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Abstract: Zr-based nitrides and oxynitrides were deposited by reactive cathodic arc evaporation in
monolayer and double-layer structures with the aim of increasing the corrosion protection of 304L
stainless steel (SS) in a biomedical aggressive environment. All coatings had a total thickness of
1.2 pm. Compared to the bare substrate, the surface roughness of the coated samples was higher,
the presence of microdroplets being revealed by scanning electron micrography (SEM). The X-ray
diffraction investigation of the ZrN phases revealed that the peaks shifted towards lower Bragg
angles and the lattice constants increased as a result of Si and O, inclusion in ZrN lattice, and of the
ion bombardment characteristic of the cathodic arc method, augmented by the applied bias substrate.
SS/ZxSiN/ZxSi(N,0) showed the best corrosion performance in an acidic environment (0.9% NaCl
and 6% HyO,; pH = 4), which was ascribed to the blocking effect of the interfaces, which acted as a
corrosion barrier for the electrolyte ingress. Moreover, the aforementioned bilayer had the highest
amount of Si and O in the composition of the top layer, forming a stable passive layer with beneficial
effects on corrosion protection.

Keywords: ZrSiN; ZrSi(N,0); monolayer and double-layer; reactive cathodic arc evaporation; corro-
sion evaluation; acidic environment

1. Introduction

304L stainless steel, abbreviated in the following paper as SS, is extensively used in
dentistry [1,2], orthodontics [3,4], and orthopedics [5] due to its low cost, related process-
ability, high corrosion resistance (specific to stainless steel alloys), suitable bio-mechanical
performance, and advantageous bio-affinity. However, there are also drawbacks related
to its use as a biomaterial, such as poor bio-functional performance [6] and reduced local
corrosion resistance if exposed to chloride ion solutions [7,8], various macromolecules
comprised of one or more long chains of polypeptides, or even just to amino acids [9-11]—
all of which are present in human body fluids. Due to this peculiarity, SS releases metal
ions in its surroundings when implanted in the body, producing noxious effects on the
tissues [12]. It was reported that metallic ions (mainly chromium and nickel) resulting
from the in vitro corrosion of SS hinder lymphocyte multiplication, thus leading to the
insufficiency of the body immune response. Therefore, techniques for the improvement of
corrosion resistance have been developed. One way is coating 304L steel with thin films
that have high corrosion resistance, high adhesion, and good biocompatibility.
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Ceramic coatings, such as refractory nitrides based on transition metals (e.g., TiN and
ZrN) deposited by physical vapor deposition (PVD), have a wide range of applications due
to their high hardness, high adhesion, wear-resistance and low friction coefficient, superior
corrosion resistance in aggressive environments, superior electric and thermal conductivity,
significant chemical and thermal stability at high temperatures, optical properties similar
to gold, and complementary metal-oxide-semiconductor compatibility [13-18].

The unique properties of TiN and ZrN coatings have led to their widespread use
in a noteworthy number of mechanical and tribological applications, such as refractory
compounds to be used at high temperatures, biomaterials, decorative materials, optical
and plasmonic materials, corrosion-resistant or diffusion barrier coatings, and electrodes
used in microelectronics [19-22].

Transitional metal nitrides can be obtained via various PVD techniques such as reactive
magnetron sputtering [23], filtered and unfiltered cathodic arc techniques [13,24-26], and
ion beam deposition and pulsed laser deposition [27].

Though TiN was the first largely used transition metal nitride coating, the specific
properties of ZrN have made it a sustainable alternative. Both nitrides exhibit a rock salt
structure (cF8; space group Fm3m) [28]. Their bonding structure comprises a combina-
tion of localized Me-to-Me and Me-to-nonmetal (N, O, or C) interactions resembling both
covalent and metallic bonding [29]. The octahedral grouping of the Me atoms around a
central N promotes Me-to-N bonding. Compared to stoichiometric TiN, ZrN has higher
cohesive energy, thermal stability, oxidation resistance, and negative free energy of forma-
tion, as well as lower electrical resistivity, thermal conductivity, and thermal expansion
coefficient [30,31]. Moreover, ZrN is resistant to the acidic environment of hydrogen per-
oxide, thus producing a compatible coating useful to protect components that catalyze
the decomposition of hydrogen peroxide or corrode when exposed to hydrogen peroxide,
unlike TiN [32,33].

Considering the corrosion resistance in different aggressive environments, it was
reported that the addition of Si to ZrN provides higher stability in aggressive and corrosive
environments, as observed via the electrochemical characterization of Si containing Zr
nitrides obtained by either pulsed DC magnetron sputtering [34] or cathodic arc evapora-
tion [35]. Additionally, differences in the corrosion processes of ZrN and ZrSiN coatings
obtained by magnetron sputtering were evidenced. ZrN-coated steel showed a localized
corrosion through pores, while a ZrSiN coating exhibited uniform corrosion at the coating-
substrate interface [34]. An investigation of ZrSiN coatings prepared by a PVD-CVD
hybrid process (the cathodic arc source produces Ti ions and Si was provided by bubbles of
a tetramethyl-silane liquid precursor) revealed that grain size decreased as the Si content
increased, which also led to a hardness increase at a maximum 3 at% Si [35]. A study of a
ZrSiN coating intended for biomedical applications demonstrated that this film was supe-
rior to a Ti alloy in relation to albumin absorption and could also reasonably limit platelet
adhesion, an advantageous property in the quest for the blood compatibility improvement
of inorganic materials [36].

In this study, ZrSi-based coatings were selected for the following reasons. Si was
chosen to be part of the coatings structure because it is known to lead to grain refinement,
superior friction, and improved wear performance [37]. Moreover, the introduction of Si
leads to an increased oxidizing resistance in Zr nitrides [38]. However, to improve coatings’
properties, the Si addition should be limited to about 3 at.% [35,39]. The deposition
architecture is also important, as the presence of interfaces between layers with different
compositions might increase coating hardness if sharp interfaces, e.g., ZrN/AISiN, are
present [40].

Lately, thin transition metal oxynitride films have been studied due to their excellent
combination of chemical stability; optical, electrical, and photocatalytic properties; wear
and corrosion resistance; and use as plasmonic materials for noble metal replacement.
Because the properties of transition metal oxynitrides are related to their oxygen/nitrogen
ratio, they can be customized by modifying this ratio [41,42]. Additionally, it was shown
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that lattice strain, deformation stress, and deformation energy density depend on oxygen
pressure [43].

In the present study, we continued our work with biomedical applications and pro-
duced ZrSi-nitride and —oxynitride in monolayer and bilayer structures by applying the
same substrate bias voltage to enable a comparison between mono and bilayer coatings.
The corrosion resistance of the coatings was assessed using an artificial physiological
isotonic saline solution that matches body fluids as the main component of the corrosive
solution because it does not change the size of the cells [44,45]. Additionally, we chose
it because in vitro corrosion studies have used it because metals are more susceptible to
localized corrosion by chloride ions [46]. Since it was demonstrated that a certain level of
hydrogen peroxide is involved in human metabolism [47], we used an H,O,-augmented
saline solution, and the resulting low pH made the corrosion test medium even more ag-
gressive, leading to the significant differentiation of the corrosion protection of the coatings.
It is worth noting that the addition of oxygen to a corrosive solution may have a positive
or negative effect. Oxidizing agents can lead to the formation of protective oxide film on
the surface of some metals [48], thus increasing their corrosion resistance. In other cases,
the same agents can speed up the cathodic reactions and increase the corrosion rates [49].

Previously, we reported that the reactive cathodic arc deposition of a ZrSiON coating,
with a low oxygen content fabricated at a 200 V negative bias voltage, presented a high long-
term protective performance when immersed in artificial saliva for 72 h [50]. In the present
study, properties such as coating porosity and protection efficiency, which are of great
interest in corrosion evaluation, were investigated. Moreover, roughness measurements,
scanning electron micrographs, and elemental compositions after corrosive attack were
used to analyze the corrosion behavior of the deposited coatings in the context of their
biomedical application.

2. Materials and Methods
2.1. Coating and Specimens

ZrSi-based nitrides and oxynitrides in monolayer and double-layer structures were
prepared with the cathodic arc evaporation method (CAE). SS discs (® = 20 mm; elemental
composition (wt.%: 70.976 Fe, 0.003 C, 1.220 Mn, 0.208 Si, 17.745 Cr, 8.524 Ni, 0.020 P,
0.014 S, 0.160 Co, 0.589 Mo, and 0.539 Cu) were used as substrates, as Cu has a beneficial
effect on antibacterial properties [2].

The deposition process was performed using a ZrSi cathode (85 at.% Zr and 15 at.% Si;
99.9% purity, Cathay Advanced Materials Ltd., Guangdong, China). To control the coating
uniformity, the samples were placed on a rotating sample holder (15 rot./min.). Prior to
deposition, the substrate specimens were cleaned by sandblasting (SiC abrasive paper; grit:
800) and polished (Ra = (50 + 10) nm).

For contaminant removal, the specimens were sputter-etched in the deposition cham-
ber with Ar ions for 5 min. The residual and working pressure values were 2 x 1073 and
8 x 1072 Pa, respectively. The nitrogen mass flow rate was 60 sccm, and that of oxygen
was 17 sccm.

It is well-known that specific deposition parameters should be chosen for each de-
position technique and geometry [51-53]. Considering our previous work on Zr silico-
oxynitrides [50], the substrate bias was fixed at —200 V and the temperature was 200 °C.
The arc current on the ZrSi cathode was maintained at 100 A for ZrSiN deposition and
lowered to 90 A for ZrSi(N,O) deposition. The bilayer coatings were created by switching
off the substrate bias and the power on the cathode while the deposition chamber was
pumped off, followed by opening the gas vents until the required gas or gas mixture
reached the deposition pressure value, and then the deposition process was resumed. All
coatings had a total thickness of about 1.2 um.

Each type of coating was deposited in the same run on five SS discs in order to obtain
the necessary number of replicates for characterization.
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2.2. Coatings Characterization

The surface roughness and thickness of the deposited specimens were investigated
using a Dektak 150 surface profilometer (Bruker, Billerica, MA, USA) with a stylus diameter
of 2.5 um.

The roughness measurements were carried out on two replicates in 5 randomly chosen
different areas, and the results were averaged. Each coating’s roughness, before and after
the corrosion tests, was determined over a length of 10 mm for 200 s. Ra (arithmetic
average), Rq (root-mean square), and Sk (symmetry of the profile about the mean line)
roughness parameters were used to evaluate the surface roughness and their influence on
corrosion resistance.

A scanning electron microscope (SEM) (Hitachi TM3030 Plus, Tokyo, Japan) coupled
to an energy dispersive X-ray spectrometer (EDS) (Bruker, Billerica, MA, USA) was used for
the surface morphology and elemental composition investigation. The EDS measurements
were done in five different areas of two replicates for each type of coating, with the
results representing the arithmetic mean; the standard deviation (SD) was also calculated.
To obtain images of surface morphology and elemental composition, mixed images of
backscattering and secondary electrons of the surface morphology were acquired for each
specimen before and after corrosion tests.

The microdroplets’ size distribution analysis was performed by using Trainable Weka
Segmentation learning algorithms implemented in the Fiji software platform (version
1.52p) [54]. The binary pixel segmentation of the SEM images was classified into two major
classes as either background or microdroplets, and the process was followed by some
iterative step-by-step trainable processes and a thresholding approach.

The phase composition of the samples was investigated by X-ray diffraction (XRD) us-
ing a SmartLab diffractometer (Rigaku, Tokyo, Japan) with CuK« radiation (A = 0.15405 nm).
The XRD patterns were obtained in a 26 range from 20° to 80° at a step size of 0.02°. The
grain sizes were calculated from the XRD patterns using Scherrer’s formula. The measurements
were carried out on two replicates of each coating for process reproducibility confirmation.

The corrosion resistance of the investigated specimens was measured by Tafel extrap-
olation using two specimens of each type of coating. The electrochemical cell contained
three electrodes. The coated specimens were used as the working electrode (WE), and
as reference electrode (RE) it was used a KCl-saturated Ag/AgCl electrode (SCE)). The
counter electrode (CE) was a platinum sheet. The electrochemical cell was coupled to
VersaStat 3 potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN, USA),
and the data recording was performed by VersaStudio software (version 2.60.6).

All the electrochemical tests were performed in an acidic physiological saline solution.
A solution concentration of 0.9% NaCl was chosen because its sodium concentration was
a bit higher than the normal concentration in synovial fluids [55-57], and we needed an
accelerated corrosion test. Considering that bacteria and microbial species, as well as
inflammatory cell secretions, generate an acidic environment [58] such that the pH value
can fall to 4 or 3 as a result of surgery or injury irritation [59], the saline solution was
augmented by 6% H,O; in order to obtain a more acidic environment (pH = 4). It is worth
noting that an acidic environment is known to accelerate the degradation of Ti and its
alloys’ surfaces [60].

Potentiodynamic polarization was used for the assessment of corrosion resistance.
All corrosion tests were carried out at normal body temperature (37 &+ 1) °C. Before
measurements, the open-circuit potential (OCP) was measured for 15 h for a potential-
stabilizing immersion period of the working electrode in the corrosive solution. Tafel plots
were recorded from —250 to +250 mV vs. Epc, with a scanning rate of 0.167 mV /s for
each measurement. For data extrapolation, the logarithmic values of current density were
plotted as a function of WE potential (E(V) vs. SCE).
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(@)

SS/ZrSi(N,0)/ZrSiN

(c)

Figure 1. SEM micrographs
of the investigated coatings

3. Characterization of the Coatings
3.1. Surface Morphology and Elemental Composition of Coated Samples

Figure 1a—d presents the SEM micrographs of the coated specimens. Cathodic arc
deposition is a PVD technique in which the arc discharge current forms cathode spots
where the current density is very high (more than 1 kA/cm?), which fits the conditions
required for a localized phase transformation from a solid cathode material to fully ionized
plasma. In these conditions, apart from ions, atoms, and electrons, microdroplets are also
generated [51].

SS/ZxSi(N,O)

HL MD8.6 x100 1mm

HL MD8.7 x100 1mm

(b)

HLMD8.6 x100 Tmm

HL MD8.6 x100

(d)

(HL MD8.6 x100, 1 mm) and the corresponding binary images (produced by Image]® software)
: SS/ZxSiN (a), SS/ZrSi(N,0) (b), SS/ZrSi(N,0)/ZrSiN (c), and SS/ZrSiN/ZrSi(N,O) (d).

Microdroplets characteristic of cathodic arc deposition could be identified on the
coating surfaces, with their size spanning from about 1 to 10 um. Macroparticles can act
as defects in non-filtered CAE processes and can have impacts on corrosion evaluation
applications [61]. It has been stated that macroparticle formation depends on deposition
parameters, and their number and size can be decreased by increasing the substrate bias [62].
Thus, a high substrate bias voltage (Us = —200 V) was used in the present study. It was
shown that at even higher substrate bias values, there was a tendency for the selective
re-sputtering process of light elements by heavy zirconium ions [62].
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Counts

Counts

The size distribution of the microdroplets obtained by using Image] software were
derived from the corresponding binary images (background-microdroplets) presented as
insets in Figure 1a—d, from which the related histograms were derived (Figure 2).
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Figure 2. The size distribution of the microdroplets on the surface of each deposited coating, derived from the binary images

using the Image] software.

The largest number and size of microdroplets was observed on SS/ZrSiN coatings,
while the lowest size of microdroplets was observed on SS/ZrSi(N,O) coatings. The de-
crease of the number and size of microdroplets on SS/ZrSi(N,0)/ZrSiN coatings compared
to SS/ZrSiN was due to the presence of the ZrSi(N,0) bottom layer and the reduced thick-
ness of the ZrSiN top layer in the bilayer. It should be noted that the lowest number of
droplets was observed on the SS/ZrSiN/ZrSi(N,O) bilayer. Compared to the SS/ZrSi(N,0)
monolayer, the fewer larger droplets observed on the SS/ZrSiN/ZrSi(N,O) bilayer were
due to the presence of the bottom ZrSiN layer.

Figure 3 presents the elemental composition of the coatings obtained by EDS analysis.
All coatings were stoichiometric, which resulted from the ratios of the metal and nonmetal
element concentrations while considering the associated errors. The differences between
oxygen and nitrogen concentrations in the bilayers were due to the different absorptions of
the specific radiation in the coatings.
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Figure 3. Elemental composition of the coated specimens: SS/ZrSiN (a), SS/ZrSi(N,O) (b), SS/ZrSi(N,0)/ZrSiN (c), and
SS/ZrSiN/ZrSi(N,O) (d).

3.2. Phase Composition and Grain Size

Figure 4 shows the diffractograms of the mono and bilayer ZrSi-based coatings and
the uncoated substrate. The ZrSiN coating preserved the cubic cF8 structure (15 m space
group) of ZrN (ICDD file #04-004-2860).

Due to the higher energy of the plasma particles produced by the arc discharge
compared to the ones produced by magnetron sputtering, in transition metal nitride
coatings (ZrSiN, in which the Si amount exceeds 2 at.%, included), a SiNy amorphous
phase is formed [63] in addition to the obvious formation of cubic ZrN [64].

We observed the shift of the peaks towards lower angles compared to standard ZrN,
indicating the increase of the lattice parameter due to Si addition (Table 1). Due to the
relatively low deposition temperature and intense ion bombardment, specific to the vacuum
arc deposition, the coatings grew in conditions far from the thermodynamic equilibrium,
which induced kinetic limitations and resulted in the formation of metastable phases [65,66],
of which TiSiN and TiAIN systems are the best documented in the literature [64,67]. The
observed increase of the lattice parameter indicates that Si addition promoted the formation
of an interstitial solid solution, the “guest” atoms being incorporated in the lattice interstitial
sites, as also reported for other Si-doped transition metals nitrides [63,68].
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Figure 4. X-ray diffraction patterns of the investigated specimens.

Table 1. The standard position of the (111) ZrN maximum (ICDD file #04-004-2860) and the equivalent
positions of the peaks measured for ZrSiN and ZrSi(N,O) monolayers, their grain sized, and the
calculated lattice parameters.

Coatings/Properties ZrN-Standard ZrSiN ZrSi(N,0)
Position of (111) maximum (°) 33.83 33.32 33.28
Position of (222) maximum (°) 71.18 70.10 69.98

Grain size (nm) NA 16.90 11.90
Lattice parameter (nm) 0.4585 0.4661 0.4665

The incorporation of oxygen into the ZrSiN structure was clearly evidenced by a
further shift of the ZrSiN peaks towards even smaller diffraction angles due to the lattice
expansion needed to accommodate the presence of oxygen in the interstitial sites. Despite
the quite low oxygen content in the Zr(N,O) coating, its diffractogram exhibited (in addition
to the presence of the cubic structure of ZrSiN previously reported in the literature [69,70])
a low intensity peak ascribed to the (101) maximum of the tetragonal ZrO, phase (space
group P42 /nmc), according to ICDD file #68-0200. The same observation was previously
reported for ZrON coatings prepared by cathodic arc evaporation [43]. The small peak is
also visible on the SS/ZrSiN/ZrSi(N,O) diffractogram, as the top layer was an oxynitride.
We attributed the formation of the ZrO, phase to the different values of the Gibbs free
energy of ZrN and ZrO, (AGfzn = —364.3 k] /mol; AGfz,02 = —1091.6 k] /mol), as ZrO,
synthesis is energetically more favorable [71].

The grain size (d) of the ZrSiN coating decreased with oxygen addition of about
30%, indicating a certain refinement, as previously reported for a Zr(N,O) single layer
obtained with the same deposition method [43]. The bilayers presented intermediate
values (55/ZrSiN/ZrSi(N,0) (d) = 12.4 nm and SS/ZrSi(N,0)/ZrSiN (d) = 13.2 nm), but
the calculated grain size of the bilayers represented the averaged value of each component
layer, and the small difference between their calculated values, of about 6%, was ascribed to
the X-ray absorption in the upper layer. The bilayer with the ZrSi(N,O) top layer presented
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a smaller grain size than the bilayer with ZrSiN as a top layer, concurrent with the grain
size values of the two monolayers.

The diffractograms show that the films preferred orientation was (111). As is known,
the preferred orientation of cubic films is determined by the competition of surface energy
and strain energy [72]. The evidenced preferred (111) orientation, with the lowest strain
energy, is specific to coatings with cubic structure deposited by cathodic arc evaporation
method due to the presence of highly ionized plasma [72,73].

Considering the cubic-dominating structure of all deposited coatings, Table 1 presents
the standard position of the (111) ZrN maximum (ICDD file #04-004-2860), along with
the equivalent positions of the corresponding peaks measured in ZrSiN and ZrSi(N,O)
monolayers, the grain size calculated from (111) maximum using the Debye-Scherrer
formula, and the calculated lattice parameters. The bilayers were not considered due to the
same reasons presented above for the grain size values.

3.3. Corrosion Tests in HyO,-Augmented Saline Solution

It is known that corrosive media can notably alter the integrity of materials used
in many applications. Corrosion resistance represents a property of the material and its
environment, and the observed major impact of corrosion attacks on metals and oxides [74],
resulting in material degradation, has led to the search for the best material to suit certain
environments. One method for improving the corrosion resistance of metals is to use
appropriate coatings that may act as efficient corrosion barriers. There are a series of factors
influencing the corrosion resistance of coatings obtained by CAE methods, such as chemical
characteristics, morphology, and porosity, which depend on deposition parameters [75].

The oxide layers formed on different materials in contact with body fluids (e.g., saline
solution) provide corrosion resistance. This tendency to change surface chemistry by
creating a more stable oxidized state, also known as materials’ nobility, can be analyzed by
measuring the open circuit potential (Epc) variation in time until attaining a stable value.
The open circuit potential evolution values recorded for 900 min of immersion in 0.1 M
NaCl and 6% H,O, are presented in Figure 5a and Table 2 for the uncoated and coated
substrates. The values define the electrochemical state of the material-corrosive liquid
interface at the end of sample immersion in the absence of any polarization.

For the SS substrate, a slight decrease of Egc was observed at the beginning of the
test, its evolution becoming stable after ~240 min and reaching a value of 80 mV, which
was the lowest value of all tested samples. The observed decrease may be associated with
instability of the passive layer formed after immersion in the corrosive solution, indicating
poor corrosion resistance [50]. The coated specimens exhibited an increasing tendency
towards stable values, except for SS/ZrSi(N,0)/ZrSiN, whose recorded curve was more
unstable in the first 500 min; this instability was attenuated by the end of the test, but
not entirely, and its average value exceeded the corresponding Epc values of the rest of
the coatings (see Table 2). Except for the unstable SS/ZrSi(N,O)/ZrSiN bilayer, the most
stable passive layers were formed when ZrSi(N,O) films were in direct contact with the
electrolyte: on SS/ZrSiN/ZrSi(N,O) and SS/ZrSi(N,O). This feature may be ascribed to
their pre-oxidized surface.
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Figure 5. Open circuit potential evolution in time (a) and Tafel plots of the investigated specimens (b).

Table 2. Corrosion parameters of the coatings: open circuit potential (Epc), polarization resis-
tance (Rp), corrosion potential (Ecorr), corrosion current density (icorr), porosity (P), and protective

efficiency (P,).
Sample Eoc (mV) Ry, (k) Ecorr (mV) (uliclocrlrnz) P Pe (%)
SS 80 5.129 99 3.724 - -
SS/ZrSiN 181 352.499 112 0.123 0.012 96.7
SS/ZrSi(N,0O) 194 801.225 138 0.029 0.005 99.2
SS/ZrSi(N,0)/ZrSiN 209 292.828 118 0.068 0.015 98.2
SS/ZrSiN/ZrSi(N,0) 202 941.083 161 0.026 0.004 99.3

The polarization resistance (Ry) id the resistance of a sample to oxidation during the
application of an external potential, and it is defined as the slope of the linear region of the
AE — Ai curve at corrosion potential (Ecyr) under £10 mV applied potential. It provides
an indication of a coating’s surface stability near the potential in open circuit (Eoc). Using
the cathodic and anodic slopes and the Stern-Geary equation [76], polarization resistance
could be calculated:

R, = 1 { bab. J 1)

iCOW’ bﬂ + bC

Compared to the SS substrate, all coated specimens exhibited higher R, values. The
best performance was observed for the SS/ZrSiN/ZrSi(N,O) coating (R, = 941.083 k(2),
which was even higher than that of S5/ZrSi(N,0) (801.225 k(). This can be explained by
the blocking effect of the double-layer, which slowed down the electrolyte ingress through
the pores, since the ZrSiN/ZrSi(N,O) interface represented an effective corrosion barrier
that offered superior corrosion protection. It is known that in a multilayer geometry, the
interfaces act as corrosion barriers that also increase adhesion and tribological proper-
ties [77-79]. As such, the ordering of samples corrosion resistance related to the R, parameter
was: SS/ZrSiN/ZrSi(N,0) > SS/ZrSi(N,0) > SS/ZrSi(N,0)/ZrSiN > SS/ZrSiN > SS.

The corrosion potential (Ecorr) is the zero current electrochemical state of the Tafel
scanning interface. The corrosion current density (ico;r) indicates the corrosion intensity
at Tafel’s scanning corrosion potential (icorr = ignode — lcathode)- In our study, the corrosion
potential and the corrosion current density were estimated from the measured Tafel plots
(Figure 5b) and are presented in Table 2.

As expected, the substrate presented the smallest electropositive value for Eqor (99 mV)
and the highest ic, value (3.724 pA/ cm?) compared to the coated specimens. The same
“high Ecorr — low igor” correlation was observed for all coatings in the following order:
SS/ZrSiN/ZrSi(N,0) >SS/ ZrSi(N,0) > SS/ZrSi(N,0)/ ZrSiN > SS/ZrSiN > SS. As such,
there was a significant difference between the icorr measured for the bare and coated
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substrates, with the best corrosion resistance (ico;y = 0.26 A /cm?) being exhibited by
SS/ZrSiN/ZrSi(N,O) coating.
The coatings’ porosity (P) was calculated using the Elsener’s empirical equation [80]:

P <Rp substmte‘) 10"%:"”‘ )
Rp coating

This parameter represents the ratio of the area of all pores to the total exposed sur-
face [80], and a low value indicates the existence of fewer pores or defects acting as potential
locations for electrolyte ingress, which has a significant influence on long-term corrosion
resistance [50].

The outer passive layer of the coatings acts as a barrier against ion transfer, which
moderates the electrochemical reactions. The lowest P value (0.004) was exhibited by the
SS/ZrSiN/ZrSi(N,O) bilayer, closely followed by the monolayer oxynitride SS/ZrSi(N,0O)
(p = 0.005)—values significantly lower than the coatings with ZrSiN layer facing the cor-
rosive solution. The obtained values of porosity P were well-correlated to the values of
resistance polarization Ry, such as the highest Rp value corresponds to the lowest P value.

The coatings’ protective efficiency (Pe) was determined considering the ion corrosion
density values of the substrate (icorr_supstrate) and coating (icorr_coating) [81]:

Leorr_coating

P, = (1 - > 6)
Leorr_substrate

The highest value of the protection efficiency parameter (Pe = 99.3%) was also observed
for the SS/ZrSiN/ZrSi(N,O) coatings, closely followed by the SS/ZrSi(N,O) monolayer
(Pe = 99.2%), thus proving that the mixture of oxide and nitride phases observed in the
oxynitride acted as protective layer that further enhanced the blocking effect of the interface
and, therefore, the corrosion resistance barrier properties [65].

Because we used the same experimental conditions for corrosion tests for all investi-
gated samples, a compressive assessment of the corrosion behavior, considering the Eoc, Ry,
Ecorr, icorr, P, and P, parameters, could be obtained using the Kendall rank correlation [82].
Even if no Kendall coefficients were considered, one could observe that the uncoated
substrate presented the lowest corrosion resistance. Considering the primary corrosion
parameters that have major influence on the corrosion behavior of materials (Rp, Ecorr, and
icorr), Table 3 indicate the rank of the coatings: SS/ZrSiN/ZrSi(N,O) > SS/ZrSi(N,0) >
SS/ZxSi(N,0)/ZxSiN > SS/ZrSiN. This statement excludes the P and P, parameters, as
they were derived from the primary parameters (Equations (2) and (3)).

Table 3 presents the results for each coating labeled in the following way: for each
corrosion parameter, the best results are ordered from 1 to 4, with rank 1 representing the
best behavior and rank 4 representing the worst behavior. In the last column of Table 3, the
sum of the ranks (X,.nks) for each sample are presented; the highest corrosion performance
corresponds to the lowest >, Value.

Table 3. Ranks attributed to the coated samples according to 4 corrosion parameters.

Sample Rank (E,.) Rank (Ry) Rank (Ecorr) Rank (icopr) Rank (P) Rank (Pe) Y ranks
SS/ZrSiN 3 4 4 3 4 23
SS/ZxSi(N,0O) 3 2 2 2 2 13
SS/ZrSi(N,0)/ZrSiN 1 4 3 3 4 3 18
SS/ZrSiN/ZrSi(N,0O) 2 1 1 1 1 1 7
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3.4. Surface Morphology and Elemental Composition after Corrosion Tests

Figure 6 presents the SEM micrographs and corresponding elemental distributions.
Several corrosion products, distributed on the entire surface, were observed on the SS
surface (Figure 6a). According to the elemental composition of the samples after the
corrosive attack, presented in Figure 6, an important amount of oxygen was identified.
Presumably, Fe, Cr, and Ni oxides were formed on the surface as a result of electrolyte
immersion, concurrent with the high roughness resulting from the corrosion process.

On the other hand, the corroded coatings exhibited relatively low amounts of Fe
originating from the substrate (0.6-1.2 at.%) (Figure 7), indicating the substrate’s limited
exposure to electrolyte and, therefore, the superior corrosion resistance of the coatings.
The SEM micrographs indicate that only the SS/ZrSiN and SS/ZrSi(N,O)/ZrSiN coatings
had corrosion products on the surface, with their substrate also affected, as indicated
by the elemental distribution mapping (Figure 6f,j). Even though most of their surfaces
were undamaged, these coatings were not considered to be effective corrosion barriers.
These coatings had higher porosity than the other coatings, and this behavior was ascribed
to their high porosity (Pss,z:sin = 0.015 and Pss/z:siN,0)/zrsin = 0.012), which permitted
the migration of electrolytes through the pores and thus created areas of intensive cor-
rosion. The microdroplets formed in the initial stage of the deposition may have been
responsible for this type of corrosion mechanism. More shallow pits were observed on
the surface of SS/ZiSi(N,0), indicating that this coating was also affected by the corrosion
process; however, the corrosion measurements showed a relatively high protective effi-
ciency (Pe = 99.2%). Only SS/ZrSiN/ZrSi(N,O) exhibited a defect-free surface, concurrent
with its superior corrosion parameters (Table 2). The results were in good agreement with
data on the size distribution of microdroplets on the coatings surfaces, indicating that their
presence, number, and dimension had significant influence on the corrosion behavior of
the investigated coatings.

SS '
i
SastE (b)

B Fel cr Si & cu Nal
Mapping 1000 pm
MAG: 30x HV: 15kV WD: 8.6mm

HL MD8.6 x30 2mm

Figure 6. Cont.
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Figure 6. SEM micrographs and element distribution of all investigated specimens after the corrosion test. SEM im-
ages: SS (a), SS/ZrSiN (c), SS/ZrSi(N,O) (e), SS/ZrSi(N,O)/ZrSiN (g), and SS/ZrSiN/ZrSi(N,O) (i). EDS images: SS (b),
5S/ZrSiN (d), SS/ZrSi(N,O) (f), SS/ZrSi(N,O)/ ZrSiN (h), and SS/ZrSiN/ZrSi(N,O) ().
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Figure 7. The elemental composition of the investigated specimens after the corrosion tests.

3.5. Coating Roughness

Figure 8 presents the values of the roughness parameters (Ra—arithmetic average
deviation from the mean line; Rg—root mean square average of the profile heights over
the evaluation length; and Sk—skewness) measured before and after the corrosion resis-
tance tests. The coated surfaces presented similar values (higher than the one of the bare
substrate) before the corrosion measurements. This peculiarity could be explained by the
microdroplets that were visible on the surface (Figure 1).

Even if the bare, uncorroded substrates presented smooth surfaces (Ra: ~48 nm; Rq:
~60 nm), the corrosive attack produced very rough surfaces with significantly higher val-
ues of Ra and Rq by factors of around 22 and 29, respectively. On the contrary, after the
corrosion tests, the roughening of the coatings was less severe. After the corrosion mea-
surements, all coatings presented similar values of Ra and Rq, indicating that their surfaces
were almost undamaged after the corrosive attack in comparison to the bare substrate.

Considering the skewness value, it is known that a positive value of a surface subjected
to a corrosive attack confers better corrosion resistance [83]. When comparing the Sk values
of the samples before the corrosion test, one could see that the bare substrate with a null
averaged value of Sk before the corrosion test was most prone to corrosive attack, and the
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samples with the oxynitride top layers presented the best corrosion resistance. After the
corrosive attack, all samples presented positive Sk values. Due to the significant remains
of corrosion and oxidation products on the SS surface (Figure 7), the measured profile
presented the highest positive Sk value (3.36 & 1.6); this indicated the formation of an oxide
layer on its surface as a result of surface passivation, thus increasing its corrosion resistance.

Except for the uncoated substrate, all measured changes in the roughness parameters
after the corrosion test were minimal and statistically non-significant, meaning that only
few and shallow pits were created by the corrosive attack on the coated surfaces [84].
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Figure 8. Roughness parameters of the investigated specimens before and after corrosion measurements: Ra (a), Rq (b), and

Sk ().

Considering the values and the associated errors, except for the ZrSiN monolayer, all
the other coatings exhibited low values of Ra and Rq and high values of Sk before and after
the corrosion test.

4. Conclusions

ZxSi-based nitrides and oxynitrides as monolayer and bilayer structures were prepared
via reactive cathodic arc evaporation. The ZrSiN monolayer presented a structure consisting
of a mixture of a cubic structure specific to ZrN and amorphous SiNx phases. The structure
of the ZrSi(N,O) coating indicated the coexistence of cubic and tetragonal structures specific
to ZrSiN and ZrO;, respectively. The grain size and lattice parameter values calculated for
the monolayers indicated that Si and O addition promoted the formation of an interstitial
solid solution in which the new atoms were incorporated into the lattice interstitial sites.

Even if the roughness values of the as-deposited coatings were higher than that of
the bare substrate, after the corrosive attack in an H,O,-augmented saline solution, the SS
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substrate was the most depreciated and the coatings mostly retained their initial roughness
values. The skewness roughness parameter showed positive values after corrosion for all
the investigated systems, indicating the presence of many shallow pits on the corroded
substrate; however, the coatings exhibited less affected surfaces, as observed in the SEM
micrographs. Corrosion products accumulated on the substrate surface, leading to a
significant difference of roughness values before and after the corrosion attack.

The corrosion resistance ordering of the coatings using the Kendall rank correlation in-
dicated the following ranking: SS/ZrSiN/ZrSi(N,O) > SS/ZrSi(N,O) > SS/ZrSi(N,0) / ZrSiN
> 55/ZxSiN > SS. The coatings’ superior corrosion resistance against the corrosive solu-
tion with an oxynitride layer was ascribed to the presence of the mixture of nitride and
oxides in the oxynitrides. The SS/ZrSiN/ZrSi(N,O) bilayer exhibited the highest resis-
tance polarization Ry, the smallest ion current density i, the lowest porosity P, and
the highest protection efficiency P,, closely followed by the single oxynitride layer. The
superior corrosion resistance of SS/ZrSiN/ZrSi(N,O) was ascribed to its defect-free surface
and the blocking effect of the interfaces acting as a corrosion barrier to the electrolyte
ingress. All coated specimens improved the corrosion resistance of the SS substrate, and
the SS/ZrSiN/ZrSi(N,O) coating obtained via the reactive cathodic arc evaporation method
represents an efficient solution for the protection of metallic parts intended to be used
as biomaterials.
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