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Abstract: The research focuses on the electrochemical behavior of TiVN trilayers in a liquid that
simulates a physiological environment (blood plasma). TiVN films are obtained through Physical
Direct Current Vapor (PVD) Deposition on titanium bases, depositing TiN and VN layers as an
intermediate layer during the procedure. Impedance measurements are carried out before and
during the wear test to determine the impact on the sample. The results show that the TiVN trilayer
enhances corrosion resistance according to the time of exposure to the electrolyte. Initially, the load
resistance (Rct) was 10.50 Ohms, but after 16 days, the Rct rose markedly to 13.87 Ohms, signaling
an advance in corrosion resistance, a valuable property for wide applications.
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1. Introduction

The corrosion resistance of titanium and its alloys is remarkable, thanks to the instantaneous
formation of an oxide film on the surface of the titanium. This allows it to perform excellently in a
variety of environments, including seawater, organic compounds, acids, bases, among others.

One of the most predominant applications of biomaterials is orthopedic implants, because it is
increasingly common structural involvement of joints such as knees, femur, shoulder, and hip among
others, in addition to the affectations by accidents, making possible through the use of biomaterials
as structural components, the recovery in terms of mobility of patients. The most used metallic
materials today for the manufacture of implants are stainless steels, cobalt-chromium alloys, and pure
titanium or alloyed with other metals, however, this reduced number of metals does not always meet
the requirements as a biomaterial since in some cases they produce failures such as wear, corrosion,
the release of chemical species among others, so techniques are applied to improve their behavior in
this regard, among others, through surface treatments [1].

Information in the literature on titanium and vanadium nitride has demonstrated the superior
performance of such coated ternary compounds compared to those of pure TiN and VN, with respect
to their hardness and behavior in tribological environments [2]. Modification of the coating
composition by altering the process parameters allows to determine that Ti-V-N thin films sprayed
with magnetron have high hardness, excellent thermal stability, and better wear resistance [3].

The corrosion resistance of implant materials has been studied using different techniques,
including electrochemical impedance spectroscopy (EIS) has been used [4,5]. Several researchers have
studied PVD coatings in the field of biomedical applications since this type of technique offers high
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purity, high density in coatings, excellent resistance to adhesion with the substrate and smooth
surfaces with roughness in the nanometer range [6,7]. The PVD process, in addition to improving
mechanical and electrochemical properties, offers advantages such as durability, costs and
effectiveness compared to an uncoated part; It is also important to take into account the price of the
complete equipment, performance and reliability, operating costs, the useful life of the equipment
among others such as dimensions of the part to be coated and the environmental impact compared
to other techniques. This is interesting for the development of low-cost materials with similar or better
responses in the human body [8].

The ability of titanium to promote bone growth is enhanced by TiVN coatings given the
appropriate tissue response, allowing these coatings to be used in permanent implants, resulting in
proper bone growth (osseointegration) and no production of toxic particles. Furthermore, with the
trilayer, it is possible to increase the surface roughness, as well as the increase in pore size in such a
way that it allows bone development and, consequently, rapid patient recovery. Additionally, this
surface modification improves wear resistance [9]. Moreover, it's noticed how Vanadium notably
impacts the mechanical and tribological features of the coatings, particularly as the Vanadium (V)
concentration rises, resulting in improved resistance to penetration. Alloys with a higher atomic
percentage (%at) of V demonstrate superior tribocorrosive behavior compared to those with a higher
%at of Titanium. This showcases a beneficial inter-play between corrosion and wear, maximizing the
applicability of these coatings in the biomedical sector. As outlined by M. Azzi and the team, the
existence of the TiN layer on the Ti surface raised the open circuit potential. Hence, the present study
is dedicated to the electrochemical analysis of the TiVN trilayer in a simulated physiological medium
fluid, evaluating its performance both before and during wear.

2. Materials and Methods

2.1. Deposition

The TiVN trilayers are applied onto 12 mm diameter and 3 mm thick titanium discs that have
been meticulously prepared to achieve a smooth, mirror-like surface. Prior to coating, the samples
undergo a thorough cleaning process using ethanol in a multi-stage ultrasonic bath. These trilayers
are deposited through magnetron sputtering within a carefully controlled gas environment
comprising argon and nitrogen. The operational parameters mirror those detailed in the method by
Rios and colleagues [10]. The films are created by modulating the sputtering power for each element
(Titanium - Ti, and Vanadium - V), resulting in eight distinct surface layer conditions. In condition
A, the sputtering energy of V is held steady, while in condition B, the sputtering energy of Ti remains
constant. Figure 1 illustrates the fundamental configuration of these trilayers.

Power 350 W 0 - 2 TTW
Bias Voltaje: -20V X s :;:M:lr ?I.lso w »
1] & PiERset v . TiN & as Voltaje: -
- itanium. Power 400 W
Bias Voltaje: -20V
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Power 400 W
Bias Voltaje: -20V

Figure 1. Basic configuration of the trilayer.

2.2. Electrochemical and wear tests

To evaluate wear simultaneously with electrochemical tests, a Microtest equipment arranged in
linear configuration is used to which a cell of three electrodes is coupled it works with a load of 10
N, a distance of 100 m, using as pin a polyetheretherketone sphere (PEEK), plasma is used as an
electrolyte acting as a medium to simulate the conditions of the human body; A silver/silver chloride
electrode (Ag/AgCl), a platinum bar as a counter electrode and the exposed surface of TiVN (1 cm?)
as a working electrode are used. The composition of the electrodes is given in Table 2. A total volume
of 150 ml of simulated physiological medium fluid (electrolyte) and a scanning rate of 1 mV/s were
used. Tests are performed at 0, 24, 192 and 384 hours, in dry and plasma. For EIS the frequencies used
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between 100 kHz and 10 mHz and an AC voltage of 10 mV (rms). Nyquist and Bode diagrams are
obtained to obtain information about the resistance, capacitance and charge transfer processes that
occur in the electrochemical system and the respective equivalent circuit.

3. Results and discussion

3.1. EDS Energy Dispersive Spectroscopy

Taking into account the established procedure for the application of the coating, an analysis was
carried out on films with various deposit configurations in order to verify the formation of the
trilayer. The EDS peaks in Figure 2 show that it is a coating composed of different proportions of
titanium (Ti), vanadium (V), and nitrogen (N), in accordance with the constituent components of the
targets used and the reactive gas injected during the discharge process, the figure shows the resulting
spectrum and the point on which EDS was made. In this sense, a high percentage of nitrogen stands
out, while the amounts of titanium and vanadium are lower according to the information presented
in Table 2.

RO T Electron image
Coating system %at. Ti % at. v %at. N
TIVN8 Ti450 V350 36/46 44 4913

Figure 2. Example EDS Spectra of TiVN samples. The peaks of EDS show the elemental presence of
titanium (Ti), vanadium (V), and nitrogen (N), in accordance with the targets and gas used. Source:
Authors.

Following the objectives of the research and the capabilities of the equipment used for the
deposition of the coating, the de-posit conditions were kept constant, which ensured the chemical
composition of the coating. The EDS results for each coating system, presented in Table 2, indicate
that the proportion of titanium tends to increase with the increase in the power of cathodic sputtering
of this element. Similarly, an increase in the content of vanadium is recorded as the power of
vanadium sputtering increases, which is consistent with the findings previously reported by T.
Deeleard et al. (2011). In addition, the effect of the atomic ratio between vanadium and titanium at
the atomic level is evidenced [11].

Table 2. EDS Results of TiVN samples. Atomic % for Ti, N and V.

Coating N at. % Vat. % Tiat. %
TiVNa1 51,19 15,12 33,69
TiVNaz 53,16 16,99 28,86
TiVNas 48,3 21,59 30,15
TiVNas 48,28 23,19 28,53
TiVNs1 51,77 16,1 32,13
TiVNBs2 51,38 13,91 34,71
TiVNB3 51,31 13,97 34,72
TiVNB4 49,13 14,41 36,46

Ti 100
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3.1. Scanning Electron Microscopy (SEM)

An analysis of the cross-section of the Ti samples coated with TiVN reveals the presence of the
three deposited layers which can be observed in Figure 3, Figure (a) shows the formation of the
trilayer, figure (b) Z1 corresponds to the surface layer of the coating (TiVN), Z2 to the metal layer (Ti
or V), Z3 to the substrate.

Figure 3. SEM micrographs of the transverse cut (TiVNa4) as a representation of a typical structure of
thin ceramic coatings deposited by PVD (fine columnar).

3.2 AFM measurements: As shown in Figure 4, taking the TiVNBs4 system as an illustration, the
growth process exhibits a granular pattern, showcasing layer roughness and grain size. Generally,
the resulting coating systems display well-defined columns terminating in a dome-like fashion.
Given that corrosion processes tend to increase the roughness of titanium, it is deemed a significant
aspect of adhesion and colonization. Consequently, coatings with lower vanadium and titanium
content, corresponding to smoother systems, are anticipated to have reduced biofilm accumulation
on their surfaces. This would be beneficial, for example, in cases of dental implants to prevent peri-
implantitis [12-14].

The results of each analysis (Figure 4), along with the data provided by the Gwyddion version
2.51® software, allowed for the calculation of the average roughness (Ra) values of all samples. In the
case of the TiVNa1 to TiVNa4 samples, the Ra values averaged 165 nm, while the TiVNs1 to TiVNss
samples exhibited an average roughness of 170 nm (TiVNss Ra #214 + 0.02 nm with the highest value).
These data are fundamental for the calculations of the friction coefficient in the coatings and to
determine how they influence the response of the system to sliding phenomena. The surface texture
remains consistent across all samples (0.15 + 0.03 nm) and is influenced by the masking effect caused
by the base metal's roughness (1.3 pm). The consistent roughness values are appropriate due to their
favorable influence on cellular metabolism. This characteristic demonstrates the applicability of the
coatings as a component for implantation. It ensures that they do not hinder bone growth around the
coating by preventing the formation of tissue, thus promoting favorable behavior.
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Figure 4. As a result of the AFM analysis, all samples show defined columns with dome-shaped

terminations.

3.3. Contact Angle

The contact angle (wettability) results indicate that the surfaces of the TiVNa1, TVNaz, TiVNsz,
and TiVNss coating systems (see Figure 5) exhibit significantly lower contact angles compared to the
other systems. On the other hand, the TiVNs: sample, as represented in Figure 6, shows a higher
contact angle value, which is consistent with the roughness values in TiVNs2 and TiVNas, where the
standard deviation was higher, especially for TiVNs2. For this system, the spray power was equal for
both elements (Ti and V).

On average, the contact angle values are around 102.54°, in contrast to the un-coated Ti sample,
which has a contact angle of 85.2 + 1.5°. These results suggest significant differences in wettability
between coating systems, which could influence their interaction with liquids and possibly their
behavior in biomedical or implant applications.

Figure 5. Contact angle tests. Contact angle measurement provides valuable insights into how
biomaterials will interact with liquids. a) TiVNai, b) TiVNaz, ¢) TiVNas, d) TiVNas4, e) TiVNs;, f)
TiVNse, g) TiVNss, h) TiVNsa.

Due to the higher surface tension of water compared to the tension at the liquid-solid interface,
a distinct droplet is formed on the surface. TiVN films are categorized as Type I hydrophobic
according to the standard, as hydrophobicity increases when 0 > 90°, demonstrating the surface
uniformity of these films. It’s clear that the contact angle diminishes as the contact surface becomes
more polished.
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Figure 6. Contact angle variations for the TiVN systems were evaluated. The effect of the
concentration of Ti and V is evident.

3.4. EIS Electrochemical Impedance Spectroscopy

The EIS results for TiVN coating systems under dry conditions yield the Nyquist diagram. The
diagrams for the TiVN samples are shown at zero, one, eight, and sixteen days of exposure. Prior to
slip-page, it’s noted that the rise in vanadium and titanium concentration doesn’t significantly affect
the system’s impedance. As the exposure time is prolonged, the resistance to charge transfer also
increases. This is due to the formation of layers of vanadium oxide and titanium oxide, which become
denser over time. Consequently, the contact between the surface of the substrate and the environment
is reduced. This is due to the formation of vanadium oxide and titanium oxide layers, which become
denser over time. Consequently, the contact between the substrate surface and the environment is
reduced.

The study of Electrochemical Impedance (EIS) is depicted in the Nyquist diagram shown in
Figure 7, which presents a single semicircle. This pattern can be modeled using the Randles
equivalent electrical circuit, as illustrated in Figure 8(a). This circuit comprises several elements,
including a solution resistor (Rs) that signifies the electrolyte’s resistance, a charge transfer resistor
(Rct) that characterizes the resistance to charge transfer at the interface between the working electrode
and the electrolyte, and a constant phase element (Cdl) symbolizing the double-layered capacitance
on the surface of the electrode.

The findings indicate that the TiVN layer enhances corrosion resistance as the duration of
exposure to the electrolyte (plasma) extends. Initially, the Rct was 10.50 Ohms at zero time. However,
after 384 hours of exposure, the Rct significantly rose to 13.87 Ohms, signifying an enhancement in
corrosion resistance. This implies that the TiVN layer is effective in shielding the substrate from
corrosion when in contact with the solution that mimics body fluids.
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Figure 7. Nyquist TiVN diagram tests performed a) zero hours, b) 24 hours, c) 192 hours, d) 384 hours
before wear a), c), e), g) and during wear b), d), f), h). Impedance increases with exposure time and
with V concentration.

Importantly, after subjecting the TiVN layer to slip wear tests, the Rct resistance decreased to 2.9
Ohms. This change suggests that the TiVN layer became less resistant to corrosion due to the normal
wear process. Reactions in the solution simulating body fluids (plasma) affected charge flow control
in the coating system. The electrical circuit representing the system reflects this decrease in corrosion
resistance, as shown in Figure 8(b), where double capacitance and double charge transfer resistance
are introduced, describing the behavior during immersion and sliding.
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Figure 8. EIS analysis. Equivalent circuit of TiVN coatings a) Dry, b) In plasma. There is an effect
between dry and plasma conditions, which benefit from the possible growth of a TiOz2 layer.

3.5. Wear Analysis and Coefficient of Friction

The friction coefficients of the coatings are derived from the wear test results. Two phases are
observed: taxiing and steady state. In general, compared to the substrate, the trilayers exhibit lower
friction coefficients, indicating a similar trend to the wear rate, as shown in Figure 9. The TiVNas and
TiVNBs1 coatings displayed the highest friction coefficient, measuring at 0.045 + 0.01 and 0.048 + 0.02
respectively, while TIVNBss exhibited the lowest at 0.0286 + 0.02. The impact of vanadium on sliding
characteristics is evident, with a significant decrease when an adequate vanadium quantity was
introduced while maintaining low titanium content. The adhesion of abrasive particles between the
pin and the sample led to a gradual increase in the COF in certain instances until it reached a peak,
stabilizing once the surface was clear of such particles (Figure 9).
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Figure 9. Friction coefficient of TiVN coatings using a 6 mm PEEK pin in plasma as an electrolyte with
a normal load of 10 N a) Coating system Condition A, V Constant. b) Coating system Condition B, Ti
Constant.

4. Conclusions

Integrated electrochemical testing serves as a crucial instrument for examining the interplay
between corrosion and wear. These tests enable the assessment of the suggested materials in relation
to corrosion, wear, and tribocorrosion. The results indicate that the TiVN layer enhances corrosion
resistance as the duration of exposure to the electrolyte (plasma) extends. Notably, after 16 days of
exposure, there was a significant rise in the Rct, indicating an improvement in corrosion resistance.
This suggests that the TiVN layer is effective in safeguarding the substrate from corrosion when in
contact with a solution that mimics body fluids.

The results suggest that the TiVN layer initially increases corrosion resistance, which could be
beneficial in medical applications, such as implants. However, it’s crucial to consider the impact of
wear on the longevity of this corrosion protection. Future research could focus on creating coatings
that maintain their corrosion resistance even after experiencing slip wear.
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