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Abstract: The reactive cathodic arc deposition technique was used to produce Ti nitride and oxynitride
coatings on 304 stainless steel substrates (SS). Both mono (SS/TiN, SS/TiNO) and bilayer coatings
(SS/TiN/TiNO and SS/TiNO/TiN) were investigated in terms of elemental and phase composition,
microstructure, grain size, morphology, and roughness. The corrosion behavior in a solution consisting
of 0.10 M NaCl + 1.96 M H,O, was evaluated, aiming for biomedical applications. The results showed
that the coatings were compact, homogeneously deposited on the substrate, and displaying rough
surfaces. The XRD analysis indicated that both mono and bilayer coatings showed only cubic phases
with (111) and (222) preferred orientations. The highest crystallinity was shown by the SS/TiN coating,
as indicated also by the largest grain size of 23.8 nm, which progressively decreased to 16.3 nm
for the SS/TINO monolayer. The oxynitride layers exhibited the best in vitro corrosion resistance
either as a monolayer or as a top layer in the bilayer structure, making them a good candidate for
implant applications.

Keywords: titanium nitride and oxynitride; reactive cathodic arc deposition; mono and bilayer
coatings; coating adhesion; corrosion resistance

1. Introduction

As largely reported in the literature, stainless steels are the best corrosion-resistant alloys; however,
their exposure to chemical demanding environments may produce and accelerate their corrosion.
Consequently, the effects of different parameters related to their composition and the specific corrosive
environments have been investigated [1-5]. The presence of Cr, Ni, Mo, and Cu in the composition of
different stainless steel alloys has a positive role due to the ability of these elements to form superficial
passive layers of oxides in corrosive environments, which limit the propagation of the corrosion process.
In the case of long-term exposure to corrosive environments, the protective passive layer becomes
unstable and spontaneously decays, such as the metal rusting due to oxidation becomes evident,
being also accompanied by the weight loss. After the passive layer is damaged/broken, the corrosion
process of stainless steel is accelerated [3,4], and its corrosion will proceed, depending on the type of
corrosive environment and duration of the corrosive attack. The acidic media produce an enhanced
corrosion attack, such that in order to reduce the corrosion risk, one should carefully select the grade of
stainless steel and use a less acidic medium [6]. As the rate of the corrosive reactions is temperature
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dependent, the corrosive environment temperature is an important factor, as well as the contact
duration [6]. Moreover, due to their pronounced chemical activity, the concentration of halogens in the
corrosion media should be minimized. Apart from these precautions, the use of a low carbon grade
(C wt.% < 0.03%) is also recommended [1,6]. Austenitic stainless steel 304 (SS) is considered as one
of the most suitable materials for the manufacturing of medical devices and various implants used
as cardio stents, orthopedic, and dental (nuts and screws) implants, valued for its malleability and
resistance to corrosion, being frequently the preferred choice because it offers unique characteristics at
an economical price [7,8]. There are reported different strategies for the surface modification of 304
stainless steel, mainly for their corrosion resistance and mechanical properties improvement, such as
plasma nitriding [9], hard chromium coatings obtained by electroplating, followed by their plasma
nitridation [10], ultrasonic impact treatment [11], or increased wettability by picosecond laser surface
microstructuring [12].

The continuous increase of the demands related to materials’ biocompatibility generates the
need for improved corrosion resistance and biocompatibility of the materials. Transition metals,
mostly the low-valent, early ones, exhibit properties suitable for many industrial applications due
to their particular chemical properties, derived from their specific electronic configurations [13].
Presently, different high-performance titanium alloys are accepted, and some of them are widely used
as biomedical metals [14-17]. Transition metal-based alloys have also been widely used, mainly in
the biomedical sector targeting implant or medical instruments [18,19], but their cost is, in most cases,
prohibitive. A different and economically efficient way for the corrosion resistance enhancement of
stainless steel made components is their coating using compounds with superior resistance to chemical
attacks in various harsh media [20-24]. The coatings selection should consider the composition of the
selected stainless steel alloy, of the candidate coating, and of the corrosive environment, as well as the
temperature of the environment during the corrosive attack.

In order to tackle the issues related to the coating selection, various coating materials have been
investigated. To begin with, nitride-based compounds, such as TiN, ZrN, CrN, and TiAIN, have
been suggested as hard coatings for surface modification, surface barriers, or electrodes [25-30] ]. In
order to combine superior mechanical properties, e.g., hardness and adhesion to the substrate, with
enhanced corrosion resistance, new compounds, such as oxynitrides, of the transitional metals with low
oxygen content have been developed [31-35] due to their superior chemical stability, notable optical,
electronic, and mechanical properties [36-38], with superior mechanical properties compared to those
reported for the oxides [39—42]. The interest in titanium oxynitride films is due to the pronounced
dependence of the oxynitrides properties on the N/O ratio [33,34,43-47]. Titanium oxynitride coatings
have been reported to have a large variety of applications, depending on the N/O ratio, presenting a
wide variety of properties, such as biocompatibility [34,46,48], wear and corrosion resistance [33,38,49],
being used as photocatalytic coatings [50,51], plasmonic material for nanophotonics [47], or solar
selective absorbers [52], just to name a few. However, the variation of environmental factors, such as
concentration, pH, oxidizing environment, temperature, and pressure, may disrupt their stability and
hence may lead to undesired reactions [53].

Titanium oxynitrides, with different oxygen contents, present properties, which are superior
to either titanium nitrides or titanium oxides [54]. In particular, titanium oxynitrides are widely
used in medicine and in chemical industries because of the excellent combination of chemical and
mechanical properties [38,55]. To our knowledge, till now, there is only one reference about titanium
oxynitride coatings produced by cathodic arc evaporation, which compares the wettability of the
coatings deposited either by cathodic arc evaporation or by magnetron sputtering [56]. Thus, we
anticipate that the titanium nitride and the isostructural titanium oxynitride, with low oxygen content
(TiNO), can assist in achieving low-cost and efficient bilayer, which preserves the superior properties
of the component layers in relation to the adhesion to the substrate and the corrosion resistance.

In the present work, we focused on Ti nitride and oxynitride coatings as possible candidates for
corrosion improvement of polyvalent 304 stainless steel (SS), aimed for use as biomedical materials.
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Based on the superior anticorrosive properties of TiN, we also investigated the corrosion resistance
of TiNO coatings, as the oxygen content determines more proficient the creation of passive layers
under the saline solution corrosive attack [49]. To prove the aforementioned expectation on the two
isostructural coatings, we studied two bilayer structures composed of TINO and TiN layers, considering
the superior properties of bilayer structures [32,57-61], in order to find the best solution for our goal,
obtaining coatings adherent to SS substrate with superior resistance to corrosion [14].

The corrosion performance of the coated SS in corrosive solution was assessed by the
potentiodynamic polarization technique and was correlated with the elemental and phase composition
and surface morphology. The corrosion resistance tests were performed in H,O, augmented saline
solution (0.1 M NaCl + 6% H;O,, pH = 4), which was selected because it might simulate different
corrosive media in biomedical applications. It is known that the most biological environments consist
of NaCl with different concentrations (saliva = 0.4 g/L; simulated body fluid = 8.035 g/L; Hank
solution = 8 g/L; Ringer solution = 8.6 g/L; DMEM = 6.4 g/L). The addition of the H,O, oxidizing
agent to the saline solution is motivated because it is produced in vivo by different mechanisms [62],
because a large number or even all human cells are exposed to certain levels of hydrogen peroxide [63].
Therefore, the addition of hydrogen peroxide to the saline solution was used to mimic the enhanced
corrosion environment in both cases. It should be noted that in the presence of H,O, and CI~, there is
an enhanced corrosion attack, causing more damage due to the appearance of the intergranular stress
corrosion cracking in austenitic steel under tensile stress [64—66].

The properties of coatings used in implant applications, aiming at shielding the metallic parts
from the action of the aggressive oral environment, are of great interest and will be further investigated,
particularly their corrosion resistance. The potentiodynamic polarization is one of the most frequently
utilized electrochemical methods for resistance corrosion assessment. The technique uses a wide
potential range, which is applied to the test electrode. Depending on the increase or the decrease of the
polarization potential, oxidation or reduction reactions take place on the tested surface, such that a
certain current is generated for each potential value, yielding a polarization curve, from which the
corrosion potential and the corrosion current density can be obtained. The main advantage of this
method is its ease in detecting localized corrosion and ascertaining the corrosion protection efficiency.
In this study, the potentiodynamic polarization technique was used to assess the protective performance
of TiN and TiNO-based films used as bio-coatings for 304 SS, aiming for implant applications.

2. Materials and Methods

2.1. Coating and Specimens

The TiN and TiNO coatings, as mono and bilayer, were deposited on 304 SS solid discs (® = 20 mm,
2 mm thick) by the cathodic arc evaporation technique (CAE), using a Ti cathode in nitrogen plasma
(TiN) or nitrogen and oxygen plasma (TiNO). Bare 304 SS discs were used as a reference. 304 SS was
chosen because it is essentially non—magnetic in the annealed condition and is ductile and soft if not
hardened by cold working. Due to its lower carbon content compared with other stainless steels, it
exhibits better corrosion resistance.

The composition of 304 SS discs, expressed in wt.%, provided by the manufacturer (Bibus Metals
SRL) is: Fe = 70.976%, Cr = 17.746%, Ni = 8.524%, Mn = 1.22%, Mo = 0.589%, Cu = 0.539%, Si = 0.208%,
Co =0.160%, P = 0.020%, S = 0.014%, and C = 0.004%. The 304 SS discs were polished with abrasive
paper from 80 to 800 mesh size, up to a roughness (R,) of 50 nm.

For coatings deposition, a Ti cathode (99.5% purity, Cathay Advanced Materials Ltd., Guangzhou,
China) was used. In order to control the uniformity of coatings, during the deposition, a rotating
sample holder (5 rpm) was used. Prior to the deposition, all samples were sputter etched with 1 keV
Ar™ for 10 min. The deposition parameters were as follows: residual pressure = 5 X 10~ Pa; total
gas pressure during deposition = 8 x 1072 Pa; N, flow rate = 60 sccm; O, flow rate = 17 sccm; arc
current = 90 A; substrate bias voltage = —200 V; temperature = 200 °C. For the bilayers, after each layer,
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the voltage sources were turned off, the deposition chamber was pumped off, and then the required gas
or gas combination was released in the chamber till the deposition pressure point, and the deposition
process was continued.

All the deposition parameters were selected in order to obtain stoichiometric coatings (ratio
non-metal/metal ~1). The value of bias voltage was carefully chosen based on our previous
experiments [67], which showed that this value is the best for preparing dense Ti-based coatings
with good mechanical and corrosion behavior. The substrate temperature, measured by a backside
non-contact thermocouple, was selected for getting a superior adhesion of the coatings to the
substrates [67,68]. The deposition conditions for the bilayers were the same as for monolayers, except
for the deposition duration of each layer of the bilayer, and diminished in order to get a similar
thickness of the mono and bilayer coatings (x1 pm).

2.2. Characterization of Coatings

A scanning electron microscope (SEM) (Hitachi TM3030 Plus, Tokyo, Japan) with an
energy-dispersive X-ray spectrometer (EDS, Bruker, Billerica, MA, USA) was used for assessing
the elemental composition and the morphology of the coatings. Surface morphology was also
investigated by atomic force microscopy (AFM, INNOVA, Bruker, Billerica, MA, USA) operated in the
tapping mode, over an area of 10 x 10 pm?.

X-ray diffraction method (XRD) was used to determine the phase composition, texture, and
grain size of the coatings (SmartLab diffractometer, Rigaku, Tokyo, Japan), with CuK« radiation
(A = 0.15405 nm). The measurements were taken from 20° to 100°, at a step size of 0.02°.

The thickness and roughness of the coatings were investigated using a surface profilometer
(Dektak 150, Bruker, Billerica, MA, USA) equipped with a 2.5 um diameter stylus. The roughness
was measured on a length of 10 mm, and the two main parameters were calculated: arithmetic
average deviation from the mean line (R,) and root mean square average of the profile heights over the
evaluation length (Rq).

The adhesion of coatings to the SS substrate was determined by scratch tests, which were carried
out using the UMT-TriboLab platform (Bruker, Madison, WI, USA), utilizing a 0.2 mm radius diamond
tip as indenter. The load was continuously increased from 0 to 100 N, the scratching speed was
10 mm/min, and the scratching distance was 10 mm, according to EN 1071-3/2005 standard) [69]. An
optical microscope and an acoustic sensor (EN 1071-3/2005 standard) were used to determine the
critical load (L), at which failure of the coating took place.

The corrosion protective properties were assessed by the Tafel technique using a Versa Stat 3
Potentiostat/Galvanostat. The electrolyte consisted of 0.10M NaCl + 1.96M H,O, solution with pH = 4.
All the tests were performed at 37 + 0.5 °C. A Pt counter electrode and an Ag/AgCl reference electrode
were used. The samples were used as a working electrode, being placed in a Teflon holder for providing
a working area of 1 cm?. The open-circuit potential (Eoc) was monitored for 15 h after immersion in
the electrolyte. Further, Tafel plots were recorded from —0.25 to 0.25 V vs. Egc with a scanning rate of
1 mV/s. The test conditions were selected in good agreement with those recommended in the ASTM
C1624-05 (2015) standard [70]. The corrosion potential (Ecorr), anodic (by) and cathodic (b.) slopes,
and the corrosion current density (icorr) were extracted from the Tafel curves. These parameters were
added in the Stern—-Geary equation [71] for calculating the polarization resistance (Rp):

1 lbach )

R, = -
P 2.3 icorrLbg + b

Moreover, the coating’s porosity (P) was estimated from Elsener’s empirical equation [72,73]:

p— (Rp substrate) ’10#;0“\ @)
Rp coating



Coatings 2020, 10, 710 50f 18

The protective efficiency (Pe) was also calculated based on the formula reported in Refs. [73,74],
considering the ion corrosion densities of the substrate (icorr-substrate) and coating (icorr_coating):

Tcorr_coating

Pe — (1_ —) )
Leorr_substrate

3. Results and Discussions

3.1. Elemental Composition

The elemental compositions of the coatings deposited on SS solid discs are shown in Table 1. One
can notice that the presence of Ti concentration was almost constant in all coatings (around 49 at.%).
In the oxynitride monolayer, the oxygen concentration was higher than in the SS/TiN/TiNO bilayer,
as expected due to the reduced thickness of the oxynitride in the bilayer. In the SS/TINO/TiN bilayer,
the concentration of oxygen was very low (1.2 at.%) due to the signal absorption in the ~500 nm thick
SS/TiN layer. Based on the calculated (O + N)/Ti ratios, the deposited coatings were stoichiometric,
as intended.

Table 1. The elemental composition of the investigated specimens before the corrosion test.

Elemental Composition (at.%)

Substrate/Coating (O + N)/Ti
Ti N (0]

SS /TiN 496 +1.2 504 +1.3 - 1.00 £ 0.05

SS /TiNO 49.7+13 43.0+1.0 73 +0.2 0.98 + 0.08

SS /TiN/TiNO 494 +1.3 449 +1.2 57+02 1.03 £ 0.08

SS /TINO/TiN 493+1.3 495+1.3 1.2+0.1 1.03 £ 0.09

3.2. Phase Composition and Grain Size

The XRD diffraction patterns, presented in Figure 1, showed only TiN phases with cubic structure
and (111) and (222) preferred orientations (indexed according to JCPDS no. 04-017-6803) [75]. Moreover,
the peaks corresponding to the substrate were also identified. The (111) peak in TiN monolayer was
observed at 36.24° due to the compressive stress developed during growth in transition metal nitride
and carbide coatings obtained by cathodic arc evaporation [57,72]. A small shift towards higher angles,
at 36.32°, was evidenced for the main (111) peak in SS/TiNO, indicating the lattice constant decrease
due to its deformation upon oxygen incorporation, suggesting the formation of a single-phase cubic
solid solution for the TiNO structure. The conclusion was supported by the almost unity value of
(N + O)/Ti ratio obtained by EDS (Table 1). The (111) maximum observed in SS/TiNO/TiN diffractogram,
at 36.26°, was the result of the compressive stress in the bilayer and of the contribution of the deformed
TiNO lattice. The same shift to a higher value compared to TiN and lower than the one in TINO was
observed at 36.30° in SS/TiN/TiNO films.

The deformation of the TiN structure, due to oxygen incorporation, increased the number of
defects, facilitating the amorphization, resulting in a decrease of the grain size value in TiNO coatings.

The average crystallite size of the mono and bilayer coatings was calculated from the XRD
pattern, according to the highest intensity peak corresponding to the (111) plane, using Debye-Scherrer
Equation [76]: d = k A/3-cos, where d is the crystallite size, A is X-ray wavelength (1.54178 A, 0is the
diffraction angle, and g is full width at half maximum (FWHM). The best crystallinity was exhibited
by the SS/TiN coating, as indicated by the largest grain size, while SS/TiNO monolayer exhibited the
smallest grain size (d = 16.3 nm). Table 2 presents the calculated value of the grain size for all deposited
coatings, but we should mention that the bilayer values are just indicative because they combine the
grain size values from each individual layer. The formation of an amorphous phase of Ti suboxides
cannot be excluded, but no Ti oxide phases were observed in the diffractograms [77,78]. However, the
small amount of oxygen determined from the EDS analysis and the decrease of the grain size might be
concurrent with the formation of an amorphous Ti oxide phase.
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Figure 1. XRD diffraction patterns of investigated samples.

For the bilayers (SS/TiN/TiNO and SS/TiNO/TiN), one can observe that the position of (111)
maxima and the calculated grain size values were closely matching the specific values obtained for the
TiNO and TiN monolayers, respectively.

Table 2. Grain size (d) of the coatings.

Coating d (nm)
SS/TiN 23.8
SS/TiNO 16.3

SS/TiN/TiNO 19.9
SS/TiNO/TiN 221

3.3. Coating Roughness and Adhesion to the Substrate

Considering the initial R, roughness of the substrates (50 nm), the coating roughness values
increased with a factor spanning from 5.8 (SS/TiNO) to 8.3 (SS/TiN) (Figure 2). The roughness values of
both types of bilayer were between those of monolayers. The SS/TiINO monolayer exhibited the lowest
R, value (R, ~ 290 nm), while that of SS/TiN was the highest (R, ~ 420 nm), indicating that the addition
of oxygen generated a significant decrease in the surface roughness, due to coating amorphization, as
revealed by the decreased grain size values (Table 2). The R, roughness of the SS/TiN/TiNO bilayer
was close to that of SS/TiNO monolayer, while for the SS/TINO/TiN bilayer, the value was a bit lower
but close to that of SS/TiN. Considering the Rq parameter, the values presented the same trend as those
of the R, parameter.

In the implants, the surface roughness represents an important parameter, as it determines the
interaction of the cells in the proxy area, being crucial in the process of bone formation. Despite the fact
that epithelial cells and fibroblasts bond better on smooth surfaces, the cathodic arc produced coatings,
with roughness values around 500 nm (Figure 2a,b), might induce increased adhesion of human
osteoblast cells because the rough surfaces were reported to enhance the adhesion and differentiation
of the osteoblasts and to stimulate the bone growth [79-82].

The scratch adhesion tests (Figure 2c) revealed that the TiN monolayer presented a higher
adhesion to the substrate compared to the TINO monolayer, which was expected due to the coating
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amorphization, as previously reported for amorphous films [42]. However, the bilayers that had
a certain layer at the substrate interface were found to exhibit better adhesion strength than the
corresponding monolayer. The increased adhesion of the bilayers to the substrate might be due to
interfacial bonding effects [83,84], and the result of their iso-structural crystallography, which permits

the interdiffusion of the layers, and which is well documented in the literature [85,86].
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Figure 2. Roughness parameters and coatings adhesion: (a) R,—arithmetic average deviation from the
mean line (Ra); (b) Rq—the root mean square average of the profile heights over the evaluation length;
(c) Lc-critical load, at which failure of the coating took place.

Figure 3a,b present the SEM and AFM images of monolayers. As expected for the CAE deposited
coatings, the surfaces of both monolayers were covered by some microdroplets of different diameters,
as already ascertained by the surface profilometry measurements and shown in Figure 2. Higher
droplet density, with larger diameters, was observed on the TiN surface compared to TiNO. Despite
the presence of droplets, both coatings were uniformly deposited, without any major defects, such as
pinholes, voids, or cracks.

On the surface of the TiN monolayer, particles were agglomerated, resulting in high peaks. This
peculiarity of the CAE deposition was due to the arc discharge, which generates a dense plasma that
locally melts the cathode surface, generating droplet deposition on the growing film. These droplets
are seen in Figure 3a as white spots because edge features are sources of enhanced electron emission,
generating higher electron currents measured by the EDS detector. The presence of the droplets was
clearly evident in the AFM images (Figure 3b). However, because SEM and AFM images were acquired
on different systems, the SEM and AFM images were showing different areas on the same coating, thus
there was no direct correlation between the white spots in Figure 3a and the protruding features with
sharp edges clearly shown in Figure 3b. The number and volume of the droplets might be correlated
to the melting temperatures (Tr,) of the reaction products formed on the cathode surface during the
reactive deposition (TiN, TiO): T TN (2950 °C) > T 1€ (1750 °C [87]. Even if the deposited monolayer
coating consisted mainly of TiN or TiNO (preserving the rock-salt cubic structure of TiN in which
oxygen atoms entered interstitial or as N substitutes), due to the lower T TO value, the TiO islands
on the cathode surface were frequently ejected as smaller microdroplets. On the contrary, the TiN
compound was ejected less frequently, thus large microdroplets were formed on the TiN coatings
surface, as evidenced by the AFM measurement and shown in Figure 3b.
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Figure 3. Surface morphology. (a) SEM image of TiN coating; (b) SEM image of TINO coating; (¢) AFM
image of TiN coating; (d) AFM image of TiNO coating.

3.4. In Vitro Corrosion Tests

The corrosive media can significantly affect the integrity of metallic surfaces exploited in many
applications. Thus, it is important for many materials manufacturers and designers to investigate the
effect of a corrosive environment on the material properties, for a better selection of the material to
be used in the specific corrosive environment required by various applications. The surface of any
metal is covered by an oxide layer when it comes in contact with oxygen from the atmosphere or
wet/liquid environments (e.g., saline media, marine environment). Because this oxide layer offers
anti-corrosion protection, it is important to find nobility of the surface, which denotes the surface
tendency to chemically convert into a stable oxidized state. In laboratory investigation, this nobility
can be analyzed by measuring the open circuit potential (Ec). Figure 4 presents the evolution of Eq¢
during the 15 h immersion of the studied coatings in 0.10 M NaCl + 1.96 M H,O, solution t 37 + 0.5 °C.
From the beginning of the test, E. potential of the uncoated SS substrate started to decrease, being
stabilized after about 5 h of immersion. This result indicated that the oxide layer formed on its surface
was unstable and was easily destroyed. All coated samples reached a steady state after about 1.5 h of
immersion at around 0.2 V, indicating the formation of a stable passive layer at the surface. All coatings
presented more electropositive Eq. potential values than the bare substrate, their values spanning a
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small interval. The most electropositive Eq. potential was found for the SS/TiN/TiNO bilayer, meaning
that this surface was nobler than others. Note that the mono or bilayer coatings containing TiNO
exhibited the most electropositive E,. potential, compared with the other two coatings, with the TiN
layer facing the electrolyte.

0.50

—304SS

0.451 — SSITIN SSITINO
0.40 1 —— SSITiIN/TINO — SS/TiINO/TIN
0.35-

0.30
0.25
0.20
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Potential, E (V vs. Ag/AgCl)

0 10000 20000 30000 40000 50000
Time (s)

Figure 4. Open circuit potential (Eoc) evolution during the 15 h immersion in 0.10 M NaCl + 1.96 M
H,O, at 37 £ 0.5 °C.

Figure 5 presents the Tafel curves of the coated and bare substrates. Table 3 shows the corrosion
potential (Ecorr) and the corrosion current density (icorr) values extracted from Tafel plots. The most
electropositive corrosion potential was displayed by the TINO monolayer, followed by SS/TiN/TiNO
bilayer, SS/TiNO/TiN bilayer, TiN monolayer, and bare substrate. As known, the corrosion rate of a
coating is directly proportional to the icorr value [88], and a low Ecorr value indicates an augmented
thermodynamic tendency of the material to corrode [89]. Consequently, lower icorr values and increased
positive Ecorr values represent a clear indication of better corrosion resistance [90,91]. As known, the
grain boundary and voids can modify the kinetics of hydrogen evolution during the electrochemical
process [92]. Because hydrogen is a reversible trap at different points of dislocations, such as voids,
this might be a reason for the shift to more positive values of the measured Eco,r, for the coatings with
smaller grain size values [93]. All the coated surfaces showed decreased icorr Values together with a
shift in the positive direction in the Ecorr, indicating the decrease in the corrosion rate [94,95] compared
with the uncoated substrate.
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Figure 5. Potentiodynamic curves of studied samples in 0.10 M NaCl + 1.96 M H,O; at 37 + 0.5 °C.
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Table 3. Corrosion parameters of studied samples in 0.10 M NaCl + 1.96 M H,O, at 37 + 0.5 °C: Eq.:
open circuit potential; Ecorr: corrosion potential; icorr: corrosion current density; Rp: polarization
resistance; P: porosity; Pe: protective efficiency.

Substrate/Coating Eoc (mV) Ecorr (mV) icorr (WA/cm?) Ry (k-Q) P Pe (%)
SS 18 34 14.689 1.703 - -
SS/TiN 205 101 7.734 5.981 0.247 47.3
SS/TiNO 227 164 3.385 12.150 0.107 77.0
SS/TiN/TiNO 243 126 3.723 7.170 0.196 74.7
SS/TiNO/TiN 214 123 6.630 6.450 0.219 54.9

The polarization resistance R, parameter values are presented in Table 3. In comparison with
the uncoated substrate, all the coatings had a higher R, value (with a factor of 3 to 7). The SS/TiNO
layer presented the highest polarization resistance value, followed by SS/TiN/TiNO and SS/TiNO/TiN.
Moreover, the lower porosity of the TiINO layer (Table 3) could also be a reason for good corrosion
behavior of this coating, which might be ascribed to O addition, which blocked the electrolyte ingress.
The combination SS/TiN/TiNO had a higher protective efficiency (Pe) than that of SS/TiNO/TiN,
indicating that the TINO monolayer provided better protection against corrosive attack when it was
selected as top layer or monolayer because it might form the superficial passive layer more easily.
This effect could be related to the double layer, which acts as a more efficient barrier to the electrolyte
penetration inside defects present on the surface. The TiN monolayer exhibited the lowest protective
efficiency. To summarize the Tafel results, one may observe that TINO, as a monolayer or top layer of
the bilayer, limited the corrosive attack, exhibiting superior corrosion resistance.

If we take into account the monolayer structures, the higher protective efficiency of TiNO
compared to TiN can be related to its chemical composition containing oxygen and lower grain size
value. According to XRD measurements (Table 2), the oxygen addition in the TiN structure determined
the decrease in the values of grain sizes. The loss of long-range order in the oxynitride coating, compared
to the nitride coating, might be ascribed to the competition between the growth of titanium nitride
and amorphous oxide phases, taking place at the surface, since titanium presents a stronger affinity to
oxygen than to nitrogen. The observed amorphization of the oxynitride coatings was consistent with
those reported by Bunjongpru et al. [96] on aluminum oxynitrides, as the addition of small amounts of
oxygen in the feed gas during deposition hinders the formation of a crystalline structure.

Figure 6 presents the R, and Rq roughness parameters of the coating at the end of the corrosion
tests. Usually, the initial roughness of a coating determines the increase in the electrochemical reactivity
and the corrosion process [97-100], as such an increase of the coating roughness was observed at the
end of the corrosive attack.
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Figure 6. Roughness parameters after corrosion tests: (a) Ry—arithmetic average deviation from the
mean line; (b) Rq—root mean square average of the profile heights over the evaluation length.
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In theliterature, there are many reports that tried to correlate the anticorrosive properties with respect
to coating thickness [101-103], doping elements [104-109], grain size values and roughness [110,111],
but conclusive regular data are lacking.

By comparing the results presented in Figures 2 and 6, one may observe that the uncoated substrate
was significantly affected by the corrosion process, because the R, value increased after corrosion
by a factor of about 50. An important difference in R, values before and after corrosion attack was
found for the TiN monolayer (~3.2), indicating that its surface was also significantly affected by the
corrosion process. Considering all coatings, the poorer corrosion resistance of the TiN coating might
be ascribed to the larger grain size and columnar growth, specific for the transition metal nitrides
and stoichiometric carbides [111], with deeply separated columns, which accelerates corrosion due to
micro electrochemical cells formed, leading to an increase of the corrosion process. The same tendency
was found in the case of hafnium nitride (HfN) or Vanadium nitride (VN) coatings [111]. The weak
corrosion resistance of TiN can be also ascribed to the presence of numerous microdroplets on its
surface, which might represent areas where the corrosion attack can be more active.

The superior corrosion resistance of TiNO as a monolayer, with the smallest grain size, can be
explained in connection to the ease of oxynitride passivation [112]. The passivation process starts on
the surface with smaller grain sizes, while the corrosion process is more active at the grain boundaries
or along defects. The passive layer will prevent the positive Ti ions from migrating toward the surface
and participating in the electrochemical reaction, or prevent negative Cl~ ions to penetrate inside the
surface. Thus, it is accurate to conclude that the coating with smaller grain size exhibited a sizable
passive layer (Figure 4), which led to a low corrosion rate. The small increase in roughness for the
TiNO monolayer, found after the corrosion tests, indicated that its surface was just slightly polished
by the corrosion process, probably the highest peaks were flattened. Comparing all coatings, the low
roughness of the TINO monolayer, providing a low surface for the contact with the electrolyte, hindered
the abundant formation of microelectrochemical cells by minimizing penetration of chlorine ions inside
the valleys found on the surface, resulting in superior corrosion resistance of TINO monolayer.

For the bilayers, the differences in roughness before and after corrosion were not substantial, just a
slight increase in R, was observed after corrosion tests, signifying that these surfaces were less affected
by the corrosion process. Related to both corrosion resistance and roughness, the obtained results
placed them, as expected, between TiNO and TiN monolayers. The top layer in the bilayer influenced
both the roughness and the corrosion resistance, thus the SS/TiNO/TiN coating, with the TiN layer
facing the corrosive solution, was more prone to corrosion and presented an increased roughness,
compared to the SS/TiN/TiNO bilayer.

Figure 7 presents the surface morphology of all coatings at the end of the corrosion tests. On
the surface of the TiN monolayer, many corroded particles were seen, as well as some pits, while on
the TiNO surface, only some corroded particles were found, indicating that the oxynitride coating
exhibited a better corrosion resistance. Regarding the bilayers, pits were observed on both surfaces,
and corroded particles were more noticeable on the SS/TINO/TiN bilayer. As observed, the larger size
defects were evident on the SS/TiN coating, while on the SS/TiNO, the number and size of defects
were lower. It is known that the columnar growth of TiN and its isostructural TiNO coatings provides
small pores, such that, after immersion in a corrosive solution, the galvanic corrosion develops for
the unmatched corrosion potentials of the substrate and the coatings, and the corrosion evolution
depends also on the coating thickness. The action of the HyO,-augmented saline solution was more
severe on the coatings of the TiN material exposed to the saline solution, with smaller grain size,
increased surface roughness, and sharp edges (Figure 3b), increasing the corrosion attack on the sharp
features. The SEM images after the corrosion tests are in good agreement with the corrosion results,
the roughness parameters values, the grain size, and the thickness of individual layers.

Based upon the corrosion resistance and the coatings adhesion results, we may conclude that the
most valuable candidate as a biocompatible coating for austenitic 304 stainless steel alloy is represented
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by the SS/TiN/TiNO bilayer due to its highest adhesion to the metal substrate and the superior corrosion
resistance, with corrosion parameters closely similar to the TINO monolayer.

corroded
particles

HMMD9.2 x30  Zmm - HMMDS2 %100 1 mm

\
pits

(a) (b)

corrodﬁ\

SS/TiNO particles
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particles
SS/TIN/TINO

HMMDS 1 x30 2mm HMMD9.1 x100 1mm

S8 corraded
AT 'par_ticle,S'/

2

e

SS/TINO/TIN
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(8) (h)

Figure 7. Surface morphology of all coatings at the end of the corrosion tests obtained by SEM:
(a) SS/TIN coating (x30 magnification); (b) SS/TiN coating (X100 magnification) corresponding to
the yellow square in Figure 7a; (c¢) SS/TiNO coating (x30 magnification); (d) SS/TiNO coating (x100
magnification), corresponding to the yellow square in Figure 7c; (e) SS/TiN/TiNO coating (x30
magnification); (f) SS/TiN/TiNO coating (X100 magnification) corresponding to the yellow square in
Figure 7e; (g) SS/TiNO/TiN coating (x30 magnification); (h) SS/TiNO/TiN coating (X100 magnification),
corresponding to the yellow square in Figure 7g.
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4. Conclusions

Ti-based coatings deposited on 304 SS substrate were successfully prepared by the cathodic arc
method in both mono and bilayered structures. The XRD diffraction patterns showed only TiN phases
with rock-salt structure and (111) and (222) preferred orientations. The TiNO monolayer and the
bilayer with TINO on top were smooth and homogenous, having a low number of microdroplets.

The oxygen addition in TiN structure decreased the grain size, with a higher density of nucleation
sites for the passive film, resulting in an enhanced formation of a passive layer and thus a superior
corrosion resistance. All coated substrates showed better in vitro corrosion resistance than the bare
substrate, with lower current density and higher corrosion potential values. The SS/TiN/TiNO bilayer
presented a higher protective efficiency than the SS/TiNO/TiN bilayer, indicating that TiNO, as a
monolayer or top layer in the bilayer, determines the best protection against corrosive attack.

The coatings facing the environment with a TiNO layer represent valuable candidates as a
biocompatible coating for austenitic 304 stainless steel due to their strong corrosion resistance in an
aggressive saline environment.
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