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Abstract: Stainless steels (SS) are the most-used alloys for manufacturing fixed orthodontic appliances
due to their attractive set of mechanical properties, biocompatibility, and high corrosion resistance.
Nevertheless, during regular orthodontic treatments—taking at least around 2 years—the intraoral
environment inevitably degrades these bioalloys, releasing metallic ions into the oral cavity. In the
first part of this in vitro study, the corrosion resistance of commercial SS appliances (brackets, tubes,
and bands) was evaluated in Fusayama-Meyer artificial saliva at pH values of 2.3 and 6.8 over the
course of 30 days. As expected, the results corroborated that salivary pH highly influences corrosion
behaviour. Released Ni, Cr, and Fe were within dietary intake values. In the second part, a novel
approach for oral corrosion prevention based on the chemical inertness of DLC materials is presented.
SS surfaces were functionalized with biocompatible a-C:H-sputtered coatings and submitted to the
same experimental conditions. The anticorrosion ability of this system was demonstrated, preventing
the pitting corrosion that occurred on the SS substrates. Despite the galvanic coupling effect due
to the presence of the Cr-based interlayer, this study enhanced the potential use of the reactive
sputter-deposited a-C:H coatings in orthodontics.

Keywords: DLC coatings; stainless steel; corrosion; orthodontics

1. Introduction
The European Union (EU) forbids the use of Nickel (Ni) [1]:

(a) «in any post-assemblies which are inserted into pierced ears and other pierced parts
of the human body unless the rate of nickel release from such post-assemblies is less
than 0.2 pg/cm? /week (migration limit)»;

(b) «in articles intended to come into direct and prolonged contact with the skin (... )
if the rate of nickel release from the parts of these articles coming into direct and
prolonged contact with the skin is greater than 0.5 pg/cm?/week»;

(c) «in articles referred to in point (b) where these have a non-nickel coating unless
such coating is sufficient to ensure that the rate of nickel release from those parts of
such articles coming into direct and prolonged contact with the skin will not exceed
0.5 ng/cm? /week for a period of at least two years of normal use of the article».

However, metallic biomedical alloys lie outside this EU regulation regarding this matter.

In contemporary orthodontics, malocclusions are usually treated with fixed orthodon-
tic appliances, which are systems composed of brackets, archwires, tubes and /or bands
tightened by ligatures and bonded to the teeth with adhesives or resins [2,3]. Since a
regular orthodontic treatment takes at least around 2 years [4], the biocompatibility of the
materials employed is of utmost importance.

Coatings 2021, 11, 1302. https:/ /doi.org/10.3390/ coatings11111302

https://www.mdpi.com/journal/coatings


https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-5251-5506
https://orcid.org/0000-0002-8142-0650
https://doi.org/10.3390/coatings11111302
https://doi.org/10.3390/coatings11111302
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11111302
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11111302?type=check_update&version=1

Coatings 2021, 11, 1302

20f19

Biometallic alloys, such as Nitinol (NiTi) and stainless steels (SS), are preferred over
other classes of materials to manufacture fixed orthodontic appliances due to their wide
range of properties, including superior in vivo mechanical behaviour [3]. However, the
oral cavity is a dynamic and complex system where metallic ion release inevitably occurs
due to multiple changing variables: chemical composition, temperature and pH, different
diets, oral flora and its byproducts, oral hygiene, and health and psychosomatic conditions
of each individual [5-11]. Corrosion with metallic species release is the end result. Im-
portant consequences of this deleterious oral reaction include discoloration of the enamel,
hypersensitivity, inflammatory reactions, and toxicity effects [5,7,12,13].

Some released metallic species are toxic and/or can induce allergic reactions [5,7,14].
Among them, Ni stands out: (i) The International Agency for Research on Cancer (IARC)
classifies Ni?* and all its compounds as carcinogenic or potentially carcinogenic to hu-
mans [12]; (ii) Ni is a strong immunologic sensitizer, capable of triggering cytotoxic and
mutagenic effects [14,15]; (iii) Ni?* can affect cellular functions, inducing apoptosis and
modifying gene expression [14,15].

Reported intra- to extraoral and subtle to severe symptoms of allergy to Ni-containing
orthodontic components include a burning sensation, generalized urticaria, and widespread
eczema [7,16-18]. While, in general, the impact of Ni-related allergies in orthodontics seems
low and non-consensual [5-7], Ni allergies may easily be underdiagnosed [6,18].

Despite concerns, Ni-containing alloys are still used, since metal-free alternative
solutions still face multiple concerns that undermine clinicians” acceptance [2,3,19]. Surface
engineering provides two options to enhance the properties of metallic surfaces: surface
modification or coating deposition [20]. Aspiring to a safe future, the second alternative
was chosen in this study.

Amorphous carbon films, also termed diamond-like carbon (DLC) films [21], are
extensively used and/or studied as protective coatings for several industrial applica-
tions [22], including to prevent tribocorrosion of metallic parts [23]. These coatings are
clearly attractive for biomedical applications due to their excellent biocompatibility [24].
The hydrogenated forms of amorphous carbon, a-C:H, constitute a major group of DLC ma-
terials with H contents up to 60 at.% [25]. Together with H content, the sp?/sp® C-C bond
ratio rules the final properties of DLCs [21], which can be further tuned by doping [23]. One
of the major disadvantages of DLC coatings is the low long-term adhesion to substrates [26],
which can be improved by depositing a metallic-based interlayer between the substrate
and the C-based coating [23,27]. To the authors” knowledge, little research has been carried
out in orthodontics when compared to other medical fields (e.g., orthopaedics [26,27]),
despite encouraging results already published [28-30].

In a previous research work, the authors discussed the reactive CHy flow effect
on the microstructure, hardness, and biological behavior of sputtered, deposited a-C:H
coatings. The cell viability of the a-C:H/AISI 316L system was confirmed using two
types of cells: macrophages and fibroblasts, either in mono or coculture with extracts,
for estimated H contents in the range of 28-40 at.%. The highest biocompatibility was
found for coatings with the lowest H content [31]. Following this important result, the
present study addresses the synthesis of the a-C:H coatings with lower H content, by
sputtering, on SS substrates with higher Ni nominal content (AISI 310). The goal for the
work persists: to functionalize the surface against metallic diffusion into the oral cavity
without compromising biocompatibility and the SS bulk properties.

In the first part of this in vitro study, the corrosion behaviour of commercially available
brackets, tubes, and bands was assessed in Fusayama-Meyer artificial saliva for 30 days.
Two pH values were selected: one close to the oral physiological value (pH = 6.8) and
the other according to ISO 10271:2001 (pH = 2.3) [32] The second part regards a-C:H
films deposited by reactive magnetron sputtering—a clean, highly versatile, and low-cost
technology—to improve surface properties of SS alloys. The previously cited experimental
conditions were also used to simulate the oral conditions in vitro [31].
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2. Materials and Methods
2.1. Materials
2.1.1. Orthodontic Components

Typical commercially available Ni-containing components of orthodontic appliances
were used in this study (Figure 1), whose characteristics are summarized in Table 1. Table 1
also includes the nominal composition of the AISI 310 substrates used for coating depo-
sition, which were selected due to their exceptionally higher Ni content (>20 wt.%) in
comparison to conventional orthodontic SS grades.

STt
M ag &

Figure 1. Representative orthodontic components used in this study: (a) brackets, (b) tubes, and
(c) band (with attached tube). The resin-covered bases of a bracket and a tube are highlighted (*).

Table 1. Nominal chemical composition of the commercially available SS components of fixed
orthodontic appliances and AISI310 substrates.

Composition (wt.%)

Component Grade
Ni Cr C Mn Si Cu Fe
Brackets ! AISI303 8-10 17-19 <0.15 <2 <1 - Balance
Tubes 2 AISI630 3-5 15-18  <0.07 <2 <1 3-5 Balance
Bands ! AISI305 11-13  17-19 <0.12 <2 <1 - Balance
Substrates for coatings ~ AISI310 1922 24-26 <0.25 <2 <15 - Balance

Suppliers: 1 Ormco™, Orange, CA, USA; 2 Morelli™, Sorocaba, SP, Brazil.

2.1.2. a-C:H Coatings

Hydrogenated amorphous carbon coatings, a-C:H, were synthetized by reactive mag-
netron sputtering (Teer Coating equipment, TEER Coating Ltd., Worcestershire, UK) in
the direct-current (dc) discharge regime, with two C and one Cr target (purity > 99.9%).
The SS316L surface preparation followed the “traditional” approach for coating deposition:
samples were grinded with SiC sandpaper (P500 to P2000) and mirror-polished with 3 pm
diamond suspension. All samples were ultrasonically cleaned in an acetone/alcohol bath
and dried by hot airflow. Preceding the external a-C:H layer deposition, substrates were
sputter-etched with Ar+ bombardment for 30 min to remove surface impurities, followed
by a Cr-based buffer layer formation of ~300 nm (Cr and C targets power of 2000 and 50 W,
respectively) to improve adhesion of the coatings to the metallic substrates. The deposition
parameters were maintained constantly: total working gas pressure of 0.6 Pa, Ar flow of
46 sccm, CHy flow of 5 sccm, negative substrate bias of —50 V, 2 graphite targets (99.9%
purity) with a constant power of 1750 W. The deposition time was selected to achieve a
total coating thickness close to 1 um [31,33]. To facilitate reading, coated and uncoated
AISI310 samples will be termed as a-C:5H and SS310, respectively.

2.2. Corrosion Tests

Corrosion tests were performed in an immersion solution of Fusayama-Meyer artificial
saliva (Table 2), following ISO 10271: Dental metallic materials—Corrosion Test methods [32]
and other research works [31,33,34]. For the SS310 samples and a-C:5H coatings, a ratio of
1 cm? of sample surface area per 10 mL of solution was used, while for the fixed orthodontic
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components (10 brackets, 2 bands and 6 tubes), a ratio of 0.02 mg per 1 mL of saliva was
chosen. Two pH solution values were selected: 6.8 and 2.3. Before the tests, the base of the
brackets and tubes were covered with commonly used orthodontic resin (Transbond™,
3M™, St. Paul, MN, USA) (see Figure 1) to inhibit corrosion from those surfaces, similar to
the real oral use. After immersion, samples were ultrasonically cleaned in alcohol and air
dried prior to characterization.

Table 2. Chemical composition of the Fusayama-Meyer artificial saliva.

Concentration [g/L]

NaCl KCl CaClz'ZHzo NaH2P04 NaZS~9H20 CO (NH2)2 HCl (1M)
0.4 0.4 0.795 0.78 0.005 1 until pH 6.8 or 2.3

2.3. Characterization Procedure

Quantitative analysis of Ni, Cr, and Fe released into the artificial saliva was performed
in duplicate by inductively coupled plasma-optical emission spectroscopy (ICP-OES) in a
PerkinElmer-Optima 8000 series spectrometer (PerkinElemer, Inc., Waltham, MA, USA).
All solutions were previously acidified by adding 1 mL of HNOj3 (65%) per 5 mL of saliva
and diluted twice to reach a final volume of 10 mL. The ICP detection limits were 5 nug/L
for Ni and 10 ug/L for Cr and Fe. The average metal-release rates (ug per day and per g)
were estimated. 55310 samples were used as reference for the a-C:5H coatings.

The surface and cross-section morphologies were observed by high-resolution scanning
electron microscopy (SEM-ZEISS Merlin Compact/VP Compact, Oberkochen, Germany).
Both chemical composition and elemental distribution maps were obtained through energy-
dispersive spectroscopy (EDS-coupled Oxford X-Max Instruments to the SEM system,
Oxford Instruments, Oxford, UK).

Structural and chemical bonding were studied through visible Raman spectroscopy
(LabRAM HR Evolution, Horiba, 532 nm wavelength, Kyoto, Japan). Raman spectra
were deconvoluted in the D and G bands by using a Gaussian-type fitting [21,35]. An
additional band at ~1250 cm~! was considered to obtain proper fittings [35-37]. The C-C
sp? hybridization fraction was calculated using Equation (1),

% sp® = [0.24 — 48.9 (wg — 0.1580)] x 100, @)

where wg is the position of the G peak in the inverse of micrometer unit (um~1) [38].
Phase composition of the coatings was characterized by Fourier-transform infrared
spectroscopy (FTIR) in the attenuated total reflection (ATR) mode (Smart Orbit, Nicolet 380,
Thermo Fisher Scientific, Waltham, MA, USA). Normalized absorbance spectra of coatings
are presented, summarizing at least 3 measurements per sample. The FTIR spectra were
deconvoluted in 9 Gaussian-type bands corresponding to the known vibrational frequencies
of a-C:H in the infrared absorption range of 2800-3100 cm ! [21]. Note that a possible band
at 3300 cm ™!, for C-H bonds with the sp! carbon configuration [21], was absent; therefore,
spectra were analysed at around 3100 cm~! and include all sp?- and sp>-C hybridization
assignments of C-H bonds. The sp?/sp? ratio was estimated by applying Equation (2) to
all peak areas,
Sp3 _ As+ Ag+ Ay + Ag + Ag
SPZ_ A1+ Ar+ Az + Ay

The average surface roughness (Ra) was measured by atomic force microscopy (AFM-
Veeco Dilnnova, Barcelona, Spain) running in intermittent mode (vibration frequency of 11
to 19 kHz) on a 2 x 2 um? area. An OCA contact angle measuring system (DataPhysics
Instruments GmbH, Filderstadt, Germany) was used to assess the static contact angles,
applying distilled water (at least three measurements per sample).

Mechanical properties were evaluated by depth-sensing indentation (DSI), using a
Berkovich indenter (MicroMaterials NanoTest platform, Wrexham, UK). Nanohardness

2
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Release rate [pg/g.day]

values were obtained from an average of 20 indentations performed under a nominal load
of 5 mN, with a maximum indentation depth below 10% of the coatings’ thickness. The
H content of the a-C:5H coatings was estimated from their nanohardness knowledge by
using Equation (3) [38],

Hardness [GPa] = 44.195 — 0.93 X Heontent [at.%). (3)

3. Results and Discussion
3.1. Orthodontic Components
The ICP results of orthodontic SS components are summarized in Table 3, and Figure 2
shows the metal release rates, as a function of the artificial saliva pH. Three main conclu-
sions arise from the analysis of these corrosion data:
1. The increased rate of metallic element release is evident in the decreasing pH of the saliva;
2. Niisreleased in a higher rate than Cr for all orthodontic components;
3.  Nirelease during the sampling period is significantly higher for brackets in compari-
son to tubes and bands at pH = 2.3.

Table 3. ICP-OES data concerning Ni, Cr, and Fe release.

- Concentration (ug/L)

Samples Days pH Ni Cr Fe
6.8 54 24 218
Brackets S0 23 75,020 24,380 138,960
6.8 11 <D 90
Tubes 30 23 691 2162 10,723
6.8 363 125 2710
Bands 30 23 593 812 4608
; 6.8 17 <LD 145
2.3 38 29 256
55310 0 6.8 20 23 182
2.3 4 35 356
; 6.8 12 <LD 69
cH 2.3 34 40 217
at 20 6.8 12 21 77
2.3 64 51 345
120 Ni 40 Cr 220 L
pH 23| 364 [ |pH23 5] T [ IpH23
1104 + Bloes| 2] [T N pH 6.8 o] T i 6.8
28 T
1007 24 160 4
90 4 20 140 1
164 15 1
80 I:_: ;: = 33 1 =
S T 1 15:
) ]
6 <!
' | s [ 1|3 j
o i

T
Bracket

Tube

T T
Band Bracket Tube Band Bracket Tube Band

Figure 2. Average release rates of Ni, Cr, and Fe of fixed orthodontic components. ND: not detected.

The AISI303 brackets presented a lower in vitro corrosion resistance, corroborated by
the highest release rates of all elements in the acidic saliva (pH = 2.3), Figure 2. Fe was,
undoubtedly, the main released element (~195 ug/g-day), followed by Ni (~105 ng/g-day)
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and Cr (~34 ng/g-day)—a release ranking obtained by other authors [39-41]. The low
Cr corrosion rate did not follow its relative content in the alloy (Table 1), most likely
due to its function: to improve the corrosion resistance by forming an external oxide
layer. SEM micrographs (Figure 3) clearly showed a low-adherent external layer with
multiple detachments in a “puzzlelike” morphology. The EDS elemental distribution maps
showed that this top layer is mainly composed of O, Cr, and P. According to the passivation
mechanisms in physiological conditions, the typical oxide layer on SS mainly includes
Fe and Cr, with lower Ni content (typically in the inner layer region), and Mn and Mo,
depending on the steel nominal composition [42,43]. Furthermore, the presence of P as
phosphates in the passivation layers of metallic alloys, in physiological conditions, was
reported in the literature [42] due to biocompatibility features. Yet, no pitting, crevices or
other localized forms of corrosion were detected in the studied surfaces.

Figure 3. SEM surface micrographs and EDS analysis of brackets after the corrosion test at pH = 2.3.

As expected, considerably lower release rates were observed for the higher pH value
of 6.8 (~0.3, 0.03 and 0.005 ug/g-day of Fe, Cr, and Ni, respectively). In fact, brackets
revealed no relevant surface morphological changes regarding its as-received state (figures
not shown). A systematic literature review conducted by Mikulewicz and Chojnacka [44]
also highlights the influence of the acid pH in the in vitro corrosion of SS appliances,
finding a 30-50 times higher metal release in an acid environment than in more neutral
solutions. Other authors of in vitro studies (not included in [44]) also reported the higher
corrosion susceptibility and metallic release of various SS orthodontic components in more
acid immersion solutions [45-49].

Tubes presented no signs of localized corrosion in either pH value. AISI630 SS is a
precipitation-hardened alloy (martensitic structure) with high mechanical strength, high
hardness, and excellent corrosion resistance, superior to the other austenitic SS studied
grades. In fact, corrosion rates for Fe were almost 13 and 10 times lower than for brackets,
and only traces of Ni were detected by ICP (Figure 2). Notice that this SS grade is the only
one that presents the element Cu in the nominal composition (see Table 1), contributing
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to the Ni equivalent effect. However, in the acidic saliva (pH = 2.3), SEM examination,
coupled with EDS analysis (Figure 4) exposed traces of an outer layer with O, Cr, and P. Like
in the case of brackets, this acidic condition influenced the adhesion of the passive layer.
Notice that this “alveolar”, loose layer morphology contains higher P content (~13 wt.%)
than in the case of brackets.

Spectrum 3

S Spectrum 1

Figure 4. SEM surface micrographs and EDS analysis of tubes after the corrosion test at pH = 2.3.

Finally, the bands presented similar corrosion rates to those obtained for tubes
(Figure 2). This behaviour may not be directly related to the corrosion resistance of bioalloy
AISI305—with nominal composition similar to the AISI303 brackets—but decreased due to
the presence of the AISI630 tube attached to the band (see Figure 1). Note that the bands
are fixed to the molar teeth during the orthodontic treatment and have the function of
fixing the archwires. Thus, it could be considered a dual orthodontic component.

Welding is a common procedure for manufacturing orthodontic pieces like brackets,
bands, and tubes with more complex shapes [50]. However, welded pieces can greatly influ-
ence the release of metallic ions [41]. Soldered joints may promote galvanic corrosion and
metallic ion release [5,6,51]. The outcomes can be harmful: Jacoby et al. [51], for instance,
found a significant decrease in cell viability percentages in vitro after exposure to extracts
of orthodontic bands containing Ag solder joints, whereas Freitas and colleagues [52] argue
that “silver soldering used in orthodontics exhibits severe cell toxicity”.

The observation of the attached tube by SEM showed an O-based layer (Figure 5a,b)
for both pH values. These layers are well-adherent but with similar morphological features
and lower P content (~0.4 wt.%) than those on brackets and tubes (Figures 3 and 4).
However, a careful analysis of the attached tube to the band (Figure 2) showed a worse
corrosion behaviour at pH = 6.8 than brackets and tubes, suggesting that the influence
of pH may not be the sole main contributor. In fact, Ag was detected in the top layer
(Figure 5b), which is unexpected, since typical chemical compositions of SS alloys exclude
this metallic element.
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Figure 5. SEM surface micrographs and EDS analysis of the dental tube attached to the bands after the corrosion test at
(a) pH=6.8,and (b,c) pH =2.3.

The Ag source was found near the adjacent rectangular orifice (Figure 5¢): an Ag
brazing material was used to weld a small metallic parallelepipedal to the main tube
component. Additionally, Ag-containing particles of several shapes were spread over the
surface of this component (Figure 5), preferentially located near the welded region. In this
region, particles presented high Ag contents (as high as ~70 wt.%). This finding reinforces
the influence of Ag-based welding in promoting corrosion of orthodontic components, as
found by other authors [53,54].

To conclude the first part of this in vitro study, a simple calculation estimated the
average daily amounts of metals released from a typical orthodontic appliance, composed of
20 brackets, 4 bands and 4 tubes, without considering NiTi or SS archwires—approximately
150, 55 and 307 pg/day, respectively for Ni, Cr, and Fe.

Dietary studies conducted in different countries estimated a daily intake of Ni from
food and drinking water of 100-300 ug/day, while consumption of Ni-enriched foodstuffs
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may increase this value up to 900 pug/day [6,55]. Concerning Cr, an average daily intake of
280 pg/day was estimated [6]. Finally, Fe is an essential element and is consumed daily in
large quantities in the human diet, including in drinking water, and does not represent a
risk to human health [56,57]. Average Cr and Ni releases obtained in this study are there-
fore within the daily intake levels and in accordance with several authors [40,45,46,58-61].
However, values are expected to peak in the first 1-2 weeks [40,41,60-62] of the orthodon-
tic treatment. Besides, NiTi or SS archwires are used simultaneously with the studied
components [2] and may contribute with more metal release into the oral cavity [39]. In a
recent study [63], other authors found a significant increase in Ni concentration in the urine
of patients undergoing orthodontic treatment, encouraging further research on bioaccumu-
lation of this metal. Orthodontic appliances may be an additional source of potentially toxic
elements that should not be disregarded [39], particularly for patients hypersensitive to Ni.

A possible path to improve the corrosion resistance of orthodontic metallic alloys
is through protection of the surfaces with chemically inert coatings [20]. In this work,
a-C:H-based coatings were sputter-deposited on an SS alloy with high Ni content, AISI310,
to explore their potential as corrosion-protective films for orthodontic applications.

3.2. Sputtered a-C:H Coatings
3.2.1. Characterization Post-Deposition
Table 4 summarizes the main characteristics of the sputter-deposited a-C:H coat-

ings, while Figure 6 displays the surface and cross-section micrographs and elemental
distribution maps by SEM/EDS.

Table 4. Main characteristics of the a-C:H coatings before and after corrosion tests.
As-
- - Deposited As-Immersed
_ _ _ 7 Days 30 Days
pH 6.8 pH 23 pH 6.8 pH 2.3
C 96.4 96.7 96.7
Elemental composition [at.%] Cr 2.0 NE NE 1.6 1.6
Ar 1.6 17 1.7
Roughness [nm] Ra 6.8 NE NE NE 8.7
Contact Angle [°] - 56+ 6 62+ 12 59+6 54 £ 2 5443
Nanohardness [GPa] HB 22.7+39 205+19 175+1 23.7+19 205+20
Gband [cm™] 1549 1550 1548 1546 1546
Raman bonding configuration ID/IG ratio 0.45 0.45 0.46 0.45 0.46
C-C sp3 [%] 39 39 40 41 41
3 2 /o3
FTIR analysis S Hrilzio/ P 0.31 0.31 0.19 0.16 0.16

Concerning the coatings’ morphology (Figure 6), SEM micrographs revealed a C-based
top layer (~770 nm) with a typical cauliflower-like surface morphology [31,33,64-66] de-
posited on a well-adherent Cr-based interlayer. No preferential growth direction of the
a-C:H coating was detected, in contrast with the well-defined columnar morphology of the
buffer adhesion layer (~380 nm). The good elemental chemical homogeneity is corroborated
by the EDS analysis, as shown in Figure 6. In agreement with previous results [31], a small
Ar contamination was detected due to the carrier-gas effect during the films’ formation.
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Mag= 30.00 KX Signal A = SE2
| Probe = PA EHT = 2,00 KV

Werlin-61-50

Figure 6. SEM (a) Surface and (b) cross-section micrographs of the a-C:H coating deposited on Si substrates and the
corresponding EDS elemental distribution maps.

Visible Raman and FTIR spectroscopies were complementarily employed to evaluate
the a-C:H chemical properties, namely the sp?/sp> C-C bindings and the H-bonded content.
Typical Raman spectra presenting the two broadened D and G bands were acquired
(Figure 7a). Successful peak fitting allowed for the location of the graphitic signature of C
(sp? hybridization G band) at ~1549 cm ™!, while the disorder clusters of hexagonal sheets
of C (sp? hybridization D bands) were found at ~1411 cm ™.

The absence of the notorious Raman photoluminescence background suggests an
H content in the studied coating below ~25 at.% [25,31,38,67,68]. In fact, by using a
nanohardness of 22.7 GPa in Equation (3), an H content of ~23 at.% was estimated. Together
with the obtained I /Ig ratio of ~0.45 (Table 4), these results are in perfect agreement with
those obtained by other authors [25]. The sp? C-C hybridization dominates the structure
of the coatings, as the estimated sp> C-C fraction was ~39% from Equation (1). Thus,
based upon the a-C:H materials classification [25,69]—established in the ternary sp?-sp>-H
diagram—the sputter-deposited a-C:5H coatings in this study can be considered a diamond-
like a-C:H (DLCH) coating. DLCH coatings are characterized by high hardness values, up
to around 20 GPa, and a carbon sp® hybridization range of 40-60% [70], corroborating the
data obtained from the a-C:5H films.

Following other authors [21,69] who claimed that the main effect of H in an a-C:H
film is to modify the C—C bonding not by increasing their fraction but by terminating the
sites of double bonding of carbon as C-Hy (x = 1, 2, 3), FTIR analyses were performed. As
can be seen in Figure 7b, the wide, broad band centred at ~2900 cm !, whose Gaussian
peak fitting results in nine superimposed peaks, can be assigned to the stretching modes of
both sp?- and sp3-C-H, bonds in the range of ~2800-3300 cm ! [21]. Table 5 lists the FTIR
peaks, identified by an index, correlating their positions with their assignments. While
peaks 1 to 4 are assigned to sp>-CH, bonds, peaks 5 to 9 are due to sp>-CH, bonds. Using
Equation (2) and the relative FTIR peak areas (Table 5), a predominance of sp3-bonded H
to C atoms over sp? C-H bonds was estimated: sp?/sp> ~0.31. This means that hydrogen
is preferentially bonded to sp3-hybridized C atoms [71].
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Figure 7. Structural characterization of the a-C:5H coatings before and after the corrosion tests by (a) visible Raman (inset:
Gaussian fitting result of the as-deposited a-C:H coating); and (b,c) FTIR spectroscopy.

3.2.2. Characterization Post-Corrosion Tests
The ICP-OES data for both coated and uncoated 55310 samples (Table 3) are displayed
in Figure 8 as metal release rates. Three main conclusions were clear from the data:

1.  Release rates increased with decreasing pH values of the saliva;

2. Release rates decreased with increasing immersion times;
3. Nirelease rates were higher than those of Cr for both reference S5310 and a-C:5H samples.



Coatings 2021, 11, 1302

12 0of 19

Table 5. FTIR peak fitting results of vibrational frequency assignments of as-deposited and as-immersed a-C:H coatings:

peak positions (Pos;) and areas (A;).

. . 7 Days 7 Days 30 Days 30 Days
e Peak Assignment [21] As-dep. pH =68 pH =23 pH=6.8 pH=23
@) Position Pos; A; Pos; A; Pos; A; Pos; A; Pos; A;
Configuration
(cm™1) (tm?1 @u) (m1H @u) Em @u) (Em1 @u (m1H (@u)
1 CH2—sp2 (A) 3085 3079 0.03 3080 0.06 3078 0.05 3082 0.04 3080 0.03
2 CH—sp2 3035 3036 0.03 3044 0.06 3036 0.04 3035 0.06 3037 0.04
3 CH—sp2 S) 2990-3000 2995 094 2997 0.85 2997 0.46 2994 0.16 3004 0.19
4 CHz—sp2 S) 2975 2966 039 2974 0.25 2973 0.21 2974 0.07 2974 0.09
5 CH3—s,p3 (A) 2955 2944 0.60 2948 043 2949 0.50 2943 0.28 2945 0.45
6 CH2—sp3 (A) 2920 2921 123 2924 1.17 2922 1.17 2919 0.48 2918 0.46
7 CH—sp3 2920 2913 006 2914 0.05 2915 0.09 2914 0.08 2912 0.05
8 CHg,—sp3 S) 2885 2898 0.67 2897 0.66 2897 0.51 2895 0.22 2897 0.30
9 CHz—sp3 S) 2855 2862 193 2861 1.66 2860 1.63 2860 1.06 2860 0.94
A: Antisymmetric stretching vibration; S: Symmetric stretching vibration.
0.15 Nl 0.005 Cr 1.0 Lo
[ Jss310 [ ]ss310 [ ]ss310
- B --C:5H B a-C:5H - I a-C:5H
— 0.004 0.8
z
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=
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Figure 8. Average release rates of Ni, Cr, and Fe of S5310 and a-C:5H samples. ND: not detected.

After the 30-day immersion corrosion test in the artificial saliva with pH = 2.3, SEM
surface analysis revealed pitting corrosion on the S5310 uncoated samples (Figure 9), which
were absent at pH = 6.8. Indeed, SS, as all Fe alloys, is known to be susceptible to pitting
corrosion, especially in chloride-containing solutions [43,72,73]. This is a localized metal
dissolution reaction, which is nucleated at the external passive film by the presence of
defects such as crevices, pores, inclusions, etc. The reaction progress requires that the
environment inside the pit be able to maintain the continuous active dissolution state at
the pitting surface. Two main constitutes, H" and Cl~, are involved: H" is derived from
the hydrolysis of metal cations, and CI™ (in solution) migrates into the pit to balance the
charge and maintain the electroneutrality.
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(&)

Figure 9. (a) SEM surface micrographs of SS310 reference samples after the corrosion test at pH = 2.3; (b,c) detailed views of

pit morphologies.

The pitting corrosion process can be summarized as follows [73]:

«Anodic site formation is the first stage in pitting where the passive protective layer
on the surface of the metal is destroyed. The destruction of the protective film may be
done chemically or mechanically.

M — M™" 4 ne 4)
It is then balanced by reacting oxygen on the adjacent surface at the Cathode
O, +2H,0 +4e” — 40OH™ ®)

The continuous dissolution of metal results to the accumulation of outrageous positive
ions (M*) at the anodic zone. This is a self-stimulating and self-propagating process.
Neutralization of charges is sustained by the negative ions (anions), like chloride
which comes from the electrolyte (using seawater as sample).

M*Cl+H; - MOH + +MOH + H™ Cl~ (6)
The positive charges are kept neutralized by the hydroxyl ions (OH") through hydrol-

ysis process.

3.

Repassivation is prevented by the presence of hydrogen ion and chloride content. This
process produces free acid while the value of pH at the base of the pit is significantly
decreased (1.5-1.0).

The rate of migration of chloride ion increases with dissolution rate at the anode. This
makes the reaction to be time dependent and leading to the formation of more M*CI~
and the hydrolysis of H*CI".

This process go on till the point of perforation of the metal. This is an autocatalytic
process which advances with time leading to more metal dissolution.

The metal finally perforate thereby causes the termination of the process.»

Hence, the increase in the H* concentration (lowering pH from 6.8 to 2.3) leads to a

pit increase in the CI~ ions, which intensifies the local progression reaction and further
decreases the local pH value.

In fact, the corrosion resistance of SS310 in acidic saliva, for both immersion times,

was low for all evaluated metallic elements (Table 3 and Figure 8). As expected, Fe ranks
first, followed by Ni, in agreement with the results from the real orthodontic components.
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A noticeable behaviour is the higher release rate of all elements after 7 days than after
30 days: the initial “burst” release precedes the beginning of the spontaneous passivation
process, i.e., the formation of a Cr-based oxide layer. Over time, surface oxide formation
progresses and a decrease in metal release rates is expected [40,41,58,60-62]. The passiva-
tion mechanism seemed to reach a thermodynamic equilibrium, therefore stabilizing the
release rates.

Unexpectedly, some abnormal profiles were detected for a-C:H coatings (Figure 8).
While the release rates in saliva with pH = 6.8 were always lower than those from SS310,
the same did not always occur in the more acidic saliva. Right after 7 days of immersion,
the Cr release rate from a-C:5H was ~40% higher than that from uncoated 55310 but was
similar at day 30. Ni release from coatings was ~10% lower than SS310 after 7 days but
~55% higher after 30 days. Finally, Fe release was ~15% lower and similar to SS310 after
7 and 30 days, respectively. This logic-defying behaviour exceeded the single influence of
pH on the samples, especially if the abovementioned overall inertness of the a-C:H coating
is considered.

Fe remains the main released element, followed by Ni. At day 7, more than the absence
of a passivation equilibrium, a corrosion-promoting mechanism was taking place: Cr was re-
leased at a higher rate than from uncoated SS5310. As time progressed, Cr (and possibly Fe)
from the alloy seemed to participate in the passivation phenomenon, explaining the similar
release rates from 55310 and a-C:5H at day 30, contrary to Ni, which leached into the saliva.

The SEM/EDS analysis seems to contradict the ICP-OES data and evidences a clear
stability of the top a-C:5H as an anticorrosive layer in all study conditions: no segregation,
metallic inclusion, delamination, or detachments were detected (Figure 10). In fact, the
surface polishing “linear defects”—almost null for coatings deposited on the Si wafers
(Figure 6)—were potential diffusion paths for saliva to reach the coating/substrate interface,
and thus promoting corrosion; however, the morphology looked unchanged, with no
observable chemical composition variation by EDS analysis, regardless the saliva pH value.
The good adhesion of this coating to the SS substrate, promoted by the Cr-based interlayer,
avoided detachment from the SS substrate.

Figure 10. SEM surface micrographs of the a-C:5H coatings deposited on SS310 substrates after the
corrosion tests at (a,b) pH = 6.8; and (c,d) pH =2.3.
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Static contact angle values obtained with water are compiled in Table 4. The as-
deposited a-C:5H surface presented a slightly higher water contact angle value (~56°)
than the only-polished SS310 substrate (~53°). Such values suggest that these surfaces are
hydrophilic [74]. However, when the a-C:5H coating was deposited on Si substrates, a water
contact angle of 71° £ 3° was obtained, comparable to those obtained by several authors
on sputtered DLC coatings [21,31,75-77]. Defects on the SS surface from polishing seemed
the cause of this divergence: during coating growth, these “linear” features influence the
final coating-surface morphology (roughness), and therefore, the wettability. Nonetheless,
a-C:5H coating presented a low Ra: ~7 nm (Table 4).

After the in vitro corrosion tests, no significant variations on static contact angles were
detected for all immersion conditions when compared with the as-deposited state (Table 4).
While pitting corrosion occurred on S510 samples, its extent seemed insufficient to cause
major wettability changes. On the other hand, a-C:5H coatings, which conserved both
chemical and morphological characteristics, also maintained the as-deposited hydrophilic
character. Moreover, Ra values of the coatings registered only a minor variation after
30 days at pH = 2.3 (Table 4), which seemed negligible: ~7 and 9 nm before and after
immersion, respectively.

Both Raman and FTIR analyses corroborate the chemical structure stability of the coat-
ings under study at oral physiological pH values, as well as in acid conditions (Figure 7).
The Raman spectra evolution, shown in Figure 7a, presented unquestionably similar fea-
tures, resulting in almost invariable G and D peak positions, Ip/Ig ratios, and sp® content
(Table 4) regarding the as-deposited state. In addition, the mechanical behaviour, referenced
by nanohardness, was preserved after immersion in artificial saliva; that is, ~20 GPa.

FITR results confirmed the prevalence of sp®> C-H bonds after the corrosion tests, with
a variation that was reflected in the sp?/sp® variation: this ratio, which relates the area of
peaks 1 to 4 (C-H sp?) and 5 to 9 (C-H sp?), decreased in time, regardless the pH value
(Table 4 and Figure 7b). Note, however, that the intensity of the spectra decreases in the
studied region (2800-3100 cm~!).The total area under this spectral region is a relative
measure for the content of bonded H in the a-C:H coatings, which may indicate a small
decrease in bonded H to C atoms over time [71].

The inertness of a-C:H coatings was therefore supported, even for the longer im-
mersion period in the acidic artificial saliva, suggesting their potential use as protective
coatings for orthodontic applications.

The simultaneous presence of this inert layer on the substrates and similar or even
higher release rates of metallic elements is, however, difficult to explain. Similar results
were also obtained in a previous research work [31]. A recent study [78] may have provided
the answer to this enigma: the authors highlighted the crucial role of metallic-based
interlayers in increasing overall corrosion susceptibility, due to the formation of galvanic
cells, particularly if Cr-C based interlayers are used. Therefore, the corrosion of the
coatings in the present study should be due to the presence of the Cr-based interlayer
and not to the highly stable a-C:H coating. This may also explain the main source of Cr
in the first 7 days: the buffer interlayer. Such findings illustrate the crucial importance of
the interface between metal substrates/coating systems when C-based coatings are to be
considered for orthodontic applications. Indeed, most authors that found a significant
in vitro decrease in metal release from DLC-coated samples did not report the use of
adhesion-promoting interlayers [79,80].

From the corrosion behaviour at pH = 2.3 of both orthodontic components and either
coated or uncoated SS310 samples, three conclusions arise from an overall discussion of
the results:

1.  Brackets released substantially more Fe, Ni, and Cr than any other studied samples;

2. Both uncoated and a-C:H-coated 55310 samples released significantly less Cr and Fe
than real orthodontic components; and

3. Nirelease rates were lower from tubes and bands than from S5310 and a-C:5H samples
at day 7 (less than 50%) but similar (a-C:5H) or higher (55310) at day 30.
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The explanation for these corrosion profiles might lie in the use of different SS grades
(with different corrosion resistance) and /or manufacturers [62,81]. Note that besides higher
Ni, 55310 presents higher Cr content than the steel grades of the orthodontic components
(Table 1). The lack of clear corrosion signs on the surface of orthodontic pieces, especially
in the case of brackets, may be a consequence of the complex surface geometry, which
may have camouflaged signs of localized corrosion forms that clearly appeared on the
surface of SS310.

The direct comparison of this study with other in vitro research works is difficult due
to the multiple methodologies with different constituents (e.g., materials, manufacturers,
immersion solutions), even when assessing the in vitro cytotoxicity [14]. Therefore, this
study focused on comparing metallic ion release trends rather than quantities, while
assessing the potential use of a-C:H coatings as diffusion barriers for SS bioalloys.

Further ongoing work centres on optimizing overall coating production by replacing
the interlayer with other types of materials and architectures. Moreover, in vitro cyto-
toxicity tests and microbiological assays with representative oral bacteria will soon be
performed to ascertain their influence on the sputter-deposited a-C:H coatings.

4. Conclusions

The present in vitro research work is divided into two sections and assessed the saliva
pH effect on both orthodontic components and the sputter-deposited a-C:H coatings.

In the first part, real SS brackets, tubes, and bands were characterized before and after
a 30-day in vitro corrosion test with Fusayama-Meyer artificial saliva, and released Ni,
Cr, and Fe were quantified. The results showed that: (i) salivary pH clearly influenced
corrosion behaviour; (ii) brackets were, by far, the main source of metallic ions into the
saliva; (iii) Ag welding found on bands may have influenced the corrosion behaviour,
regardless the pH value of the saliva; (iv) released Ni was within daily dietary intake
values. Orthodontic appliances may be an additional source of potentially toxic elements
that should not be disregarded.

In the second part, hydrogenated amorphous carbon films were successfully deposited
over SS310 by reactive magnetron sputtering, with a Cr-based adhesion promoting in-
terlayer. The a-C:H top layer was found in the hard regime (over 20 GPa) and classified
as DLCH. While AISI310 substrates presented clear signs of pitting corrosion in acidic
conditions, the a-C:H conserved the chemical, mechanical, and structural inertness, as well
as the anticorrosion ability. The well-known stability of amorphous C-based materials was
therefore verified. However, leaching of metallic ions from a-C:5H coatings was higher than
from SS310. This unexpected result was attributed to galvanic effects between dissimilar
materials: Cr-based interlayer and SS substrates.
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