinations and structures of intermediate layers (nitrided, organosilicon, and gas flow
gradient layers) have been explored [23]. The optimal wear resistance in combination with
corrosion resistance in a 3.5% NaCl solution was provided by the coating with the full set
of specified intermediate layers; however, the exclusion of the organosilicon layer only
slightly reduces the coating properties. Researchers have also compared the anticorrosive
properties of DLC and W-DLC coatings deposited on CF170 steel samples in the presence
and absence of preliminary plasma nitriding [24]. According to the potentiodynamic
polarization curves during the study in 0.5 mol/L H2SO4 solution, the DLC-coated sample
subjected to preliminary plasma nitriding showed the lowest corrosion current density
and the highest corrosion potential. Another study investigated the corrosion resistance
of DLC-, Cr/DLC-, H/DLC-, and WC/DLC-coated samples in a hydrochloric acid (HCl)
environment [25], with the DLC coating exhibiting the lowest wear rate in 1 M HCl. Since
silver (Ag) is a powerful antibacterial agent, Ag–DLC coatings have been suggested as
potentially useful in biomedical applications [26].

DLC coatings are not the only choice for providing high wear and corrosion resistance;
a notable alternative involves coatings based on the nitrides and carbonitrides of various
metals. Thus, implants composed of the titanium alloy Ti-6Al-4V with a TiN coating have
shown good biocompatibility and bone-bonding properties [27]. In another study, the
corrosion resistance of SST 304 steel samples with (Cr,Al,Ti)N and CrN/NbN coatings
was investigated in a CaCl2 environment [28]. The sample with the CrN/NbN coating
displayed the best corrosion resistance, while both coatings offered good biocompatibility.
Research has also shown that the deposition of a ZrN coating on a Ti-6Al-4V sample pro-
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vides good corrosion resistance when exposed to saline and reduces the bioadhesion of
Staphylococcus aureus bacteria [29]. Moreover, in [30], concerning the bioadhesion of Staphy-
lococcus aureus on Ti–TiN, Zr–ZrN, Zr–(Zr,Nb)N, and Zr–(Zr,Hf)N coatings, the maximal
density of bacterial colonization was observed on the TiN and (Zr,Hf)N surfaces over a 30-day
period at 25 ◦C. Another study compared the corrosion resistance of TiN, ZrN, CrN/TiN,
and CrN/ZrN coatings deposited on a Ti-6Al-4V substrate [31]; the CrN/ZrN-coated
sample showed the optimal corrosion resistance, and the ZrN and CrN/ZrN coatings
provided the best biocompatibility and better hydroxyapatite deposition. Furthermore, the
inclusion of hafnium in the ZrCN coating increases the corrosion resistance in Ringer’s
solution and biocompatibility [32]. According to [29–32], biocompatibility depends on
several factors, including corrosion resistance, surface microroughness, etc. High corrosion
resistance prevents metal ions from penetrating living tissue, eliminating the possibility of
poisoning living cells and increasing biocompatibility. On the other hand, the corrosion
process generates microroughness, which promotes the bioadhesion of living cells. The
latter may be a decisive factor in the colonization of the coating surface by Staphylococcus
aureus colonies [29–32]. In another study, the (Ti,Zr)N coating provided better wear and
corrosion resistance in Hank’s solution compared to uncoated and TiN-coated titanium
alloy samples [33]. A study of the tribocorrosion effect on Zr/ZrN-coated samples in a
simulated body fluid (SBF) showed that the multilayer Zr/ZrN coating exhibits better cor-
rosion resistance than the single-layer ZrN coating [34]. The (Zr,Hf)N coating is very hard
and, at the same time, quite brittle [35]; its oxidation leads to the formation of ZrO2 and
HfO2 phases, decreasing its hardness [36]. At high temperatures, the formation of a double
oxide, (Zr,Hf)O2, has been observed in the (Zr,Hf)N coating [37,38]. Furthermore, the
introduction of hafnium into the ZrN system provides increased oxidation resistance [39].
The effect of hafnium on oxidation resistance in the corrosion process in the (Zr,Hf)N coat-
ing is considered in [40]; electrochemical investigations established that the introduction
of hafnium leads to an increase in the polarization resistance of the coating due to the
formation of a dense nonconductive layer of Zr,Hf oxonitride. The resulting layer protects
the (Zr,Hf)N coatings from further oxidation [40].

The properties of DLC coatings and nitride coatings of various compositions have
been compared. Two-component TiN or CrN coatings deposited on a Ti-6Al-4V titanium
alloy substrate have shown greater wear resistance compared to TiN/CN and TiC/C
coatings. However, they are inferior to DLC coatings of various structures—hydrogen-free
tetrahedral carbon coatings (ta-C); amorphous carbon (a-C) or graphite-like coatings; and
hydrogenated amorphous carbon (a-C:H) [4]. The authors attribute the favorable properties
of the a-C:H coating to its good substrate adhesion. Its hardness is slightly lower than
that of the counterbody material but is still rather high, its elastic modulus is similar to
that of the counterbody material, and it can form soft surface films on both counterbodies.
The anticorrosive properties of ZrN and ta-C (tetrahedral amorphous carbon) coatings
have also been compared [41], with the ZrN-coated sample displaying better adhesion
between the coating and substrate, improved corrosion resistance, microhardness, and
wettability. A comparative study of the effect of titanium implants with TiN, ZrN, and
DLC a-C:H coatings on the animal body did not reveal significant differences between the
tested materials [42]. In all three cases, no implant-related inflammatory reaction or foci of
necrosis were detected.

Electrochemical salt spray tests and immersion tests have been carried out to study
the effect of aggressive environments (NaCl, H2SO4, HCl, and NaOH) on the corrosion
properties of multilayer silicon-doped DLC coatings. According to the impedance study,
the interfacial contact resistance (Rc) of the DLC coating is 9.4 × 107 Ω × cm2 in 3.5 wt%
NaCl solution [43]. In [44], researchers found that the DLC coating on 316L stainless steel,
CoCrMo, and Ti-6Al-4V substrates exhibited similar structures. The failure mechanism
of the DLC coatings on 316L stainless steel and the CoCrMo alloy during friction tests
(where Al2O3 balls were used as friction pairs) involved coating delamination, while the
DLC coating on Ti-6Al-4V showed good wear resistance and stability due to its favorable
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adhesion and anticorrosion properties. The DLC coating exhibits enhanced adhesion on
the titanium alloy substrate compared to the stainless steel one because the chemical bond
energy holding Ti atoms (titanium alloy surface) and C atoms together is the strongest [44].

The corrosion behavior of DLC-coated SUS316L steel was studied via the potentiostatic
polarization of coated samples in a 0.5 M H2SO4 solution at +0.8 V and 90 ◦C for 168 h [45].
From the analysis of the SUS316L steel and DLC-coated SUS316L polarization curves, the
corrosion potential of the latter reached approximately +0.1 V, significantly higher than
that of the former (approximately −0.2 V). The increase in the corrosion potential of the
coating during the corrosion process is associated with the formation of oxygen-containing
groups on the surface of the DLC and the process of metal passivation. Under fuel cell
operating conditions, the corrosion current density was approximately 19 µA/cm2 for
SUS316L steel and at least 0.5 µA/cm2 for DLC-coated steel. The reduction in the corrosion
current density for DLC-coated SUS316L steel is due to the protective effect of the DLC
itself, which shields the steel from direct interaction with H2SO4.

Thus, both ZrN-based nitride coatings and the DLC coating provide high wear and
corrosion resistance, which allows them to improve the resistance of titanium alloy parts.
This work aims to compare the properties of these coatings to determine the optimal choice
for use in aggressive environments combined with mechanical wear.

A possible area of application for titanium parts with the considered coatings is med-
ical implants with friction pair elements operating in the human body (e.g., knee joint
endoprostheses). While medical implants form the key application area of the developed
coatings, other areas of application in which titanium products are required to simultane-
ously exhibit good wear and corrosion resistance are also possible (e.g., shut-off valves of
nuclear power plant pipelines and other shut-off valves of critical units). Based on real
operating conditions, titanium parts can be in contact with both hard ceramic parts (which
are well imitated by Al2O3) and softer, more ductile counterbodies (well imitated by AISI
52100). Thus, contact in a tribo-pair with two substantially different counterbodies was
considered. DLC coatings are widely used to modify the surface of titanium alloy products.
Nitride coatings could offer a good alternative to DLC coatings due to their improved crack
resistance and resistance to brittle fractures, with high resistance to mechanical wear and
corrosion. In this paper, the goal was to compare the DLC coating with the two nitride
coatings—(Zr,Hf)N and ZrN—which have shown better results in terms of both mechanical
wear and corrosion resistance in previous studies [40,46].

2. Materials and Methods
2.1. Deposition of DLC Coatings

The plasma-enhanced chemical vapor deposition of carbon condensates was used
to deposit the DLC coating on a Platit setup (π311 + DLC, Platit, Selzach, Switzerland)
by decomposing the components of the gas mixture [47]. At the start of the process, the
samples were cleaned in a gas discharge and etched with chromium ions at a reference
voltage of −750 V on the products, after which the process temperature was reduced to
200 ◦C. Tetramethylsilane, (CH3)4Si (TMS), was fed into the vacuum chamber, bringing
its content in the gas mixture to 80% to ensure adhesion between the layers. A voltage of
−500 V was applied to the products, and a glow discharge was ignited. DLC was grown
for 1 h and 40 min at a gas mixture ratio of 95% C2H2, 4% Ar, and 1% TMS at a pressure of
0.8 Pa.

2.2. Deposition of Nitride Coatings

The deposition of nitride coatings was carried out on the VIT-2 installation (IDTI RAS—
MSUT “STANKIN”, Moscow, Russia) [37,48], and Controlled Accelerated Arc (CAA-PVD)
technology was used during the deposition [49,50]. Zr (99.98%) cathodes and a Zr-Hf (50:50,
%) alloy cathode were used. During the coating deposition, the arc current of the zirconium
cathodes was 80 A, and that of the Zr-Hf (50:50, %) cathode was 90 A. The remaining
parameters were the same for all processes: nitrogen pressure, 0.42 Pa; substrate voltage,
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−150 V; and tool rotation speed, 0.7 rpm. The difference in the arc currents of the Zr and
Zr-Hf cathodes is explained by the significantly higher melting point and mass of hafnium.
Accordingly, a higher current is required to form a stable arc.

2.3. Preparation of Samples Before Coating Deposition

Before the deposition of the coatings, the samples were prepared using a universal
method for nitride and DLC coatings:

• washing with a neutral detergent at 80 ◦C with ultrasonic stimulation;
• rinsing in purified running water;
• drying in a stream of hot filtered air.

2.4. Mechanical Properties of Coated Samples

The scratch test was carried out using a CB-500 tester (Nanovea, Irvine, CA, USA) in
accordance with the ASTM C1624-22 method [51]. A diamond indenter with a tip radius of
100 µm was used.

The wear resistance was studied according to the ASTM “Standard Test Method for
Wear and Friction Testing with a Pin-on-Disk or Ball-on-Disk Apparatus” [52]. A 6 mm-
diameter spherical indenter composed of Al2O3 and AISI 52100 steel, at a load of 10 N
and a rotation speed of 100 rpm, was used, and the test duration was 1 h. The test was
conducted at room temperature without any lubricant. The wear results are presented as
the volume loss in cubic millimeters for the test sample (coated disk) and as the mass loss
for the ball.

The hardness and elastic modulus were investigated on a nanotester SV-500 (Nanovea,
Irvine, CA, USA) using a Berkovich indenter, at a maximum load of 20 mN. The average
values were determined based on 20 measurements.

The surface morphology and structure of the coatings were studied using a Carl Zeiss
(Oberkochen, Baden-Württemberg, Germany) EVO 50 scanning electron microscope (SEM),
with an EDX system X-Max—80 mm2 (OXFORD Instruments, Abingdon, Oxfordshire,
UK), and a transmission electron microscope (TEM), TEM JEM 2100 (JEOL, Tokyo, Japan).
The elemental composition was studied using a TEM with EDX INCA Energy (OXFORD
Instruments, Abingdon, Oxfordshire, UK). TEM samples were prepared using a focused
ion beam (FIB) on a Strata 205 device (FEI Company, Hillsboro, OR, USA).

2.5. Corrosion Studies

Electrochemical corrosion studies of the coatings on the Ti-6Al-4V titanium alloy
were carried out via cyclic voltammetry (potential scan rate = 1 mV/s) with an electrode
polarization of ±800 mV using the potentiostat-galvanostat AUTOLAB PGSTAT302 N
(Utrecht, The Netherlands). The experiments were performed in a physiological solution
(0.9 wt% NaCl) in a standard three-electrode electrochemical cell (YSE-2) with a graphite
auxiliary electrode and a saturated silver chloride reference electrode at 40 ◦C. The area of
the working electrode was 1 cm2. All potential values measured relative to the reference
electrode were converted to the scale of the standard hydrogen electrode. The corrosion
currents were calculated via mathematical modeling functions of the corrosion process in
the Nova 2.0 program and using the polarization resistance method based on experimental
data at low polarizations (η = ±20 mV), as given in Equation (1):

η ≈ RT
nF

i
i0

= R0i, (1)

where R0 = RT
i0nF is the charge transfer resistance, Ω [46].
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3. Results
3.1. Surface Morphology, Hardness, and Scratch Resistance

A moderate amount of microparticles can be observed on the surface of the ZrN and
(Zr,Hf)N coatings, without significant structural defects (Figure 1). Furthermore, on the
surface of the (Zr,Hf)N coating, there are local structural defects associated with the effect
of microparticles on the coating (Figure 1d–f). The presence of such microparticles can be
associated with the effect of the presence of hafnium [40], which is significantly heavier
(atomic mass = 178.49) and refractory (melting point = 2233 ◦C) compared to zirconium
(atomic mass = 91.22; melting point = 1852 ◦C) [53].
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A significant number of spherical microparticles can be observed on the surface of the
DLC coating (Figure 2a,b). A characteristic surface defect of this coating is potholes up to
100 µm in size (Figure 2c–f), the formation of which may be due to a high level of internal
stresses in combination with the high brittleness of the coating [5,6].
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The structure of the DLC coating involves a diffusion layer on the surface of the
titanium substrate (saturated with chromium due to ion etching with metallic chromium
ions, see Figure 3), a DLC + Si layer approximately 200 nm thick, and a base DLC layer
approximately 4 µm thick.
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Figure 3. Internal structure (TEM) and elemental and phase (SAED) composition of DLC coating.

Selected area diffraction (SAED) studies reveal the presence of the Ti (A3) phase in the
substrate and the amorphous structure of the DLC coating. The ZrN and (Zr,Hf)N coatings
also have a thickness of approximately 4 µm.

A comparison of the coating hardness reveals that the ZrN coating has the minimum
(29.35 ± 1.42 GPa) while DLC has the maximum (45.17 ± 0.63 Gpa) hardness among the
studied coatings. The hardness of the (Zr,Hf)N coating is 32.85 ± 1.18 Gpa. The hardness
of the DLC coating is characterized by a significantly smaller spread of values, which may
be due to the greater homogeneity of its structure.

The results of scratch tests reveal the relatively high strength of the ZrN coating
failure—the coating failure (point LC2) begins at a load of approximately 21 N, and the
first signs of the onset of failure (point LC1) correspond to a load of approximately 16 N
(Figure 4a). The nature of the failure of the ZrN coating can be attributed to the compressive
tension failure type [54].

The (Zr,Hf)N coating Is also characterized by a fairly high fracture strength—the
coating fracture (point LC2) begins at a load of approximately 18 N, and the first signs of the
onset of fracture (point LC1) correspond to a load of roughly 7 N (Figure 4b). The fracture
pattern of this coating is most consistent with bending-induced conformal cracking [54].

The failure of the DLC coating Is rather difficult to Identify using the acoustic emission
signal since a high level of this signal is observed immediately after the start of the tests,
remaining virtually unchanged throughout the tests (Figure 4c). Based on the visual
observations, one can conclude that for this coating, fracture (point LC2) begins at a load
of approximately 16 N, and the first signs of the onset of fracture (point LC1, determined
based on the analysis of the groove image) correspond to a load of roughly 6 N. The fracture
pattern of the DLC coating can be described as spallation failure [54]. From the scratch test
perspective, DLC coatings exhibit the greatest problems with substrate adhesion, as noted
earlier [5–10].
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As depicted in Figure 5, the DLC coating failure at the scribing groove boundary
involves the active formation of cracks cutting through the coating structure (Figure 5a).
The dominant mechanism of the coating failure is brittle failure with the formation of chips.
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3.2. Tribological Properties and Wear Resistance

Since titanium alloy parts are widely used in various fields of human activity, it
is possible to operate such parts in tribological contact with counterbodies of different
compositions. In this study, we considered both ceramic (Al2O3) counterbodies (indenters),
with a significantly higher hardness compared to titanium, and counterbodies composed
of AISI 52100 steel, with hardness values quite close to titanium. Several studies of DLC-
coated samples have been conducted using the pin-on-disk method [11]. However, since
their experimental conditions differ significantly, it is impossible to compare the obtained
results. Therefore, comparisons of different coatings carried out under identical conditions
are of great importance. The appearance of wear tracks of the samples after pin-on-disk
testing is shown in Figure 6.
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Figure 7a,b compare the tribological properties of the coated and uncoated samples in
contact with the Al2O3 and AISI 52100 indenters. The DLC-coated sample shows the lowest
coefficient of friction (COF) for both indenters. The low COF value for the DLC-coated
sample compared to the nitride coatings has been noted in previous studies [55]. At the
same time, the ZrN- and (Zr,Hf)N-coated samples display a noticeable decrease in the
COF in contact with the Al2O3 indenter. However, when in contact with the AISI 52100
indenter, only the (Zr,Hf)N coating exhibits a decrease in the COF, while the ZrN-coated
sample yields identical results to the uncoated sample. It is worth noting that when in
contact with the AISI 52100 indenter, the ZrN-coated sample yields a lower COF value
compared to the (Zr,Hf)N coating. A previously conducted comparison of the tribological
properties of ZrN- and DLC-coated samples when in contact with various counterbodies
(with different hardness values, from steel to diamond) revealed that in all cases, the ZrN-
coated samples showed a significantly higher COF value [56]. Moreover, as the hardness of
the counterbodies increased, the difference in the COF value initially increased and then
decreased. In our case, a similar effect was observed—for the significantly harder Al2O3
indenter, the difference in the COF values between the ZrN- and DLC-coated samples is
less than in the tribological pair with an indenter made of the softer AISI 52100 steel.

Figure 7c,d compare the wear resistance of the coated and uncoated samples. Notably,
the DLC-coated sample provides significantly better wear resistance compared to the other
samples in all cases. When in contact with the Al2O3 indenter, wear of the DLC-coated
sample is not observed, possibly due to the hardness of Al2O3 (16–20 GPa [57,58]) being
significantly closer to that of DLC compared to AISI 52100 (8 Gpa [59]). Thus, a very
low friction coefficient arises between the bodies in the friction pair since their adhesive
Interaction Is minimal. Accordingly, under these experimental conditions, the wear of the
DLC-coated sample is not recorded, but there is an insignificant loss of mass by the Al2O3
indenter (Figure 7e). When the DLC-coated sample and the AISI 52100 indenter come
into contact, insignificant wear of the sample is observed; this can be associated with both
adhesive interactions and the dissolution of carbon from the DLC in the Indenter Iron.

The wear resistance of the ZrN- and (Zr,Hf)N-coated samples is higher than that of the
uncoated sample in all cases but lower than that of the DLC-coated sample. Furthermore,
when in contact with the Al2O3 indenter, the (Zr,Hf)N-coated sample shows the optimal
wear resistance, while in the case of contact with the AISI 52100 indenter, the best wear
resistance arises from the ZrN-coated sample. Previously conducted wear resistance tests of
(Zr,Hf)N-coated samples using Al2O3 and steel indenters have shown that the introduction
of both 12 wt% [60] and 21 wt% [61] Hf into the coating based on the ZrN system can
significantly increase its wear resistance. At the same time, when using the Al2O3 indenter,
noticeable oxidation was observed, and the steel indenter mainly caused the mechanical
destruction of the coating. The use of the (Zr,Hf)N coating also reduces the wear of both
indenters—Al2O3 and steel [60]. A comparison of the wear resistance of a tool with Zr/Hf
nitride and DLC coatings showed that the nitride coating formed stable oxide layers that
slowed down diffusion wear [62]. Furthermore, glassy amorphous oxide layers were
formed on the DLC coating. While the ZrN coating provides a lower COF when in contact
with the Al2O3 indenter, it does not provide better wear resistance. Moreover, while the
COF of the ZrN coating paired with the AISI 52100 indenter is almost identical to that of the
uncoated sample, the wear resistance of the ZrN-coated sample in this pair is significantly
higher compared to the uncoated one. Notably, the COF is Important but not the only
factor determining the overall wear resistance of the coating. In both cases, the Indenter
mass loss is minimal when in contact with the DLC-coated sample (Figure 7e,f).
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Figure 7. Tribological properties (coefficient of friction [COF]) and wear resistance in pin-on-disk
tests: (a) COF in contact with Al2O3 indenter, (b) COF in contact with AISI 52100 indenter, (c) wear
dynamics in contact with Al2O3 indenter, (d) wear dynamics in contact with AISI 52100 indenter,
(e) mass loss of Al2O3 indenter, and (f) mass loss of AISI 52100 indenter.

Notably, there is a significant difference in the resistance to destruction of the DLC
coating in the scratch and pin-on-disk tests. In the first case, the coating is actively destroyed
by a brittle fracture mechanism, and in the second, an extremely low intensity of destruction
is observed. Furthermore, there is a significant difference in the test conditions. If in the
scratch test, the impact is exerted by an extremely sharp diamond indenter (diameter of
100 µm at the tip), then in the pin-on-disk test, the indenter diameter is 6 mm (6000 µm),
and its hardness is noticeably lower (even in the case of Al2O3). Thus, as a hard and brittle
material, DLC shows good resistance to loads that do not exceed specific values. Exceeding
these specific load values can initiate active cracking and, accordingly, the destruction of
this material.
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3.3. Corrosion Resistance in Physiological Solution (0.9% NaCl)

The potentiodynamic polarization curves of the investigated (Zr,Hf)N, ZrN, and DLC
coatings on the surface of the Ti-6Al-4V alloy in physiological solution (0.9% NaCl) are
shown in Figure 8. Previous studies have indicated that ZrN and DLC coatings provide high
corrosion resistance in Ringer’s solution and 0.9% NaCl [63,64]. Furthermore, a comparison
of the anticorrosive properties of ZrN and DLC coatings deposited on a medical TiNi alloy
substrate showed that the ZrN coating provides better protection against corrosion in
physiological solution [65]. In the obtained graph, on the anodic branch of the polarization
curve of the DLC coating after the active dissolution region of +0.25 to +0.55 V, a local
minimum of the anodic current density is observed at +0.65 V. This behavior can be
explained by the formation of an oxide layer (oxidized DLC, see Figure 9) on the surface of
the DLC coating and the subsequent self-passivation of the titanium base, as observed in
the corrosion study of DLC-coated Ti-6Al-4V samples.
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At the same time, the dissolution of the ZrN and (Zr,Hf)N nitride coatings in 0.9%
NaCl at 40 ◦C occurs with the formation of the oxynitride and oxide of zirconium and
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hafnium on the surface, respectively [40,46]. The electrochemical behavior of the nitride
coatings differs significantly from that of DLC: the onset potentials of the corrosion process
for the nitride coatings lie in the range of −0.091 to −0.066 V, which is significantly lower
than the corrosion potential of the DLC coating, that is, +0.235 V (Table 1). The passive
region for the nitride coatings is observed in the potential range of 0.00 to +0.15 V. Even
though the corrosion potential shifts to the negative region, the corrosion current density
of the nitride coatings is lower than that of the DLC coating: 30.8 and 37.0 nA/cm2 for
ZrN and (Zr,Hf)N, respectively, and 43.6 nA/cm2 for DLC. These results indicate the
higher corrosion resistance of the nitride coatings in a solution simulating blood plasma
(0.9% NaCl); this occurs due to the dissolution of ZrN and HfN, with the formation of
nonstoichiometric zirconium and/or hafnium oxychloride on the surface of the Ti-6Al-4V
alloy [40,46] in chloride solutions.

Table 1. Calculated results of the corrosion process in the Nova 2.0 program by determining the
polarization resistance in the corrosion potential region in 0.9% NaCl at 40 ◦C.

Coating Ecorr, V
Polarization Resistance Method

icorr, nA/cm2 II, µm/year Ro, MΩ

ZrN −0.066 30.8 0.272 0.846

(Zr,Hf)N −0.091 37.0 0.326 0.704

DLC +0.235 43.6 0.385 0.598

Uncoated +0.081 63.5 0.560 0.410

One should note the 0.025 V shift in the corrosion potential for hafnium-doped zirco-
nium nitride toward a more electronegative region compared to pure zirconium nitride,
which indicates an increase in the corrosion processes in the former. The corrosion currents
of the (Zr,Hf)N-coated samples do not exceed 37.01 nA/cm2, which is 20% higher than
the corrosion currents of the ZrN-coated samples. At the same time, the deposition of
(Zr,Hf)N, ZrN, and DLC coatings on the surface of the Ti-6Al-4V alloy inhibits the dissolu-
tion currents by 30–40% and increases the polarization resistance to the corrosion process
1.5–2.0-fold compared to uncoated Ti-6Al-4V in 0.9% NaCl at 40 ◦C (see Table 1).

Thus, the deposition of (Zr,Hf)N, ZrN, and DLC coatings on the surface of the Ti-6Al-
4V alloy samples slows down the corrosion dissolution of the base by 30–40% compared
to the uncoated alloy. This phenomenon is caused by the formation of nonstoichiometric
zirconium and/or hafnium oxychloride for the nitride coatings, and in the case of the
DLC coatings, by the generation of a layer of oxidized DLC at +0.65 V and the subsequent
self-passivation of the titanium base.

4. Conclusions

The properties of ZrN, (Zr,Hf)N, and DLC coatings deposited on a Ti-6Al-4V alloy sub-
strate were compared. In the DLC coating deposition, preliminary etching with chromium
ions was carried out, ensuring the formation of a diffusion surface layer saturated with
chromium in the substrate. Thereafter, a Si-DLC layer followed by a pure DLC layer
was deposited.

The following conclusions can be drawn from the analysis of the experimental data:

• The surface of the DLC coating contains microchips up to 100 µm in length, while
such chips are not observed in the nitride coatings.

• During the scratch test, the DLC coating begins to break down even under small (from
6 N) loads via the spallation failure mechanism, while under large loads, the peeling
off of large fragments of the coating can be observed. The breakage of the ZrN and
(Zr,Hf)N nitride coatings occurs via a more plastic mechanism, and no noticeable
peeling of the coatings is observed.
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• During the pin-on-disk test in contact with the Al2O3 and AISI 52100 indenters, the
DLC-coated sample demonstrates a much lower coefficient of friction and significantly
better wear resistance compared to the nitride-coated samples.

• The deposition of ion-plasma coatings of (Zr,Hf)N, ZrN, and DLC on the surface
of the Ti-6Al-4V alloy samples slows down the corrosive dissolution of the base by
30–40% compared to the uncoated sample. The corrosion currents observed in the
(Zr,Hf)N-coated specimens do not surpass 37.01 nA/cm2, representing an increase of
20% in comparison to the corrosion currents measured for the ZrN-coated specimens.
Concurrently, applying (Zr,Hf)N, ZrN, and DLC coatings onto the surface of the Ti-
6Al-4V alloy results in a significant reduction in the dissolution currents (by 30–40%)
and an enhancement of the polarization resistance to corrosion (by a factor of 1.5–2.0)
in relation to the uncoated Ti-6Al-4V in 0.9% NaCl at 40 ◦C.

Thus, the DLC coating of the described structure simultaneously provides effective
wear and corrosion resistance in an environment simulating blood plasma (0.9% NaCl at
40 ◦C). That is, this coating can be effectively used in the generation of medical products (in
particular, implants) from titanium alloys, including those functioning in the environment
of the human body and subject to mechanical wear (e.g., knee joint endoprostheses).
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