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Abstract

Surface functionalisation using nanostructured coatings represents a promising strategy
for enhancing the corrosion and wear resistance of commonly used biomedical metallic
implants, such as 316L stainless steel. In this study, we investigated the effects of niobium
pentoxide (Nb2Os) and amorphous carbon (a-C) coatings, which were applied to the
surfaces of 316L stainless steel via the reactive sputtering technique. A series of pin-on-
disk analyses and electrochemical tests were performed under various environmental
conditions. The results clearly indicated that both coatings significantly reduced the
coefficient of friction compared to the uncoated alloy when tested in air, 0.6 mol L~! NaCl
solution, and artificial saliva. Under all tested conditions, the sample coated with a thin
film of Nb2Os demonstrated the lowest values for wear volume and wear rate.
Measurements of open circuit potential, potentiodynamic polarisation, and
electrochemical impedance spectroscopy provided compelling evidence of the
effectiveness of reactive sputtering in creating coatings that markedly enhance the
resistance of 316L stainless steel to uniform corrosion processes when exposed to 0.6 mol
L' NaCl and artificial saliva solutions.

Keywords: Surface functionalisation, Reactive sputtering, Nanostructured coatings,
Wear behaviour, Corrosion tests.
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Highlights

- Niobium pentoxide and amorphous carbon coatings were fabricated by using DC
sputtering;

- The produced coatings offer significantly enhanced wear resistance for 316L stainless
steel;

- Nanostructured coatings enhanced 316L stainless steel's resistance to uniform corrosion.
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1. Introduction

The 316L stainless steel is widely used across various sectors owing to its
exceptional properties. Biomedical engineering, petrochemical, and automotive are
examples of areas where the remarkable mechanical, anticorrosive, and biological
properties of 316L stainless steel are being explored [1]. Furthermore, considering the
commercially available metallic alloys used for implant applications in the biomedical
industry like titanium, magnesium, and cobalt-based materials the 316L stainless steel
offers lower cost, simplicity, and a variety of fabrication processes [2,3]. Furthermore,
there is a growing interest in utilizing these materials for biomedical applications as a
replacement for the conventional and widely used Ti-6Al-4V alloy. This interest arises
not only from the high cost associated with this alloy but also from the presence of
potentially harmful elements in its composition, such as aluminium and vanadium, which
may pose risks to human health [4].

The good corrosion resistance of 316L stainless steel is attributed to the nano-
scale oxide layer that spontaneously forms on its surface upon exposure to the atmosphere
[5, 6]. However, 316L stainless steel exhibits inferior corrosion resistance and tribological
performance in aggressive environments when compared to conventional Ti-6Al-4V
titanium-based alloys [7, 8]. In the context of the human body, varying concentrations of
aggressive ions and fluctuations in pH contribute to the degradation of the passive oxide
layer, thereby promoting various localised corrosion processes, such as pitting [9-12].
Furthermore, as is well established in the literature, that the combined effects of wear and
corrosion can significantly accelerate the surface degradation of 316L stainless steel,
ultimately resulting in a significant reduction in the material's service life [13, 14].
Considering the above, it is imperative to enhance the resistance of this alloy against to
localised corrosion while also improving its wear properties. Such advancements are
crucial for expanding the use of 316L stainless steel as a biomaterial for orthopedic
implants shortly [15-17].

In this context, an intriguing approach involves employing surface modification
techniques to improve the wear resistance, biofunctional, and corrosion behaviour of
316L stainless steel [16, 17]. A variety of techniques, such as electrodeposition [18-21],
anodising processes [22, 23], green inhibitors implementation [24, 25], laser-based
treatments [26, 27], plasma enhanced chemical vapor deposition (PECVD) [28], and
physical vapor deposition (PVD) [29, 30, 31] have been thoroughly investigated in recent

years, yielding promising results.



Laybidi and Bahrami [19] employed the electrophoretic deposition technique to
fabricate bioactive glass coatings containing ZnO on 316L stainless steel substrate for
biomedical applications. The authors successfully generated a dense coating layer
characterised by homogeneity and uniform elemental distribution, preserving the surface
morphology - a determinant factor for the efficacy of implantable devices. Furthermore,
the antibacterial activity of the various coatings with differing ZnO concentrations was
evaluated against Escherichia coli and Staphylococcus aureus, demonstrating their
potential as protective layers for metallic implantable devices. Despite the promising
results reported by the authors, it is important to note that the electrophoretic deposition
of aqueous suspensions may present certain challenges related to water electrolysis,
which can lead to bubble entrapment within the oxide layer and result in substandard
coating quality [32].

Additionally, the sol-gel deposition technique is attractive due to its ability to
produce films with high homogeneity, purity, and excellent uniformity in various colloidal
mixtures, typically involving complex oxide structures. This facilitates precise control of
the chemical composition at the molecular level [33]. In this sense, numerous research
groups have been exploring the sol-gel technique's potential for forming various
compositions of protective films on a range of biomaterial substrates, such as 316L
stainless steel [34, 35, 36]. The most deposited nanocomposite using this method is
hydroxyapatite-based structures, owing to their favourable biocompatibility in bone and
cartilage implantable devices. Sirajunisha and collaborators [35] have evaluated the
impact of a sol-gel deposited Ti-rGO-HAp nanocomposite system on several properties
of 316L stainless steel, specifically for biomedical applications. The authors report that
this nanocomposite improved the cell viability of the 316L stainless steel and enhanced
its effectiveness against various bacterial strains. Despite its benefits, the sol-gel
technique often forms greater thickness films with higher pore density [37], which is
undesirable for protective coatings, as these pores can facilitate the interaction of the
metallic substrate with corrosive ions in the environment.

As with the bifunctional properties of implantable devices, the mechanical
surface performance of biomedical materials is a critical determinant of implant success
[38]. In this context, the application of laser-based treatments to metallic materials in the
biomedical field is particularly appealing, as these treatments allow for the precise
modification of surface properties, thereby tailoring them for specific applications [39,

40, 41]. Filano and colleagues [39] examined the use of the laser shock peening technique

5



to enhance the corrosion resistance and mechanical properties of 316L stainless steel, as
well as to evaluate the synergistic effect of the oxide layer in a biological environment.
Following the laser shock peening treatment, the 316L stainless steel samples exhibited a
68% reduction in corrosion current rate compared to untreated surfaces in Hank’s
solution. However, according to the authors, this surface treatment resulted in increased
surface roughness relative to the base material, which can pose challenges for implantable
devices by impacting cell adhesion and biofilm formation due to alterations in the surface
finish of the metallic material.

Numerous studies conducted by this research group have underscored the
exceptional properties of Nb>Os and a-C coatings deposited via the PVD technique, aimed
at enhancing the uniform and localised corrosion processes, wear, fatigue, corrosion-
fatigue, and biological properties of 316L stainless steel, aluminium, and titanium alloys
[30,42-48]. The PVD technique has demonstrated considerable promise in producing
compact and homogeneous coatings with strong adhesion to various metal substrates.
Additionally, it is regarded as an eco-friendly and cost-effective approach. Among these
studies, the work of Nascimento and colleagues [44], which assessed the influence of the
Nb2Os thin film on the biological response of Ti-6Al-4V alloy, constitutes a notable
contribution to the application of such coatings on metallic materials. In reference [44],
the authors investigated the effects of Nb>Os coating on the Ti-6Al-4V alloy through
various methods, including the differentiation of osteoblastic cell line MC3T3-El, cell
proliferation, alkaline phosphatase analysis, biomineralization tests in simulated body
fluid, and assessments of antibacterial activity. The results indicated that the Nb2Os film
enhanced the cellular response of MC3T3 osteoblast cells and demonstrated antibacterial
activity, alongside other crucial bioactive properties such as cell viability, adhesion, and
growth on the surface of the Ti-6Al-4V alloy. In reference [30], the authors evaluated the
effect of the Nb2Os coating on the biological response of 316L stainless steel concerning
gingival cells (HGF-1 cell line), reporting exceptionally positive outcomes, as the Nb,Os
coating exhibited lower toxicity and induced reduced levels of cell inflammation
compared to the uncoated material.

Moreover, various research groups in the literature have corroborated the
advantageous biological properties of different coatings deposited by the PVD technique
on 316L stainless steel [50-53]. Frois and colleagues investigated the influence of
nitrogen-doped particles on the a-C:H thin film deposited on the 316L stainless steel

substrate by using the sputtering technique, specifically in terms of its biological response
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[S0]. The results of the cell viability assay demonstrated that all coated samples were
biocompatible, as their medians exceeded the 70% level regarding the control. The
excellent biocompatibility of 316L stainless steel was further enhanced following surface
modification through the deposition of carbon materials, with or without the addition of
nitrogen. Additionally, studies assessing the release of metal ions in a Fusutama-Meyer
solution, a simulated acidic saliva modified according to the ISO 10271 protocol, revealed
that the coated samples exhibited lower degradation when compared to the uncoated
material. Senocak et al [53] examined the impact of PVD-deposited niobium-oxynitride
coating on the antibacterial properties and in vitro cytotoxicity of 316L stainless steel. By
modifying the PVD parameters, the authors evaluated the effects of different NbOx-Ny
structural types on the biocompatibility of 316L stainless steel. All coated samples
showed an approximate 25% increase in biological activity compared to the base material,
indicating enhanced cell adhesion and proliferation. This variation in the crystallinity of
NbOx-Ny structures influenced bacterial adhesion; specifically, a more crystalline
structure facilitated lower bacterial diffusion compared to the amorphous and crystalline-
amorphous variants. As noted by the authors and supported by XRD analysis, this
difference in crystallinity is attributed to a higher content of Nb,Os within the coating's
crystal structure. These findings underscore the viability and promise of PVD-deposited
niobium and amorphous carbon-based coatings in inducing improved biological
responses in implantable devices.

Ferreira et al [49], evaluated the influence of nanostructured Nb.Os and a-C
coatings, deposited by using the reactive sputtering technique, on the corrosion properties
of 316L stainless steel in 0.6 mol L™! NaCl solution. The results showed that both coatings
significantly improved the corrosion performance of the 316 L SS by providing a safety
margin between the corrosion potential (Ecor) and the pitting potential (Epiting).
Additionally, following 48 h of immersion in 0.6 mol L™ NaCl solution, the 316L
stainless steel samples with both coatings exhibited significantly higher impedance
moduli compared to the uncoated sample, which was observed after only 3 h of
immersion. However, there exists a significant paucity of studies within the international
literature that investigates the effects of promising Nb>Os and a-C coatings on the
tribological behaviour of 316L stainless steel. This gap in research is particularly
concerning given the potential of these coatings to enhance the corrosion and wear
resistance of 316L stainless steel, thereby improving the longevity and performance of

biomedical implants. A thorough examination of their impact on tribological properties is
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essential for understanding their applicability in practical scenarios and for enabling
advancements in the field of biomaterials.

In this study, we present innovative applied research that aims to investigate the
effects of Nb2Os, and a-C coatings deposited via the reactive sputtering technique on the
surfaces of 316L stainless steel, with the objective of enhancing wear and corrosion
properties. To achieve this goal, a series of pin-on-disk analyses were conducted under
various environmental conditions, including air, following exposure to a 0.6 mol L™! NaCl
solution, and artificial saliva. Furthermore, an extensive morphological analysis of the
wear track was conducted by using a confocal laser scanning microscope (CLSM) and a
scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX). The
electrochemical behaviour of 316L stainless steel, both with and without Nb2Os and a-C
coatings, was assessed using open circuit potential (OCP), potentiodynamic polarisation
curves (PPc), and electrochemical impedance spectroscopy (EIS) in 0.6 mol L' NaCl and
artificial saliva solutions.

To the best of our knowledge, this study represents the first investigation in the
literature regarding the tribological properties of 316L stainless steel containing Nb2Os
and a-C nanostructured coatings produced through the reactive sputtering technique.
Furthermore, it provides a comprehensive comparison of the electrochemical behaviour
of these coatings in both sodium chloride and artificial saliva solutions, offering valuable

insights into their potential applications in biomedical contexts.

2. Experimental
2.1 Material

In the current study, the 316L stainless steel were used in their as-received
condition and with nominal chemical compositions of Cr 17.4%, Ni 9.8%, Mo 2.5%, Mn
1.6%, Si 0.5%, and Fe balance (% in weight), already determined in a previously
published work [49]. Prior to the reactive sputtering deposition process, the 316L stainless
steel samples were cut into standard sizes of 2 cm x 2 cm via electrical erosion process.
The samples were then ground using silicon carbide (SiC) abrasive paper with a grit range
of 800, 1200, 2400 and 4000%#. This was followed by polishing with diamond pastes of 3,
2, and 1 pm. Finally, the samples were washed in distilled water and isopropyl alcohol
for 15 min each. Subsequently, all samples were placed in appropriate sample holders for

corrosion and wear testing.



2.2 Deposition process

For the deposition, a DC-magnetron sputtering chamber was employed,
equipped with 2-inch diameter targets of Niobium (99.99%) and Highly Oriented
Pyrolytic Carbon (HOPG) , operating in the same temperature of 300 °C. For the Nb,Os
thin film, the chamber atmosphere consisted of a mixture of argon (99.99%) and oxygen
(99.99%) at 5.0 and 0.5 mTorr, respectively, with an applied voltage of 440 V and current
of 140 mA. For the a-C coating, the electric current and applied potential were 170 mA
and 600 V, respectively. Further details regarding the deposition process and the
characterisation of both coatings can be found in the references [30, 42, 49]. As reported
by reference [49], the analysis of the functionalised niobium oxide-based coating (NbxOy)
reveals that it is predominantly composed of Nb>Os, with minor amounts of NbO and
NbO>. Considering a-C thin films, Raman spectroscopy (RS) and X-ray photoelectron
spectroscopy (XPS) reveal the presence of the characteristic D and G bands, alongside
significant contributions from C-C and C-H bonds, respectively. Furthermore, the coating
thicknesses were determined using profilometry and atomic force microscopy techniques
(AFM). Based on this information, from this point forward, the samples featuring

niobium oxide thin films will be referred to as Nb,Os.

2.3 Pin-on-disk sliding wear tests

In the present study, wear tests were performed on 316L stainless steel, as well
as on 316L stainless steel containing Nb2Os and a-C coatings. For this purpose, the
specimens were positioned in the centre of a pin-on-disk tribometer and subjected to wear
resistance testing under various conditions, in accordance with ASTM-G99-23 standards
[54]. Figure 1 depicts a schematic drawing of the tribometer used for the pin-on-disk
analysis. Microadhesive wear measurements were performed in triplicate maintaining a
constant load (5 N), a track diameter between 9 and 10 mm, and a sliding velocity of 0.01
m s, using alumina spheres with a diameter @ = 4.78 mm. In addition, wear tests of
varying durations were conducted to evaluate the effectiveness of both coatings in
improving the wear resistance of the 316L stainless steel.

All samples underwent evaluation at three environmental conditions: in air, after
immersion in 0.6 mol L' NaCl solution for 2 h, and after immersion for 2 h in artificial
saliva solution. The latter consist of various chloride compounds, sodium saccharin, 2-
bromo-2-nitropropane-1,3-diol, xylitol, potassium dihydrogen phosphate, flavor, citric

acid, PEG40, and purified water. Morphological analysis and wear track examination of
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all samples were performed using an Olympus confocal laser scanning microscope
(CLSM), model OLS4100, as well as a Tescan scanning electron microscope (SEM)
model MIRA2, coupled with an Oxford X-ray energy-dispersive spectroscopy (EDX)
system. Furthermore, the wear volume was calculated in accordance with ASTM G99-23
guidelines to evaluate the coatings' effectiveness in protecting the 316L stainless steel
against wear [54]. All wear analyses were performed at the Laboratory of Tribology and
Composites at the Sao Carlos Engineering School (EESC) at University of the Sao Paulo
(USP), Sao Paulo State, Brazil.
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Figure 1. Schematic illustration of the pin-on-disk apparatus used in this present study,
highlighting its major components including the load application system, counterweight,
arm, load cell, rotating disk, sphere holder, and the wear track formed. Figure 1 was

adapted from reference [31].

2.4 Corrosion tests

To fully evaluate the Nb>Os and a-C coatings performance on protecting the
316L stainless steel substrate under different environments, OCP, PPc, and EIS techniques
were used in the present work. To this end, a conventional electrochemical cell was
employed, comprising three electrodes: the working electrode consisting of both uncoated
and coated 316L stainless steel specimens with an exposure area of approximately 0.20
cm?, a platinum counter electrode (CE), and a saturated calomel reference electrode (SCE)

(Hg/HgoClz, KClgyt), using a uStat-i-400s (Bi) potentiostat/galvanostat. The corrosion
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tests were performed by using 0.6 mol L™! NaCl and artificial saliva solutions. Moreover,
at least three samples for each condition were tested to ensure the reliability and
reproducibility of the results obtained in this study. The open circuit potential (Eocp) was
monitored during 2 h until for each studied system. The PPc were obtained in the range
of -0.4 to 1.2 V/SCE with a potential sweep rate of 0.1 mVs™'. Following, the EIS spectra
were acquired for a frequence range of 100 kHz to 10 mHz using an applied a.c. signal of
10 mV (rms) at room temperature. Following the PPc tests, a series of optical microscope
(OM) analyses were performed to gather information on the surface characteristics of
both uncoated and coated 316L stainless steel samples. All electrochemical tests and
morphological analyses were conducted in the Materials Engineering Department (SMM)
at the Sao Carlos School of Engineering (EESC), University of Sao Paulo (USP), Sao

Paulo state, Brazil.

3. Results & Discussions

Figure 2 displays profilometry measurements and respective AFM images of
the 316L stainless steel surface with both Nb,Os and a-C coatings. Comparing the results
of the profilometry analysis is possible to verify that the Nb>Os thin film possesses a
higher thickness in comparison to the a-C coating (240.0 = 10 nm versus 38.2 £ 14 nm).
As already verified in references [30,42-43,49], a thicker and defect-free coating such as
the Nb2Os can positively influence the uniform and localised corrosion processes as well
as mechanical performance of metallic substrate in comparison to a more lass thicker

coating.
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Figure 2. Profilometry measurements and corresponding AFM images for (a, b) a-C and

(c, d) Nb2Os coatings deposited on the surface of 316L stainless steel by using reactive

sputtering technique.

Figures 3 (a-d) present the results of the coefficient of friction obtained by the
pin-on-disk tests, regarding three conditions: in air, after immersion in 0.6 mol L™! NaCl,
and after immersion in AS. First, considering the 316L stainless steel, is verified a
stabilization period on the coefficient of friction values for all the tested conditions until
100 s, approximately. Likewise, the increase in coefficient of friction values can be
attributed to the interaction between the sphere and the rough surface of the 316L stainless
steel, which resulted from the polishing procedure utilised during sample preparation
[55]. However, as the sphere interacts with the metallic surface and passes this superficial
layer, after around 100 s, the coefficient of friction corresponds to the actual interaction
of the Al,O3 sphere and the 316L stainless steel matrix. To elucidate the impact of the
coatings on the wear performance of 316L stainless steel, Table 1 summarises the average
values of the coefficient of friction for each sample under the specific conditions analysed.
Additionally, for both coatings, the coefficient of friction values are reported for the initial

phase of the experiment as well as those recorded after film rupture. It is important to
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note that all experimental data included in this work are accompanied by comprehensive
statistical analyses. This not only validates the results reported here but also confirms that
both coatings significantly enhance the wear performance of 316L stainless steel. In
comparison, the uncoated material exhibited coefficient of friction values across all tested
conditions ranging from 0.40 to 0.45, with no statistically significant variation, as
indicated in Table 1.

Regarding the 316L stainless steel containing Nb>Os coating, several noteworthy
time frames must be addressed for all tested environments. Firstly, for the analysis in air,
the average coefficient of friction value is significantly lower during the first 700 s when
compared to the uncoated material, as shown in Figure 3 (a). As reported in the literature
[42, 46, 56], this reduction is primarily attributed to the hardening of the coating and its
ability to alter the surface roughness and reduce its interaction with the Al,O3 sphere.
Moreover, this modification was also observed in the variance of the coefficient of friction
values in all conditions for the Nb,Os coating, where the variance reduced from 0.05 to
0.02 in comparison to the uncoated samples, see Table 1. After 700 s and up to 850 s, a
drastic change in the coefficient of friction values is observed, with a similar profile to
the stabilization zone for the uncoated sample. This implies that the sphere has reached
the interface between the coating and the 316L stainless steel polished surface.
Additionally, until the end of the experiment, the coefficient of friction values was around

0.40, very similar to the uncoated 316L stainless steel, see Table 1.
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Figure 3. Coefficient of friction of 316L stainless steel without and with the Nb>Os and
a-C coatings for different conditions: (a) air, (b) after 2 h of immersion on 0.6 mol L™! of
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NaCl, (¢) after 2 h of immersion on AS and (d) comparison average coefficient of friction

for all the tested materials.

Considering the 316L stainless steel /Nb2Os sample after exposure to 0.6 mol L
' NaCl solution, the coefficient of friction values remained lower than the uncoated 316L
stainless steel and very similar to those observed in air, with the film breaking occurring
around 800 s, as illustrated in Figure 3 (b). The same phenomenon can be observed, in
which the Nb2Os film promotes a reduction in the interaction between the sphere and the
metallic substrate, in addition to presenting a higher hardness than the 316L stainless steel
[17,57]. However, upon examining the curve after immersion in artificial saliva, the
transition from the coating to the metallic surface occurs earlier, around 350 s. This
indicates that artificial saliva represented the most detrimental environment for the Nb2Os
coating. Nonetheless, it is important to note that wear predominantly occurred on the
coating rather than on the 316L stainless steel substrate. This finding underscores the
considerable potential of the Nb,Os-based coating to extend the wear lifespan of
biomedical implants by reducing the average coefficient of friction values.

Regarding the 316L stainless steel /a-C sample, an intermediate behaviour
compared to the other two samples can be observed. The average coefficient of friction
values of this sample fall between those of the bare material and the 316L stainless steel
/Nb20Os. In experiments conducted in air, the a-C film exhibited significant variation in
the coefficient of friction values throughout the experiment, ranging from 0.25 to 0.35, as
shown in Figure 3 (a). This can be attributed to a similar effect of modifying the hardness
of the coating and the surface roughness of the 316L stainless steel, albeit on a smaller
scale compared to the Nb,Os coating. Additionally, a discontinuity in the trend of
coefficient of friction values is observed around 650 s, followed by stabilization at 0.48,
indicating film breaking, like the 316L stainless steel sample. For the measurements after
immersion in 0.6 mol L' NaCl solution, the same variation pattern observed in the air is
noted, with film breaking occurring around 600 s (see Figure 3 (b)). The results of the
analysis after immersion in artificial saliva for 2 h demonstrated that the wear behaviour
of the a-C coating remains the same with a film breaking near to 600 s, (Figure 3 (¢))
Finally, for all analysed conditions, the positive effect of both coatings in protecting the

316L stainless steel substrate is clear.
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Table 1. Average values of the coefficient of friction for all the analysed samples and conditions.

Conditions 316L stainless steel 316L stainless steel /Nb2Os 316L stainless steel /a-C
. 0.21 + 0.02 0.33 + 0.06
+

Alr 045 + 007 0.40* + 0.09 0.48* + 0.06
0.19 + 0.02 0.27 =+ 0.04

0.6 mol L NaCl 0.44 + 0.06
0.41* + 0.11 0.48* + 0.05
0.24 + 0.04 0.25 + 0.04

Artificial sali 40 + 0.04
rtificial saliva 040 + 00 0.41* + 0.04 0.38% + 0.04

*Values after film breaking



Figure 4 depicts a compilation of CLSM images for all tested conditions and
samples for the first 300 s of the experiment. Upon comparing the wear track profiles in
the air (see Figures 4 (a, d, g)), that the implementation of both coatings promoted a
reduction of more than 50% in the wear track width from 240 um of the uncoated material
to 110 um and 130 um for the Nb,Os and a-C coating, respectively, corroborating the
coefficient of friction data. As the coefficient of friction decreases, the interaction between
the Al,Os; sphere and the sample surface decreases, leading to a reduction in volume
removal. The same pattern of reduction in wear track profile is observed for the other two
conditions: after immersion in 0.6 mol L NaCl solution and artificial saliva. This
indicates that, regardless of the environmental condition to which the sample is subjected,
the coating acted as a protective barrier that improved the wear properties of the 316L
stainless steel. Moreover, by analysing CLSM images, the wear pattern of all the samples
is predominantly abrasion of two bodies and, as reported in the literature, is the expected
pattern for the 316L stainless steel [58]. Considering the uncoated samples after
immersion in 0.6 mol L' NaCl solution and artificial saliva, see Figures 4 (b) and 4 (c),
is possible to identify the presence of several pits on the surface in addition to numerous
zones of high interaction of the Al>O;3 sphere and the metallic matrix.

Regarding the 316L stainless steel/a-C coating, a complete removal of the film
is observed already after 300 s, as indicated by the colour contrast between the outer
surface and the wear track, which matched the coloration of the uncoated material, see
Figure 4 (d-f). Additionally, various delaminations and film cracking are evident along
the wear track vicinity. This type of film deterioration is likely related to the lower
adhesion of the a-C coating to the 316L stainless steel surface [59-61]. In contrast, for the
316L stainless steel/Nb>Os coating, only small defects or delaminated regions can be
identified on the wear track, represented by dark spots. This suggests that the Nb2Os
coating maintains its integrity even after immersion in different aggressive environments
and wear for the first 300 s of the pin-on-disk analysis. However, it is worth noting that
the 316L stainless steel/Nb>Os sample displayed slightly larger defects after immersion
in artificial saliva when compared to the sample immersed in 0.6 mol L' NaCl solution.

Figure S presents a series of SEM/EDX analyses for the nanostructured Nb2Os
coating under all tested environmental conditions. Figures 5 (a-d) pertain to the 316L
stainless steel/Nb>Os sample after the pin-on-disk analysis in air, where the high presence
of Nb indicates that the film remains intact, and the sphere does not encounter the 316L

stainless steel surface. In Figures 5 (e-1), which are related to the 316L stainless steel
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/Nb2Os after 2 h immersion each in both NaCl and artificial saliva solutions, most of the
coating remains undamaged except for some small portions where delamination has
occurred. This suggests that the Al,O3 sphere did not reach the metallic substrate,
implying degradation only of the coating and not of the substrate. However, this
delamination cannot be attributed solely to the substrate adhesion capacity of the Nb,Os
film, as it was not observed in the air analyses. Instead, it is likely due to corrosion
mechanisms associated with the coated 316L stainless steel in an aggressive medium. In
this context, Ferreira and colleagues [49] investigated the corrosion performance of
Nb2Os as a protective coating for 316L stainless steel and proposed a corrosion
mechanism based on exposure to 0.6 mol L' NaCl solution. The aggressive ions present
in the environment penetrate through micro-defects in the Nb>Os coating, initiating a
localised corrosion process at the interface between the film and the surface of the 3161
stainless steel. As a result, the adhesion of the film in the vicinity of the corroded area is
compromised, leading to delamination. Consequently, when the Al,O3 sphere meets these

vulnerable regions, the film is removed.
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Figure 4. CLSM images of (a-c) 316L stainless steel, (d-f) 316L stainless steel/a-C and (g-i) 316L stainless steel/Nb2Os considering the different

environment conditions.
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and (i-1) after 2 h immersion on AS.
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In addition to the micrograph images displayed in Figure 4, a series of
measurements of the wear area were obtained by using the Olympus FV10-ASW
software, in accordance with the ASTM G99-23. The results presented in Table 2 are
related to the samples in the first 300 s of the pin-on-disk analysis. It is important to
mention that, as well as for the coefficient of friction values in Table 1, a series of
statistical analyses were performed to ensure the validity of the obtained results.
Considering the uncoated 316L stainless steel for all the analysed conditions, no
significant changes in the wear volume were observed. This indicates that the
environment, for small periods of time, does not affect significantly the wear mechanism
of these materials. Here, is possible to identify the evident improvement in the wear
properties of the 316L stainless steel promoted by the surface functionalisation. The a-C
coating exposed to the air and after immersion in NaCl solution promoted a reduction of
almost 50% and 65% on the wear rate compared to the bare material, and almost 80% for
the artificial saliva condition. Moreover, an even more remarkable reduction is observed
for the 316L stainless steel/Nb,Os sample in all conditions, where the average wear rate
is around 0.2 x 10 mm? 5!, approximately 10% of the wear rate of the uncoated material
(20.0 x 10 mm? s’! in the average). Figure 6 provides a summary of the data presented
in Table 2 in terms of wear area, facilitating a clearer visualisation of the impact of both
coatings on the wear performance of 316L stainless steel under various environmental

conditions.
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Table 2. Average values of wear area, volume, track and wear rate for all the analysed samples considering the different environmental conditions

studied.
Conditions Samples Wear area V\é?:rrngt?r:k Wear volume Wear rate
(pm?) (mm) (x 10 mm?) (x 10° mm?3s?)
316L stainless steel 208.5+32.2 10.0 6.55 +£1.01 2.18+0.34
Air 316L stainless steel/a-C 106.8 +31.4 10.0 3.36 +£0.98 1.12+0.33
316L stainless steel/Nb2Os 23117 9.3 0.68 £0.05 0.22+0.02
316L stainless steel 206.6 £ 39.8 9.0 5.84+1.13 1.95 +0.38
0.6 mol L! NaCl 316L stainless steel/a-C 77.0+ 138 10.0 242+043 0.81+0.15
316L stainless steel/Nb2Os 21173 9.6 0.63 +£0.22 0.21 +£0.07
316L stainless steel 2044 +34.1 94 6.04 £1.01 2.01+0.34
Artificial saliva 316L stainless steel/a-C 37.0+£16.1 10.0 1.16 £0.51 0.39+0.17
316L stainless steel/Nb2Os 18.3 +8.7 10.0 0.57+0.27 0.19+0.09
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Figure 6. Summary graph illustrating the wear area for all tested samples under various
environmental conditions.

Figure 7 provides a summary of the wear mechanisms investigated in this work
through a schematic representation. Figures 7 (a-c) illustrate the wear profile of uncoated
316L stainless steel, which exhibited the highest wear track under all tested conditions,
as confirmed by the CF values and CLSM analysis. Figures 7 (d-f) pertain to the 316L
stainless steel/a-C, where the wear track width is intermediate, demonstrating a positive
performance in protecting the metallic substrate. However, this coating exhibited low
adhesion to the 316L stainless steel surface, being completely removed already for 300 s
and showing several delaminations, film cracking, and pitting around the wear track.
Figures 7 (g-i) depict the wear behaviour of the 316L stainless steel/Nb2Os, with the
smallest wear track width and maximum protection of the metallic surface, despite some
minor delaminations due to the previously discussed corrosion mechanisms. Finally, all
the results presented here along with the wear track morphology analysis demonstrated
that the coatings deposited by using reactive sputtering technique were able to improve
the wear resistance of the 316L stainless steel. Additionally, the wear performance of the
316L stainless steel/Nb2Os is superior when compared to the 316L stainless steel/a-C, as
it lasts longer in air and after immersion in 0.6 mol L NaCl solution. However,
considering the artificial saliva solution, further complementary analysis is necessary to

comprehend the phenomena associated with Nb>Os film degradation.
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Figure 8 displays the profilometry analysis of the wear track for all the tested
samples surface after the first 300 s of analysis on the pin-on-disk apparatus considering
the different environmental conditions. These findings allow a more complete evaluation
on the wear track profile, confirming the results previously presented where both coatings
promoted an improvement on the wear performance of the 316L stainless steel even in an
aggressive environment. In addition, by comparing the performance of both coatings on
protecting the substrate is evident that the Nb,Os film were more efficient on reducing
the wear track diameter and track depth in comparison to the a-C coating. Is worth
mention, that even with a lower wear track depth for the sample after immersion in
artificial saliva, the uncoated 316L stainless steel sample displayed a higher track
diameter in comparison to the coated samples, Figures 8 (¢), (i) and (f), and consequently
a higher wear volume.

Figure 9 presents the OCP curves for the uncoated and coated 316L stainless
steel samples for both tested environments 0.6 mol L' NaCl solution and artificial
solution, respectively. All the tested samples displayed a stable behaviour during the first
2 h of immersion on both solutions (see Figure 9 (a) and (b)). Additionally, is possible to
verify a shifting on the Ecorr for more negative values on the coated samples which, in a
first time, indicating that the thin films lead the 316L stainless steel to a higher
susceptibility to corrosion processes. As discussed by Moreto and colleagues [62], in
general the Ecorr indicates the material’s nobility and more positive values imply on a more
corrosion-resistance system. In addition, the authors mentioned that the Ecor is an
indicative and as so is not capable of fully describe the behaviour of an electrochemical
system once several factors can affect the Ecor values.

In this context, the utilisation of more comprehensive electrochemical
techniques is essential. Considering the PPc for all specimens tested in 0.6 mol L' NaCl
solution, it can be verified that the Nb>Os coating increased the Ecor and reduced the
corrosion current (icorr) When compared to the base material (-0.05 versus -0.20 V/SCE
and 0.0059 versus 0.012 pA cm?), see Figure 10. These findings demonstrated the
significant enhancement achieved through the functionalisation of 316L stainless steel by
reactive sputtering technique, as the Nb,Os coating could reduce the icorr value by nearly
50% and the Ecorr by 75%. Regarding the 316L stainless steel/a-C coating, the Ecorr value,
even though lower, is very similar to the 316L stainless steel (-0.26 V/SCE) and the icorr
diminished (0.0089 pA cm™), indicating a positive result in terms of corrosion protection.

Considering the artificial saliva solution, see Figure 11, the same positive effect of
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implementing the thin films was observed, were for the Nb>Os shifted the Ecor to more
positive values (-0.13 V/SCE) and reduced the icorr (0.0055 pA cm™) in comparison to the
uncoated 316L stainless steel (-0.20 V/SCE and 0.0176 pA cm™). Additionally, the a-C
coating promoted a lower, but relevant, protective effect in comparison to the Nb,Os thin
film, increasing the Ecorr (-0.14 V/SCE) and diminishing the icorr (0.011 pA cm™). After
obtaining the PP tests, a series of optical images were performed to evaluate the
topography of the corroded surfaces. An analysis of the material topography following
the PPc tests further corroborates the positive impact of both coatings on the corrosion
resistance of 316L stainless steel. As can be seen, the 316L stainless steel samples
exhibited corroded areas across the metallic surface, whereas the coated samples showed
only a few delaminations in the Nb,Os coating and some small pits, even after the large
damage to the coating, in the a-C film. It is important to note that, like the observations
made during the wear tests, the a-C thin film exhibited multiple cracks and instances of
delamination because of its exposure to aggressive environments. This phenomenon can
be attributed to the relatively lower corrosion and wear resistance of the a-C coating when
compared to Nb2Os, which successfully maintained its integrity even after undergoing

extensive electrochemical and wear analyses.
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Figure 8. Wear track profilometry analysis for the 316L stainless steel, 316L stainless steel/a-C and 316L stainless steel/Nb2Os samples after the

first 300 s on the pin-on-disk analysis for (a,d,g) air, (b,e,h) after 2 h immersion in 0.6 mol L' NaCl and (e,f,i) 2 h immersion in saliva artificial.
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Figures 12 (a-d) display a comparison of the Bode plots and Nyquist diagrams
for the 316L stainless steel, 316L stainless steel/a-C, and 316L stainless steel/Nb2Os
samples after the first 2 h of immersion in both 0.6 mol L™ NaCl and artificial saliva
solutions. It is clear from the Bode plots, see Figure 12 (a) and 12 (c¢), that the 316L
stainless steel/Nb2Os sample exhibited the highest overall corrosion resistance, indicated
by the greatest impedance modulus, followed by the 316L stainless steel/a-C and 316L
stainless steel samples, respectively. These findings align with the studies by Ferreira et
al and Moreto et al [49,62], which underscore the beneficial impact of sputtered thin films
on corrosion resistance for different metallic materials. A comprehensive analysis of the
EIS spectra reveals the presence of two distinct time constants: one observed at low
frequencies, which is associated with localised corrosion processes occurring in both
coated and uncoated 316L stainless steel substrates, and another at high frequencies,
which is related to the behaviour of the oxide coatings. With respect to the Nyquist
diagrams (see Figure 12 (b) and 12 (d)), both coatings significantly enhanced the
corrosion resistance of the 316L stainless steel, as evidenced by the increase in the semi-
circular arc. Ultimately, the corrosion tests provided compelling evidence of the efficacy
of reactive sputtering in creating coatings that markedly improve the corrosion resistance
of 316L stainless steel. It is important to emphasise that all this evidence was also

corroborated by the wear tests.
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Figure 12. Nyquist diagrams and Bode plots for the 316L stainless steel, 316L stainless steel/a-C and 316L stainless steel/Nb2Os samples for the

first 2 h of immersion (a,b) 0.6 mol L! NaCl and (¢, d) artificial saliva solution.
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4. Conclusions

This investigation examined the influence of surface functionalisation, employing Nb2Os
and a-C coatings, upon the wear and corrosion behaviour of 316L stainless steel. The
main results are summarised as follows:

§ Reactive sputtering proved highly effective in producing nanostructured Nb»>Os and a-
C coatings on the 316L stainless steel surfaces at 300 °C, significantly enhancing wear
and corrosion resistance.

§ The superior tribological performance of both coatings was evident across a range of
test environments (air, 0.6 mol L' NaCl solution, and artificial saliva solution), with
significantly reduced coefficients of friction compared to the uncoated alloy, reaching up
about 50% for both coatings.

§ The Nb2Os and a-C coatings significantly reduced the wear rate compared to the
uncoated material under all analysed conditions, achieving approximately 90% and 60%,
respectively. Furthermore, even under severe wear conditions, the Nb.Os thin film
remained intact, demonstrating excellent adhesion and its ability to protect the 316L
stainless steel substrate

§ Considering sodium chloride environment, corrosion protection was significantly
enhanced by the Nb>Os coating, as indicated by an increased Ecorr (-0.05 V/SCE versus -
0.20 V/SCE) and reduced icorr (0.0059 pA cm™2 versus 0.012 pA cm?) compared to the
uncoated 316L stainless steel. The a-C coating also showed a reduction in icorr (0.0089 pA
cm?), despite a similar Ecorr (~ -0.26 V/SCE);

§ Electrochemical analysis in artificial saliva revealed that the Nb,Os coating displayed a
substantially more positive corrosion potential (Ecorr = - 0.13 V/SCE versus -0.20 V/SCE)
and a considerably lower corrosion current (icorr = 0.0055 pA cm versus 0.0176 pA cm™2)
when compared to the base alloy. The a-C coating demonstrated a lower level of corrosion
protection than the 316L stainless steel/ Nb2Os coating. Nevertheless, it exhibited superior
resistance to uniform corrosion process when compared to the uncoated material, with a
measured Ecorr of approximately -0.14 V/SCE and an icorr 0f 0.011 pA cm™2;

§ These findings highlight the significant potential of Nb2Os and a-C coatings to improve
the wear and corrosion resistance of 316L stainless steel, thereby prompting further
research into optimised surface treatments to enhance its durability in demanding

applications in the biomedical sector.
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