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Abstract: In this study, the corrosion resistance of titanium nitride (TiN), nitrogen titanium carbide
(TiCN) and titanium-diamond-like carbon (Ti-DLC) films deposited on 316L stainless steel (SS) were
compared via differences in the surface and section-cross morphologies, open circuit potential tests,
electrochemical impedance spectroscopy and potentiometric tests. The corrosion resistance of the
TiCN and Ti-DLC films significantly improved because of the titanium carbide (TiC) crystals that
obstruct the corrosive species penetrating the as-deposited film in the electrolyte atmosphere. TiN
exhibited the lowest corrosion resistance because of its low thickness and high volume of defects.
The Ti-DLC film showed the lowest corrosion current density (approximately 4.577 pA /cm?) and
thickness reduction (approximately 0.12 um) in different electrolytes, particularly those with high
Cl~ and H* concentrations, proving to be the most suitable corrosion protection material for 316L
SS substrates.

Keywords: dental brace; anticorrosive coating; electrochemical test; titanium-diamond-like carbon
film; titanium carbide cluster

1. Introduction

Dental braces are frequently used in the field of orthodontics because they arrange
misplaced teeth in their normal positions, leading to improved oral health [1-3]. Con-
ventionally used orthodontic appliances are mainly made of stainless steel (SS), which
has a favorable combination of mechanical properties, corrosion resistance and cost ef-
fectiveness [4]. However, stainless steel is susceptible to wear and corrosion in an oral
environment with changing pH values, high concentration of C1~ and other ions, such as
Na*t, K™ and F~ [5-8]. Friction or collision causes stress corrosion, which accelerates brace
failure and leads to the release of harmful nickel ions [9-11].

Anticorrosive coatings are often used to improve the corrosion resistance and wear
resistance of dental materials to resolve these issues. TiN coatings demonstrate a high
hardness, low coefficient of friction (COF), and high biocompatibility [12,13]. Liu et al.
found that the corrosion current densities of TiN-coated specimens were approximately
three orders of magnitude lower than those of uncoated specimens, indicating that TiN
could protect substrates [14]. In contrast, Kao et al. revealed that TiN did not increase the
anticorrosion ability of standard dental bracket because TiN-plated and non-TiN-plated
brackets released detectable ions into the test solution. These included Ni?*, Cr3* and
Fe3*, suggesting differences in the porosity of the coatings [15]. TiCN coatings have
attracted attention due to low internal stress, excellent tribological properties and non-
toxicity [16-18]. Numerous studies have shown that doping C in TiN has a double-sided
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effect [19-21]. Wang et al. reported that when the C content of TiCN is 2.05%, the charge
transfer resistance (R¢;) increases from 8.8 x 10° Q-cm? in TiN to 6.49 x 10 Q-cm? due to
formation of x-CNy, leading to a more stable electrochemical performance. When the C
content increases to 2.46%, o-C is formed, deteriorating the corrosion resistance of TiCN
in simulated body fluids [22]. With the increasing demand for comfortable and durable
dental braces, diamond-like carbon (DLC) films are extensively being used in protective
coatings for orthodontic materials. Ti-DLC films are formed through the co-deposition of
DLC and biocompatible Ti. This process not only enhances the mechanical properties of
the surface, such as hardness, toughness and tribological performance, but also improves
its corrosion resistance, particularly stress corrosion resistance [23-26].

The tribological performances of 316L SS substrates coated with TiN, TiCN, and Ti-
DLC films were compared in our previous studies. The Ti-DLC film showed the lowest COF
because the surface contains sp?>~ carbon (graphite-like carbon) that has a self-lubricating
effect [27]. In addition, the Ti-DLC coatings demonstrated excellent corrosion resistance
and electrochemical stability. Zhang et al. reported that Ti-DLC has a higher corrosion
potential and lower corrosion current than those of the SS substrate, indicating its superior
ability to protect the substrate [28]. Konkhunthot et al. also reported that the corrosion
current was reduced by two orders of magnitude owing to formation of a Ti-DLC film
on 304 SS [29]. More recently, Wongpanya et al. incorporated and interlayered Ti into
Ti-DLC film, finding that the double-interlayer enhanced pitting corrosion resistance of
the film [30]. Zhou et al. reported that excessive TiC acted as defect points in DLC films
and weakened the corrosion resistances of the film. They observed a higher corrosion
current density and a lower corrosion potential in Ti-DLC films with Ti contents of 5.31 at.%
compared with 0.46 at.% [31].

The Ti-DLC film in our previous work had a modest hardness, the lowest roughness
and COF; however, electrochemical corrosion tests were not performed. Studies comparing
the corrosion mechanism of TiN, TiCN and Ti-DLC coatings under artificial saliva condition
are rare, particularly with fluctuating pH value and CI™ concentrations. In this study, 316L
SS substrates coated with TiN, TiCN and Ti-DLC were prepared by multi-arc ion plating.
Open circuit potential (OCP) tests, electrochemical impedance spectroscopy (EIS) observa-
tions, potentiometric polarization measurements, and corrosion morphology tests were
conducted in artificial saliva and electrolyte with different pH and CI~ concentrations, and
the film showing the best anticorrosion performance was identified. This study provides
an experimental and theoretical basis for the production, application and improvement of
orthodontic braces in future.

2. Experiment

The 316L stainless steel plates (approximate size of 15 x 15 x 2 mm?) were sanded
and polished using sandpaper (#200—#2000) prior to deposition. These polished surfaces
were ultrasonically cleaned in ethanol for 10 min and deionized water for 5 min, to remove
residual liquid. TiN, TiCN and Ti-DLC films were deposited on the surface of these plates
via multi-arc ion plating. The details of the materials and parameters of coating processes
are obtained from our previous studies [27].

The surface morphologies and thickness of the films after the electrochemical tests
were observed using field-emission scanning electron microscopy (FEI Nova NanoSEM230,
Chicago, IL, USA).

The electrochemical properties of the samples were characterized using CH660e
electrochemical workstation (ChenHua, Shanghai, China). The traditional three-electrode
cell system was used to examine the electrochemical behavior of the samples; a 2.25 cm?
area of the sample was exposed as the working electrode; an Ag/AgCl electrode acted
as the reference electrode, and a titanium slice was used as the counter electrode. The
samples were immersed in an artificial saliva solution for 4000 s to evaluate the OCP at
37 °C. During EIS, the measurement frequency was swept from 1072 to 10° Hz, and a
sinusoidal disturbance voltage of 10 mV was applied. The EIS data were imported into
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ZSimpWin software for further fitting and analysis of the corresponding equivalent circuit
(EC). The scanning potential ranged from —1.5V vs. Ag/AgClto 1.5V vs. Ag/AgCl at
a scanning rate of 2 mV /s was used for obtaining the potentiometric polarization curves.
The corrosion current density of the samples was estimated from the polarization curves
using the Tafel extrapolation fitting method. Inhibition efficiencies (IE, ) were calculated
by fitted corrosion current densities (Icorr) based on the following equation:

I
n(%) = (1— 5) x 100%
corr

where I.orr and IQOH are current densities of treated and naked steel, respectively.

The EIS and potentiometric polarization measurements were performed in the artificial
saliva solution, those contents were determined according to the standard of the corrosion
resistance examination of SS and NiTi orthodontic wires [32], as illustrated in Table 1. The
pH of the artificial saliva solution was approximately 6.8.

Table 1. Ingredients of the artificial saliva solution.

Ingredient NaCl KCl1 CaCl, K,POy KSCN CH4N,O
Content (mg/L) 400 400 795 690 300 1000

To evaluate the effects of pH values and Cl~ concentrations on the corrosion resistance,
potentiometric polarization curve tests were performed in solutions with different NaCl,
citric acid (H3Cit) and potassium citrate (K3Cit) concentrations, as given in Table 2. The
method of operation is already described.

Table 2. Electrolyte concentrations in 1 L electrolyte solutions used for electrochemical measurements.

Concentration (g/L) (0.9%, 6.6) (0.9%, 3) (3%, 6.6) (3%, 3)
NaCl (mL) 9 9 30 30
0.1 M H3Cit (mL) 5.6 744 5.6 74.4
0.1 M K3Cit (mL) 74.4 5.6 74.4 5.6

For easy understanding, the notation (X%, Y) is used to represent the electrolyte solution with an NaCl concentra-
tion of X% and a pH value of Y.

Before conducting the electrochemical tests, the samples were immersed in artifi-
cial saliva for 24 h, to ensure that their surfaces were completely passivated. All the
electrochemical tests were repeated at least thrice, and showed roughly the same values
and trends.

3. Results and Discussion
3.1. Surface Morphologies and Composition Analysis

Our previous study [27] showed the as-prepared surfaces of 316L SS substrate was
smooth, and the surface of TiN had some particles and pinholes. Moreover, TiCN and
Ti-DLC had many nanocrystal clusters after physical vapor deposition (PVD). According to
the XRD data, these clusters were the TiC which was generated by the reaction of Ti and C
during deposition. Additionally, the thicknesses of the TiN, TiCN, and Ti-DLC films were
2.05, 4.10 and 4.48 um, respectively. The Ti-DLC was found to exhibit the best adhesion
and anti-wear properties.

Figure 1 demonstrates the surface morphologies of the 316L SS substrate and three
films after the electrochemical tests in artificial saliva. The substrate surface is generally
smooth, and only the diameter of the holes has increased, owing to the low-degree erosion
of SS in a relatively mild saliva environment. Furthermore, the surfaces of all three films
have nanocrystal clusters and pinholes. This because the TiC particles exist in the TICN
and Ti-DLC films, functioning as seeds and gradually growing into cluster defects during
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deposition. In TiN samples, particles and pinholes are common growth defects resulting
from deposition, which are always generated in the bulges and cavities on the substrate [33].
However, the number of particles of the TiN surface are far more than those of TiCN and
Ti-DLC films after polarization tests in artificial saliva. This phenomenon is mainly because
of the superior electrochemical stability of TiN clusters compared with those of TiC on
Ti-DLC films; thus, TiC preferably dissolves in artificial saliva [34].

(a) S8 TiN
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Figure 1. Surface morphologies of four samples after polarization tests in artificial saliva. (a) 316L SS,
1000x; (b) TiN, 1000x; (c) TICN, 1000 x; (d) Ti-DLC, 1000x; (e) TiCN, 5000 x;; (f) Ti-DLC, 20,000 x.

3.2. OCP Test

Figure 2 displays the OCP variation curves of the four samples in artificial saliva at
37 °C within 4000 s. According to the standard test method for measuring potentiodynamic
polarization resistance, the basic stabilization value of OCP can be used as valid data after
55 min. The 316L SS substrate shows the most negative OCP (—0.156 V). In contrast, the
three films have higher potentials, indicating that all the films can significantly enhance
the corrosion resistance stability of 316L SS substrate. Among them, TiCN possess the
most positive electrode potential (0.092 V) and highest stability. Moreover, the Ti-DLC
film shows a slight negative deviation in the OCP value, indicating the inferior chemical
stability of the coating. This phenomenon results in a dense surface structure and relatively
high thickness of the TiCN film, yielding excellent electrochemical stability. Although
Ti-DLC has the highest thickness, it contains many clusters that could have dissolved in the
artificial saliva, leading to a negative deviation in the OCP value. The TiN film has a lower
potential and larger fluctuation than other films. Its inferior chemical stability is because of
its low thickness and several defects.
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Figure 2. OCP of four samples in artificial saliva at 37 °C.

3.3. EIS Results

To evaluate the corrosion protection properties of the films, EIS measurements were
carried out in artificial saliva at 37 °C. The Nyquist (including the locally amplified inner
graphic) and Bode plots of the samples are shown in Figure 3a,b, respectively. The diam-
eter of the capacitive loop in the Nyquist plots corresponds to the corrosion resistance.
Figure 3a demonstrates that the corrosion resistances of the SS substrate, TiCN, Ti-DLC
and TiN film decrease successively. The same order is found for the “log Z” values in
Figure 3b. According to Zhang's research, the impedance modulus at the lowest frequency
(Z¢ = 0.01 Hz) is another parameter in the Bode plot for evaluating the corrosion protection
capability of the films; a greater impedance suggests a better corrosion resistance [35].

In addition, the “phase angle” of the Bode plot and the locally amplified graphic
of 10-10k Hz are illustrated in Figure 3c,d. As shown in Figure 3c, the order of the
sample corrosion resistance (Figure 3c) was consistent with the Nyquist plots, owing to the
improvement of the passive film, that increased the phase angle [36]. Figure 3¢ and d show
the 316L SS has only one plateau region and all the films have two; this indicates that the
EC of the 316L SS has one time constant, but the three films have two.

Considering a passive film formed on the 316L SS surface and electrochemical reac-
tions took place at the metal/film interface, the best fitting EC simulated from the EIS
results using the ZSimpWin software, is illustrated in Figure 4. Additionally, the parameters
are listed in Table 3; the chi-squared (X?) value in the order of 1073 to 10~ indicating the
good fit has been obtained with the suggested EC models [37]. This method has been used
to fit titanium alloys and metal-DLC films in many studies [22,38,39]. In the circuits (a), the
Rs, Ry and R, represented the solution resistance, porous layer resistance, and the dense
layer resistance, respectively. In the circuits (b), the Rs, R and Rt represented the solution
resistance, film resistance and the charge transfer resistance, respectively. The C; and Cp
were the surface layer capacitance and inner layer capacitance; additionally, Cy4; represented
the double-layer capacitance. In Figure 4a, R, is 25,320 Q)-cm? indicates that the oxide layer
produced via the self-passivation of the SS substrate can effectively improve its corrosion
resistance. In Figure 4b, the maximum R¢ (637.8 Q-cm?) was observed in TiCN, indicating
its excellent corrosion resistance. R of Ti-DLC and TiN are 329.1 Q-cm? and 154.9 Q-cm?,
respectively. It worth noting that Rt of TiCN is similar to that of Ti-DLC, implying that the
charge transfer at both these substrate interfaces is effectively prevented, thus contributing
to their high corrosion resistance. This enhancement in corrosion resistance may be related
to the dense surface structure and relatively high thickness of TiCN. Furthermore, Ti-DLC
has the highest thickness, but contains many clusters that dissolved into the artificial saliva;
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thus, its R¢ value is smaller than TiCN. Moreover, the main reason for the poor corrosion
resistance of the TiN film is its low thickness and high volume of defects.
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Figure 3. Nyquist and Bode plots of the four samples in artificial saliva. (a) Nyquist plots of the
four samples; (b) Bode plots of the four samples; (c) Phase angle of bode plots; insertion (d) locally
amplified graphic of phase angle.
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Figure 4. ECs of bare SS (a) and film-coated SS (b) used for fitting the impedance data.
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Table 3. Thicknesses and EC results of 316L SS substrate, TiN, TiCN and, Ti-DLC films.
Sample Rq R1/Rf RZ/Rct C1 CZ/Cdl Chi-Squared
p (Q-cm?) (Q-cm?) (Q-cm?) (F/em?) (F/cm?) (X2)

SS 17.85 218.3 25,320 1.297 x 10~* 1.775 x 104 23 x 1073

TiN 17.82 154.9 2230 9.884 x 1074 3.251 x 1073 7.2 x 1074
TiCN 21.16 637.8 11,760 1.404 x 10~% 3.959 x 104 45 %1073
Ti-DLC 20.22 329.1 10,250 1.574 x 10~4 3.240 x 1074 53 x 1074

3.4. Potentiometric Test

The Tafel polarization curves of the four samples immersed in artificial saliva are
demonstrated in Figure 5a. A pronounced anodic peak emerged within the potential range
from 0.592 to 0.618 V vs. Ag/AgCl and 0.185 to 0.223 V vs. Ag/AgCl, for 316L SS and
TiN, respectively. The anodic peak was attributed to the film erosion in artificial saliva
because the corrosive mediums can penetrate defects and microcracks of the film [40]. For
Ti-DLC, it possessed a smooth anodic curve and a negative passive region, suggesting the
less corrosion [26]. Normally, a low corrosion current density (I.orr) implies high corrosion-
protection performance distinctly [37]. The I.orr was calculated using Tafel extrapolation
and is summarized in Figure 5b. The Ti-DLC film possesses the lowest I in artificial
saliva, indicating the best corrosion resistance. This result is consistent with the polarization
curve in Figure 5a. Its Iqorr is considerably lower than that of the TiCN film, due to its
ultrahigh thickness and that its surface clusters have already dissolved already. Wang et al.
also reported an increase in electrochemical stability after the surface clusters dissolved [22].
They found that the TiCN coating with many clusters on the surface showed poor stability
during the EIS test. With the dissolution of its surface clusters, a smoother surface was
formed, leading to better corrosion resistance in subsequent potentiometric tests. The
Ieorr of Ti-DLC is higher than other similar DLC coatings, which may be due to the larger
surface roughness (10.4 nm) than the others (approximately 4.2 nm) in this study. Other
studies have shown large surface roughness weakens the corrosion resistance [28,31]. In
addition to film thickness and roughness, the corrosion resistance may be affected by the
degree of crystallization and grain size. These parameters can be controlled by the substrate
temperature, deposition speed, external electric field, gas flow rate, and pressure. This
could be the focus of a future study. The polarization curve for TiN shows a passive region
in a narrower potential range and the highest I.o;r, demonstrating the formation of an
inferior stable passive layer compared with those of the other films.
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Figure 5. Polarization plots and corrosion current densities of the four samples in artificial saliva.
(a) Polarization plots of the four samples; (b) corrosion current densities of the four samples.

The electrochemical behaviors of the samples in different electrolyte systems were
analyzed to evaluate the effects of the oral microenvironment on corrosion resistance,
and the data are presented in Figure 6. The performance of 316L SS is different from
that discussed in Section 3.3. The polarization curves of the 316L SS shift toward a more
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positive region with increases in the C1~ or H* concentrations. In addition, its Icorr increased
significantly, suggesting that the corrosion resistance of 316L SS was significantly affected
by the changes in the electrolyte systems. This is because 316L SS contains corrosion-
resistant elements, namely Cr and Ni, capable of forming a dense oxide film on the surface
of the material [41]; thus, the best corrosion resistance was obtained from the EIS results.
However, at high concentrations of C1~, the C1~ were preferentially adsorbed onto 316L SS
surface because of their affinity to metals. The locally adsorbed CI~ ions led to enhanced
dissolution of the passive layer at these sites, thinning of the passive layer and eventually
active dissolution. Further, the chemical activity of the H* cations significantly accelerated
this process [42]. Figure 5e shows, the TiN films are insensitive to changes in pH. However,
as the concentration of Cl~ increased from 0.9% to 3%, I.orr increased from 10.588 to
37.51 pA/cm?. According to Liu, during the dissolution of TiN, the H* ions are neutralized
by the N ions released from the TiN, transforming into NH,* [43]. However, in a C1™-rich
atmosphere, the TiN could not prevent Cl~ from penetrating the film completely because of
its low thickness and imperfections. Once the corrosive ions penetrate the coating through
these small channels, a galvanic effect is formed at the interface between the coating and
substrate, which accelerates the corrosion rate because of the difference in composition.
Thus, Ieorr of TiN is considerably higher than that of the 316L SS substrate in the (3%, 3)
electrolyte [44]. The protection mechanism of the TiN film is illustrated in Figure 7a.

The TiCN and Ti-DLC films exhibited excellent electrochemical stability in different
electrolytes. The main reason for this phenomenon is that the TiC crystals can obstruct
the path of the corrosive species penetrating the as-deposited film. The corrosive medium
hardly contacted the 316L SS substrate. Hence, the corrosion resistance of the bracket is
improved [44,45]. However, note that L.y of TICN in the (3%, 6.6) electrolyte is significantly
higher than that in other concentrations. A possible reason is that the thickness of the
TiCN film is lower than that of the Ti-DLC film; This means several C1~ and H* can easily
penetrate the film/sublayer interface to react with the substrate. For Ti-DLC, the corrosion
current increases slightly at concentrations of high CI~ and H* ions, owing to its ultrahigh
thickness and self-passivation effect on the electrolyte. Further corrosion can be prevented,
thereby protecting the 316L SS substrate. The corrosion-resistant mechanism of the Ti-DLC
film is shown in Figure 7b. All parameters of the four samples calculated using Tafel
extrapolation are summarized in Table 4.

Table 4. All parameters of four sample calculated using Tafel extrapolation.

Electrolyte Sample Ecorr (V) Icorr (A) Ba (dec) Ba (dec) 1n (%)
SS —0.7936 1.05 x 10~ 690 —134 -
artificial TiN —0.7508 0.83 x 10~° 106 —167 20.95
TiCN —0.7342 0.68 x 10~° 225 —108 35.24
Ti-DLC —0.7292 044 x 107° 750 —225 58.09
SS —0.7806 091 x 10~° 125 —171 -
0.9%, 6.6 TiN —0.643 0.71 x 1075 225 667 21.98
TiCN —0.8038 0.55 x 10~ 208 -113 39.56
Ti-DLC —0.425 0.28 x 107° 667 —417 69.23
SS —0.6544 2.61 x 107> 125 —225 -
0.9%, 3 TiN —0.4787 1.06 x 1072 75 —105 59.39
TiCN —0.4528 0.98 x 1075 334 —149 62.45
Ti-DLC —0.4088 0.46 x 107° 183 —417 82.24
SS —0.7711 292 x 1073 746 291 -
3%, 3 TiN —0.727 341 x 1075 91 —646 -
TiCN —0.5396 2.06 x 107° 159 —158 29.45
Ti-DLC —0.4571 0.61 x 107° 747 —118 79.11
SS —0.86 1.96 x 1075 167 -91 -
3%, 6.6 TiN —0.8815 3.76 x 107° 375 201 -
TiCN —0.5373 154 x 105 146 —267 21.43

Ti-DLC —-0.4118 0.46 x 107° 167 -133 76.53
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3.5. Surface Morphologies and Thickness of Sample after Electrochemical Tests

The above findings are consistent with the surface morphologies of the 316L SS
substrate and three films after the electrochemical tests, as shown in Figure 8. The pore
size of the 316L SS substrate surface significantly increases after electrochemical tests,
particularly in the electrolyte system with high C1~ and H* concentrations. Additionally,
TiN and TiCN show fewer holes at low CI1~ concentrations. Simultaneously at high CI~ and
H™ concentrations, noticeable pitting occurred on the TiN surface, and the TiCN surface
became uneven. The surface of Ti-DLC was relatively smooth and complete, indicating
that the Ti-DLC film could effectively reduce the corrosion tendency of 316L SS under
various conditions.

(0.9%, 6.6) (0.9%, 3) (3%, 6.6) (3%, 3)

SS
50 pm
TiN
50 pm 50 pm 50 pm

TiCN

50 pm 50 pm

Ti-DLC

50 pm

Figure 8. Surface morphologies of the four samples after electrochemical tests in different electrolytes.

Figure 9 demonstrates the cross-section morphologies of the three films after the
electrochemical tests. The thicknesses of all films decrease by different amounts after the
electrochemical tests. The thicknesses of TiN, TiCN and Ti-DLC reduce from 2.05, 4.10 and
4.48 um to 1.69, 3.92 and 4.36 pum, respectively. In case of TiCN and Ti-DLC films, their
thicknesses reduced by 0.18 and 0.12 um, indicating that the corrosion level of Ti-DLC is
lower. The thickness of the TiN film reduced by 0.36 um, proving that it has the worst
corrosion resistance.
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Figure 9. Cross-section morphologies of the three films after electrochemical tests. (a) TiN; (b) TiCN;
(c) Ti-DLC.

4. Conclusions

In summary, we compared the corrosion mechanisms of TiN, TiCN and Ti-DLC
coatings on 316L SS substrates to identify the best corrosion protection coating for dental
braces. The main findings of the study are as follows:

(1) In the initial stage of an electrochemical tests, the stability of TiCN and Ti-DLC
is inferior to 316L SS because the clusters on their surface dissolve preferentially in the
artificial saliva.

(2) After the EIS tests, the clusters on TiCN and Ti-DLC film dissolved and a smooth
surface was obtained. The potentiometric test results showed that the Ti-DLC film exhibited
the most stable electrochemical properties, regardless of the presence of artificial saliva or
electrolytes with different C1~ and H* concentrations. The excellent corrosion resistance
of the Ti-DLC coating resulted from the TiC crystals obstructing the path of the corrosive
species penetrating the as-deposited film.

(3) After the electrochemical tests, Ti-DLC had the smallest thickness reduction, im-
plying that it had good chemical stability and a self-passivation effect in the electrolyte.
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