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Preface

The Reprint “Anticorrosion Protection of Nonmetallic and Metallic Coatings” compiles
cutting-edge research focused on advanced corrosion-resistant coatings for a wide range of
industrial and environmental applications. The present Reprint focuses on developments in metallic,
nonmetallic, and composite coatings using different engineering approaches to increase their
durability in various demanding applications. Key areas covered include the application and
analysis of coatings engineered through different approaches such as physical and chemical vapor
deposition, atomic layer deposition, thermal and plasma spraying, directed energy techniques, wet
chemical and electrochemical processes, and techniques based on nanotechnology. The research
featured in this Special Issue Reprint provides comprehensive insights into corrosion resistance,
mechanical properties, and surface and interface characterisation, with emphasis on enhanced
functional performance for different applications. This Reprint serves as a current reflection of
the evolving strategies in anticorrosion technology, addressing both fundamental mechanisms and

applied solutions for surface protection in real-world systems.

Tadeja Kosec and Aleksandra Kocijan
Guest Editors
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Abstract: The cold gas dynamic spray (CGDS) method has been considered a promising technology
to produce a metallic bond coat for thermal barrier coating (TBC) systems. In this study, CoNiCrAlY
bond coats produced by CGDS method were coated with yttria-stabilized zirconia (YSZ) by electron
beam physical vapor deposition (EB-PVD). TBCs were subjected to 50 wt % V,0s5 and 50 wt %
NaySO4 molten hot corrosion salt combinations at 1000 °C. In the case of YSZ top coat on TBCs,
the reaction between NaySOy, V205, and Y03 salts generates YVOy crystals, and these structures
cause the transformation of tetragonal ZrO, to monoclinic ZrO,. This situation occurs under
operating conditions that lead to TBC failure. Hot corrosion behavior and the related failure
mechanisms of TBC systems were investigated and discussed using scanning electron microscope
(SEM), energy dispersive spectroscopy (EDS) analysis, and X-ray diffractometer (XRD).

Keywords: thermal barrier coatings (TBCs); electron beam physical vapor deposition (EB-PVD); cold
gas dynamic spray (CGDS); hot corrosion; molten salts

1. Introduction

Thermal barrier coatings (TBCs) have been widely used to improve the efficiency of gas turbine
engines in aviation industry [1-3]. Mostly, aircraft engines work at elevated temperatures, and these
temperatures generally damage aircraft engine parts, such as turbines and blades. TBCs have been
used in gas turbine engine components, like turbine blades and vanes, to protect them from aggressive
environmental effects, increase operating temperatures, and provide thermal insulation at higher
operating temperatures [4,5].

Yttria-stabilized zirconia (YSZ) is widely used as a traditional TBC ceramic top coat material due
to its high melting point, low thermal conductivity, and high-temperature stability. MCrAlY alloy is
also used as a typical TBC bond coat material due to its excellent high-temperature strength [1,2,4].
When TBCs are exposed to oxidation with high temperature, a thermally grown oxide (TGO) layer is
formed between the top coat and bond coat [6]. The ceramic top coat has a substantially low thermal
conductivity and partially low thermal expansion. The metallic bond coat is deposited between the
metallic substrate and ceramic top coat for improving adherence of the ceramic top coating to the
substrate alloy [7].

Bond coats are an important part of TBCs, and they can be produced by a variety of methods
such as atmospheric plasma spray (APS), vacuum plasma spray (VPS), high-velocity oxy-fuel (HVOEF),

Coatings 2019, 9, 166; d0i:10.3390/ coatings9030166 www.mdpi.com/journal/coatings
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or cold gas dynamic spray (CGDS) [8]. CGDS is a thermal spraying technique by which the
powder coating materials are deposited on the surface at high speeds at considerably lower process
temperatures. This high-speed process is carried out by heating and compressing gases such as air,
nitrogen, and helium. The CGDS method has many advantages over other thermal spray coating
methods. The products produced by this method do not cause undesirable phase structures and
oxidation. There is no change in the structure of the base material. It is also possible to obtain dense
and high-hardness coatings. CGDS coatings can be produced at very high speeds. The most important
advantage of this method is that CGDS method is applied at lower temperatures than other thermal
spray coating processes, such as HVOF, APS, and D-gun [1,8]. CGDS technique may appear to be an
alternative process to obtain superior coating properties for bond coat production. CGDS coatings,
commonly known as “cold spray” coatings, exhibit remarkably high density, good corrosion resistance,
and high hardness with high reliability, due to their cold-worked microstructure [9]. Cold-sprayed
bond coats show improved adhesion to the substrate and provide a suitable surface roughness [10].

Ceramic top coat production is the most important part of TBC production.
Generally, two methods are available for this purpose, namely, APS and EB-PVD. EB-PVD
coatings are deposited in a columnar structure as opposed to APS coatings which grow in a laminar
manner. EB-PVD has a more complex mechanism than plasma spraying, in terms of the equipment
used. EB-PVD methods need preheating for the substrate while for plasma spray methods, it is
not necessary to heat the substrate and the coating rate is faster than EB-PVD. APS is a low-cost,
easy, and rapid production technique compared to EB-PVD. In addition, EB-PVD TBCs have good
aerodynamic properties due to their surface roughness, which is better than APS [11].

TBCs undergo a variety of failure mechanisms, such as hot corrosion, oxidation, erosion,
and thermal shock. Thermal shock occurs with sudden temperature alterations. Oxidation occurs
as a result of chemical reactions of metallic components at high temperatures. Hot corrosion is
the most important failure mechanism in TBC. Hot corrosion takes place due to the adverse effects
of molten salts at high temperature [12]. In a working gas turbine, sulfur which comes from the
low-quality fuel reacts with sodium chloride and sodium sulfate forms at high temperatures. After that,
sodium sulfate covers the hot-section components. This phenomenon is commonly referred to
as “hot corrosion”. Turbine blade alloys that suffer hot corrosion attack have been widely found
to show both oxidation and sulfidation [10]. This occurs at high temperature and in corrosive
environments. However, this mechanism has not been exactly declared due to the use of low-quality
fuels. Some low-quality fuels have impurities, such as Nay;SO4 and V,0Oj5 salts, covering the component
surface at the high temperature. These salts reacting with the top coat cause phase transformation [1].
As a result, this transformation causes volume expansion and, accordingly, failure occurs depending
on the TBC system [12].

In this study, the CGDS method, widely used as a novel technology in recent years, was used
to deposit CoNiCrAlY-based metallic bond coats onto nickel-based superalloy substrate Inconel 718.
EB-PVD method was used for deposition of ceramic top coatings with YSZ content, which are used for
thermal insulation purposes. The primary aim of this study is the deposition of CoNiCrAlY-based
metallic bond coats having a dense structure with low oxide and porosity content. Another aim
is evaluation of the failure mechanisms and performances occurring under high temperature and
corrosion conditions in EB-PVD TBC systems.

2. Experimental

2.1. Preparation of Substrate Material, and Bond and Top Coatings

Inconel 718, a nickel-based superalloy, was used as the substrate material. The approximate
dimensions of 1 inch diameter and 4 mm thickness were obtained by cutting with wire erosion process.
Sample surfaces were prepared by sandblasting for the coating process. The deposition of CoNiCrAlY
metal powders was accomplished with CGDS technique. Approximately 100 um coating thickness
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was achieved on nickel-based superalloy substrate material. Following the production of bond coat,
the deposition of top coat was accomplished with nearly 300 um thickness by EB-PVD technique using
YSZ ceramic-based ingots. In the EB-PVD unit for deposition of top coating, YSZ ingot material of
68.5 mm diameter and 45-55 mm height was used.

2.2. Hot Corrosion Tests

Salt mixtures of NaySO4 (99% purity) and V,0s5 (98% purity) were scattered onto the surfaces
of produced TBC samples. The corrosive salts were spread over the surface of specimens at
a concentration of 10 mg/cm?, keeping 1.5 mm from the edge to avoid edge effects. The samples
were subjected to hot corrosion tests at 1000 °C (1273 K) temperature, with periodical cycling
between furnace and room temperature for 4 h periods. These cycles were continued until about 40%
deterioration was observed on the samples. After each 4 h period of testing at 1000 °C, the samples
were allowed to cool down inside the furnace, and the coatings were then inspected for possible crack
initiation. The samples were then recoated with the Na;SO4 + V05 salt mixture.

2.3. Characterization

Microstructures of TBCs were evaluated using a scanning electron microscope (SEM) (SEM, Tescan,
MAIA3 XMU, Brno, Czech Republic) equipped with latest technology energy dispersive spectroscopy
(EDS-SEM, Tescan, MAIA3 XMU). The phases of the TBCs were analyzed using X-ray diffraction
(XRD) (Rigaku Dmax 2200 PC, Cu K« radiation, Tokyo, Japan). Surface roughness values were
measured using the surface roughness tester (SJ-310, Mitutoyo, Kanagawa, Japan). Hardness values
of the coatings were measured using Vickers indentation using a Struers Duramin microhardness
tester (Copenhagen, Denmark) with 100 g load for 15 s periods. Corrosive product formation and
degradation mechanisms were examined using surface and cross-sectional microstructural analysis.
The important results of this study are presented in this paper.

3. Results and Discussion

3.1. Characterization of as-Sprayed Coatings

Substrate material, metallic bond, and ceramic top coat’s surface roughness were measured
according to DIN EN ISO 3274 standard [13], and are shown in Table 1. Metallic bond coats, which were
produced by CGDS methods, had dense, little porosity, and uniform structure [1,6,11].

Table 1. Surface roughness values of substrate, and bond and top coat.

Surface Roughness R, (um)
Inconel-718 substrate 5.25
CGDS bond coat 7.20
EB-PVD top coat 7.92

The bond coat cross-section of the as-deposited EB-PVD TBCs with cold-sprayed CoNiCrAlY bond
coat is demonstrated in Figure 1. As observed in the image, the coating exhibits a columnar structure,
which is a typical feature of EB-PVD coating [1-5,14-17]. The TBC structure produced with EB-PVD
method has a lower crack content. As-deposited TBC surface image is shown in Figure 2. The top
surface of the coating exhibits a pyramidal appearance and intercolumnar gaps can be observed.
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BARTIN UNIVERSITY

Figure 1. As-deposited cross-sectional microstructure of yttria-stabilized zirconia (YSZ) thermal barrier
coating (TBC) system.
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Figure 2. As-deposited columnar surface image micrograph of microstructure of YSZ TBC.

After hot corrosion tests, a uniform and dense coating structure provided by EB-PVD technique
retards the formation of hot corrosion products [1,5,8,12]. The substrate material, metallic bond,
and ceramic top coat surface hardness values are given in Table 2.

Table 2. Hardness values of the thermal barrier coating component.

Material Hardness Values (Hy)
Inconel-718 203.9
CoNiCrAlY Bond Coat 407.9
YSZ Top Coat 713.8

3.2. Effect of Hot Corrosion on TBC Samples

Effects of hot corrosion occurred due to molten salts leaking from the microcracks and porosities
in the top layer. Elements, such as sodium and vanadium, lead to a change in the phase structure
of YSZ top coating layer in service conditions. If Na, S, P, V, etc. elements exist in structure due to
fuel pollution, they can react with the Y,O3 phase. Tetragonal-monoclinic phase transformation in
stabilized ZrO, happens in the absence of Y,0O3 phase. This transformation causes both structural
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integrity deterioration and volumetric change [16,17]. Reaction of melted sulfate and vanadium salts
is needed to completely understand the damage mechanism of hot corrosion on YSZ [11].

The process of hot corrosion has been emphasized in several earlier studies [1,6,11,14,15]. The hot
corrosion action can be expressed by the following reactions [1,6,14,18,19].

V5,05 (S) + NaSOy (s) — 2NaVOs; (S) 4 SO3 (g) @)

t — ZrO, (Y,03) (s) +2NaVO; (S) — m — ZrO; (s) + 2YVOy (S) 4+ NayO )

The below reaction can also directly occur [1,6,14,18].
ZrO; (Y203) 4+ V05 — ZrO, (monoclinic) +2YVO, (3)

During the hot corrosion on TBCs, yttria slowly runs out. After depletion of yttria,
the transformation from tetragonal zirconia to monoclinic zirconia during the cooling step of thermal
cycling occurs by 3%-5% volume expansion, leading to cracking and spallation of TBCs [1,4,6,8,20].

A cross-section SEM image of EB-PVD TBC with cold-sprayed CoNiCrAlY bond coat after
20 h hot corrosion test is shown in Figure 3. No evidence of reaction was found between YSZ and
NaySOy in the XRD results. However, Na,SO4 shows a faster effect of chemical reaction in hot
corrosion mechanism [1,10,16,21]. Moreover, the presence of NaVOj3 increases the mobility of Y3+,
Thus, exhaustion of yttria and growth of YVOj crystal is enhanced [7]. It is accepted that YSZ usually
stabilizes in tetragonal phase due to the presence of Y,Os3. For this reason, in the case of a decrease in
Y,03, tetragonal ZrO, phase turns into monoclinic ZrO, phase [21-23]. At the interface between YSZ
ceramic top coating and CoNiCrAlY metallic bond coating, TGO layer and surface cracks were formed.
In addition, the EB-PVD TBCs exposed to hot corrosion salts exhibited spallation of the top coat near
the bond coat/top coat interface. Monoclinic ZrO, and YVOy crystals caused wide crack formation in
the YSZ ceramic top coating.

MAIAZ TESCAN]|

SEM HV: 15.0 kV ‘WD: 5.71 mm
SEM MAG: 500 x Det: BSE

View field: 554 pm  Date{m/dfy): 1211815 BARTIN UNIVERSITY

Figure 3. Cross-sectional microstructure of YSZ TBC after the hot corrosion test.

Following the hot corrosion test, closure of the porous structure was observed among the
columns. This situation is attributed to the sintering effect and decreasing of spaces among the
columns. When the undesirable effect of sintering appears as a damaging factor in TBC systems,
decreased elongation tolerance at high temperatures due to increasing mechanical properties of the
coating and consequent spallation damage occur [24-29]. After the 20 h hot corrosion test, the hot
corrosion tests were stopped due to the separation of coating from the coating surface.

EB-PVD TBC surface image and EDS analysis after 20 h hot corrosion tests are respectively given
in Figures 4 and 5. YVO4 rod crystals in YSZ coating were revealed after hot corrosion. After the hot
corrosion test, structures of rod-shaped crystals according to EDS and XRD analyses were identified
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with the formation of YVOy phases [6,21]. It was revealed that YSZ ceramic top coating consisted
of a porous surface and a few rod crystals. The rod-shaped structures generally form as columnar
boundaries on TBC samples. Y,0j3 reacted with V,05 and after this reaction, YVO, rod-shaped
structures occurred on TBC samples [6].

| :

SEM HV: 10.0 kV WD: 7.10 mm
SEM MAG: 1.50 kx Det: BSE
View field: 185 ym  Date(midly): 10/20115

B Spectrum 33

Spectrum 35

M spectrum 35
Wit% o

ZIr 726 02

o E:

Figure 5. Surface microstructure with EDS analysis of YSZ TBC after the hot corrosion test.

In particular, due to the fact that columnar structure is denser and has less porosity, penetration of
hot corrosion molten salts hardly occurred on the columnar microstructured TBCs. When the molten
salts can easily penetrate from the top coat, a hot corrosion mechanism quickly occurs. Hot corrosion
molten salt products, such as vanadium, oxygen, and yttria, can be seen in the cross-sectional image
and surface image after hot corrosion tests. Hot corrosion products can be seen considering the surface
image of samples in EDS analysis. Moreover, hot corrosion products can be seen in elemental mapping
analysis (Figure 6) after hot corrosion test. According to that figure, oxygen coincides with vanadium
and yttrium. It can be understood from this analysis that rod-shaped YVOjy crystals were detected as
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one of the hot corrosion products. In addition to the EDS and elemental mapping analyses, the XRD
phase analysis in Figure 7 demonstrates that monoclinic ZrO, phase is also another hot corrosion
product besides the YVO4 phase. Before the hot corrosion test, the top coat has only tetragonal ZrO,
phase. After the 20 h hot corrosion test, top coat spallation occurs as a result of phase transformation.

E Electron

Zr Lal 100um Y Lal V Kal
L 100pm 100pum ! 100pum ¥
Co Kal Ni Kal Cr Kal Al Kal
100pm 100pm ' 100pm 100pm

Figure 6. Cross-sectional microstructure with elemental mapping analysis belonging to TBC system

after the hot corrosion test.
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Figure 7. XRD analysis of TBC before and after hot corrosion tests.

During 22, 42, and 100 h hot corrosion tests in Nay;SO4 + V05 salt mixture environment,
formation of YVOy crystals were observed as hot corrosion products [5,6,16,23]. In similar studies
conducted with YSZ top coating in NaySO4 + V,0Os5 salt mixture environment as molten salt,
phase transformation-related spallations were observed on top coatings of TBC samples, in spite
of varying number and duration of cycles [1,6,16,21]. Due to the melting point of Na;SO4 + V205
salt mixture, about 900 °C, and that our test temperature is above this temperature, this salt mixture
become molten during the test [18]. Hui et al. stated in their research [7] that after SEM, XRD,
and EDS analyses, YVO, formations with rod-shaped crystal structure were observed as a result of
isothermal hot corrosion tests with 6, 12, 24, 48, and 96 h time periods that were conducted at 1100 °C
in a NapS0,4-30 mol % NaVO; environment. YVO, phases were only observed in 48 and 96 h periods,
while monoclinic ZrO, was observed in all hot corrosion test periods according to XRD analysis.
However, YVO, phases were obtained throughout each cycle in our present study. This may be related
to the presence of V,Os in our hot corrosion salts.

Liu et al. [30] observed a volumetric increase in thermal barrier coating samples comprising of
Scy03-Y203-ZrO; (ScYSZ) subjected to hot corrosion test at 1000 °C in a NaySO4 + V05 environment,
which was attributed to the phase transformation of zirconium dioxide, from tetragonal to monoclinic
phase [1,7,11,16,19,21]. This phase transformation caused crack formation in the coating. After the
hot corrosion tests, it was determined that ScYSZ had a longer lifetime compared to YSZ. It is stated
that the presence of less yttria in ScYSZ influences this situation. After corrosion tests of ScYSZ,
phase transformation occurred in the coating structure, but no YVO, phase formation was observed.
The EB-PVD TBC system provides a high elongation tolerance under thermal loads. This ensures
that the thermal cycle lifetime of EB-PVD TBCs is longer than APS. However, the molten corrosion
salts leaking from the columnar openings progress more rapidly. For this reason, while expansion
columns are closing, corrosion products that react with the surfaces found here have an accelerating
effect on the damage of the coating. In solutions of precursor plasma spray (SPSS), there are similar
columnar openings. Ajay et al. [18] stated that in the case of the TBC samples produced with SPSS
and APS methods, and tested in 90% NaySOy4 + 5% V7,05 + 5% NaCl environment and 50% NaySOy +
50% V05 environment at 900 °C, the sample produced with APS method exhibited a higher cycle
life compared to the one produced with another method in both environments [3,14,21]. In other
research [1,6,16,21,26] at higher temperatures such as 1050 and 1100 °C, and lower temperatures such
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as 950 °C, formations of rod-shaped YVO, were also observed in YSZ top coatings. However, in top
coating materials other than YSZ, such as GdyZr,O7 and TayOs, failures were observed in the form of
spallations rather than rod-shaped formations like YVOy4 [1,6,16,21]. When Wang et al. [31] investigated
La;CeyO7/YSZ thermal barrier double layer coatings, hot corrosion molten salts penetrated into the
microcolumnar gap and reacted with La element. After the reaction of molten salt with La element,
the top coating microstructure of LayCe;O; deteriorated because of the formation of CeVO, and
LaVOj. In comparison with La2Ce207, YSZ was not affected by the chemical reaction of molten salts.
La;CeyOy stopped the progression of corrosive salts to YSZ [31]. Xu and others [32] used rare earth
zirconates LayZr,Oy and Lay(Zrg7Ce(3)207 to produce TBCs with EB-PVD method. TBC samples
were subjected to hot corrosion test by holding them for 100 h in molten salt solution. In the XRD
analyses performed after the hot corrosion tests, monoclinic zirconia and YVO, phases were found
to be similar to our study. In a study conducted by Xu et al. [32], La,O3 served as a stabilizer in the
coating. After the hot corrosion test, LapO3 within the structure was separated from the structure due
to reaction with NaVOj3. Y03 reacted with NaVOj3 formed by molten salts and formed YVOjy structure.
This reaction led to tetragonal to the monoclinic phase transformation of the top coat. These reactions
caused the damage in the top coat. Similar damage can be seen in this study [32].

Gavendova et al. [33] produced TBC coatings with CGDS and HVOF techniques, and reported
that the interdendritic structure of the CGDS bond coats included more porosity as compared to
those produced with HVOF method. Reportedly, the phase and chemical composition of HVOF bond
coat was better than that of the CGDS bond coat. As opposed to Gavendova et al. [33], Knanna and
Rathod [34] reported that CGDS coatings exhibited better wear and friction behavior than HVOF
coatings. Owing to the low process temperatures of CGDS method, substrate materials do not undergo
unfavorable structural changes during the deposition process. However, in their study on HVOF and
CGDS, Khanna and Rathod showed that the coatings produced by the CGDS method showed better
wear and friction behavior than the coatings produced by the HVOF method. As a result, the strength
of the overall TBC system can be maintained by use of this method.

4. Conclusions

In the present work, the hot corrosion behavior of a new generation of TBC system,
including a CoNiCrAlY bond coat and an 8YSZ top coat, was studied, and the following conclusions
are drawn:

e  The structure of metallic bond coat produced with CGDS technique was found to have a denser
structure with lower porosity and oxide content due to the production characteristics of
the process.

e Along with the hot corrosion effect, the formation of TGO was also observed on the specimens,
since the furnace environment in which the hot corrosion tests were conducted was open to
the atmosphere.

e  The EDS analyses indicate that formations of rod crystal structures observed in the microstructural
images obtained from the top surface of TBC systems belong to YVOy crystals. Chemical reactions
of NaVOs, forming as a result of the reaction of Y,03, NaySOy, and V;,0s5 salts penetrating into
YSZ top coating, also contributed to the formation of YVOy crystals.

e  The molten salts that leaked from the top coating caused deterioration of the structure with the
columnar openings provided by EB-PVD, which played a role in accelerating damage. At the end
of the hot corrosion tests, it was determined that the columnar structure was destroyed.

o Along with the YVOy crystals in rod form, the reasons underlying the failure of coatings in TBC
systems were found to be volumetric changes and transformations at the rate of 3%-5% during
the cooling process of ZrO,, which has been transformed into monoclinic phase structure from
tetragonal phase structure.
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Abstract: The deposition of protective coatings on aluminised polymer substrates by a plasma
enhanced chemical vapour deposition PECVD technique in a plasma reactor with a volume of 5 m?
was studied. HMDSO was used as a precursor. Plasma was sustained in a capacitively coupled
radiofrequency (RF) discharge powered by an RF generator operating at 40 kHz and having an
adjustable output power up to 8 kW. Gaseous plasma was characterised by residual gas mass
spectrometry and optical emission spectroscopy. Polymer samples with an average roughness of
approximately 5 nm were mounted into the plasma reactor and subjected to a protocol for activation,
metallisation and deposition of the protective coating. After depositing the protective coating,
the samples were characterised by secondary ion mass spectrometry (SIMS) and X-ray photoelectron
spectroscopy (XPS). The combination of various techniques for plasma and coating characterisation
provided insight into the complex gas-phase and surface reactions upon deposition of the protective
coatings in the industrial-size plasma reactor.

Keywords: plasma-enhanced chemical vapour deposition (PECVD); hexamethyldisiloxane (HMDSO);
industrial-size plasma reactor; capacitively coupled radiofrequency (RF) discharge; optical emission
spectroscopy (OES); time-of-flight secondary ion mass spectrometry (ToF-SIMS); X-ray photoelectron
spectroscopy (XPS)

1. Introduction

Plasma-enhanced chemical vapour deposition (PECVD) is a popular technique for the deposition
of thin films, including protective coatings. Over 8000 scientific papers with a keyword PECVD have
been published, including 400 papers in 2018. Although the technique was commercialised decades
ago, it is still of high scientific importance despite its simple basic concept: a gaseous precursor is
introduced into a processing chamber where it is weakly ionised and partially radicalised under plasma
conditions, and the resultant reactive species condense on the substrate and thus cause growth of a
solid film. Traditionally, the processing takes place in a vacuum chamber, but the current trend is
applying atmospheric-pressure discharges [1] due to their obvious advantage: they are much cheaper
than their vacuum counterparts.

For the deposition of Si-containing films, various precursors can be used [2—4], one of the most
popular of which is hexamethyldisiloxane (HMDSO). It is used for the deposition of various coatings
ranging from polymers to almost pure SiOy films [5,6]. HMDSO is liquid at atmospheric pressure, but
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the vapour pressure is rather large (approximately 50 mbar at room temperature); therefore, it is suitable
for introduction into a processing chamber via a leak valve or a gas flow controller. Non-equilibrium
gaseous plasma is sustained in the processing chamber, and free electrons (whose temperature is on of
the order of 10,000 K) cause radicalisation and ionisation of the precursor. Plasma is often sustained
by high-frequency discharges of rather low power density. In a typical industrial reactor, the power
density is on the order of kW/m?>. The reactive species diffuse inside the chamber and eventually
reach the surface, where they stick at a certain probability. The substrates are often activated prior
to deposition to improve the adhesion of the coating. Depending on plasma parameters, coatings of
various properties are deposited.

One extreme is a coating resembling polydimethylsiloxane. Such a coating is obtained at a very
low power density (to preserve the original composition of HMDSO) and with almost no other gases
present. The other extreme is a thin film of silicon dioxide that grows when an oxygen-containing gas
is present in the chamber. Water vapour is usually in chambers, and, occasionally, a small amount
of oxygen is intentionally added to favour the formation of almost pure SiOy. In between these two
extremes, numerous types of coatings are obtainable depending on the processing parameters. The flux
of radicals onto the surface (and thus the deposition rate) obviously increases with increasing pressure
and power density. At elevated pressure (more than approximately 10 Pa), the radicals, however,
start to agglomerate in the gas phase, so the coating becomes grainy, which is often regarded as
detrimental in industrial systems. If the power density is elevated, the dissociation of the precursor
is comprehensive; therefore, carbon atoms or even dimers may be incorporated into the SiO, film,
making it less transparent, which is also a major obstacle in such systems. Another obstacle is plasma
uniformity—the dissociation and ionisation events are more intensive next to the electrodes, so the SiOy
film is deposited primarily onto the electrodes instead of on the substrates. The tuning of discharge
and plasma parameters therefore represents a challenge that has been the focus of scientific study for
decades. Only a recent literature survey is presented here.

Mitschker et al recently presented a good summary on the formation of protective coatings
(see the references in paper [7]) and stressed the influence of oxygen admixture on the barrier
properties of deposited films. He also reported beneficial results using HMDSN instead of HMDSO.
Another rather complete paper on coatings prepared by PECVD using HMDSO was published recently
by Prykril et al. [8]. They found an immeasurably low coefficient for oxygen permeation for a polymer
foil coated with a SiO; layer. They also investigated the brittleness of the glassy coating and stressed that
SiOy must be deposited primarily on a low-swellability polymeric foil and that, due to its brittleness, it
must immediately be laminated with another foil to prevent mechanical damage. M. Cavalcante dos
Reis [9] reported interesting results on properties of coatings on dental materials. Various discharge
parameters were used to obtain coatings with appropriate properties. This paper represents an
interesting application in the niche characterised by a high value-added product. An interesting
approach to the deposition of SiOy coatings was adopted by Brochhagen et al. [10]. Instead of using a
continuous supply of precursor, they pulsed small doses of HMDSO into the reaction chamber and
used oxygen or argon plasma for transformation of the extremely thin polymer film created on the
surface at each HMDSO pulse into a silica-like protective coating. This approach led to the formation
of SiOy films free from carbon or Si-OH groups with a very high (for industrial standards) deposition
rate of approximately 1 nm/s. Scalability might be questionable since inductively coupled RF plasma
in H-mode was applied. Pandiyaraj et al. [11] reported a DC plasma source for the rapid deposition
(approximately 1 nm/s) of SiOy films using a mixture of HMDSO and oxygen at a total pressure of 20 Pa.
They found an interesting evolution of the film morphology as a function of discharge parameters.
The initial stages in the nucleation and growth of SiO,, films on model substrates were elaborated by a
team from Paderborn and Bochum [12]. Unlike most studies, they used oxygen as a major gas with
a small admixture of HMDSO. Experiments were performed in a pulsed microwave plasma reactor
at 25 Pa. The group also reported a numerical value of the O-atom flux onto the surface in order to
explain the surface reactions in a rather quantitative manner. The key observation was a high density
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of defects, which was attributed to the incorporation of oxidised aliphatic fragments into the SiOy
network and/or the deterioration of the plasma-induced crosslinking of adsorbed HMDSO fragments.

Atmospheric pressure discharges have also been used for deposition of such coatings from HMDSO.
Gas-phase and surface effects were studied both theoretically and experimentally. Among recent
papers, D. Loffhagen et al. [13] applied a time-dependent, spatially one-dimensional fluid-Poisson
model to analyse the impact of HMDSO admixtures on the discharge characteristics of DBDs in
argon at atmospheric pressure. They considered a limited number of collision processes relevant
for HMDSO but obtained reasonable consistency with available experimental data. They found that
Penning ionisation due to collisions of HMDSO with metastable and resonance argon atoms becomes
the main source of electron production already for HMDSO fractions >5 ppm. Some attempts have
also been made to coat materials immersed into liquid HMDSO and apply atmospheric-pressure
plasma next to the liquid surface. The most recent paper was published by Pavlinak et al. [14], who
created plasma above liquid HMDSO and successfully coated Teflon tubes with a thin film resembling
polydimethylsiloxane. Obviously, such treatments cannot be used for the deposition of SiO, coatings.

Thin films containing Si, O, C and H are suitable for numerous applications. Traditionally, these
films have been used as hydrophobic and flexible protective coatings on products exposed to harsh
environments. A thin PDMS film is an effective coating to prevent corrosion of metals [15]. It is also a
classic textile coating able to ensure the super-hydrophilic properties of textiles [16]. More recently,
it has been used as a scaffold for tissue engineering and similar biomedical applications [17-19],
including microfluidic systems [20,21]. A comprehensive review of recent applications was reported
by Edouk et al. [22].

Only recent achievements have been cited above. The literature on the PECVD deposition
of protective coatings is extensive, and various authors have reported results obtained in different
experimental setups. Although the technique was commercialised decades ago, the scientific literature
on the kinetics of deposition with HMDSO in industrial-scale reactors is very scarce. The present
paper fills this niche since we report a thorough investigation of film deposition using PECVD with
HMDSO as a precursor in a large-scale reactor that is used for the deposition of protective coatings
on car lamps. Unlike most other authors, we performed experiments under conditions typical for
industrial reactors. In such reactors, the residual atmosphere always plays an important role due to
extensive desorption of gaseous molecules from the surfaces of numerous components mounted inside
the system. Nitrogen, oxygen, carbon dioxide and argon (air constituents) are quickly pumped from
the system by powerful pumps, but water molecules slowly desorb from the polymer components.
The consequence is a rather substantial amount of water vapour in the system throughout the process;
therefore, one should always take into account the effect of water vapour when studying processing
parameters and explaining the interaction of gaseous plasma with solid materials. Another important
difference between experimental systems and large reactors is the power density (discharge power per
unit plasma volume). While it is not feasible to operate experimental reactors at powers below few
10 W per litre (few 10 kW/m™3), the industrial reactors suitable for coating components with a thin film
resembling polydimethylsiloxane operate at power densities below 1 kW/m=3.

2. Experimental

The plasma reactor used in this study is intended for coating polymer components of rather
complex shapes and typical dimensions on the order of 10 cm. The coating procedure is shown
in Figure 1. The reactor was first pumped to a pressure of approximately 1 Pa to evacuate air.
After pumping for approximately 4 min, argon was introduced upon continuous pumping so that a
pressure of approximately 6 Pa was achieved. Plasma was sustained for approximately 3 min to ensure
appropriate activation of the polymer components. Argon was then pumped away, and high-vacuum
pumps were used to establish high-vacuum conditions. As the pressure dropped to approximately
0.02 Pa, aluminium was evaporated, so the polymer components were coated with a thin metal film.
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As soon as evaporation was accomplished, HMDSO was introduced, and the plasma was ignited to
deposit a thin film resembling polydimethylsiloxane (PDMS).

pumping the introduction of Ar plasma in Ar pumping the
system down to » upon continuous —{ for polymer » system down to
medium vacuum pumping (6 Pa) activation high vacuum
A 4
venting the deposition of a introduction of deposition of
system < film resembling [« HDMSO at 6 Pa [« Al film by
PDMSO evaporation

Figure 1. Schematic of the coating procedure.

The experimental system is shown in detail in Figure 2. The plasma reactor was a large chamber of
a cylindrical shape made from steel. The diameter of the plasma reactor was 1.9 m, and the height was
1.8 m. The volume of the reactor was thus approximately 5 m>. The reactor was pumped with a couple
of diffusion pumps with a total nominal pumping speed of approximately 40 m3/s. The fore-pumps
were large one-stage oil rotary pumps with a nominal pumping speed of 1260 m3/h. In between
these pumps, there were a couple of roots blowers with a combined nominal pumping speed of
8800 m>/h to ensure pre-compression of gas before entering the large rotary pump and thus enable an
appropriately low pressure at the exhaust from the diffusion pumps. A cold trap was cooled down
to a temperature of approximately 130 K and represents an extremely powerful pump for pumping
water vapour from the plasma reactor. The nominal pumping speed of the cold trap was 140 m%/s.
HMDSO was introduced into the plasma reactor via a flow controller. The HMDSO container was
kept at a constant temperature of approximately 310 K. There was also an argon flask connected to
the plasma reactor via a flow controller. Plasma was ignited and sustained with an RF generator.
The generator operated at a frequency of 40 kHz and an adjustable output power up to approximately
10 kW. The generator was connected to the RF electrode, which was placed asymmetrically in the
plasma reactor. The dimensions of the electrode were 150 cm X 27 c¢m, so the electrode area was much
smaller than the area of the grounded plasma reactor. The discharge coupling was almost purely
capacitive. The asymmetry caused preferential power dissipation in front of the powered electrode.
The electrode was subjected to ion bombardment, while the bombardment of the grounded housing
was regarded marginal. Samples were mounted on fixtures and kept at floating potential during plasma
treatment. Typical samples were polymeric components. There was a holder of small aluminium
sheets that were heated under high-vacuum conditions by resistive heating to allow rapid deposition
of a thin aluminium film onto the surface of the polymeric samples. Plasma was characterised by a
residual atmosphere gas analyser (RGA, PrismaPlus QMG 220, Pfeiffer Vacuum, Asslar, Germany,
sometimes referred to as mass spectrometry) and optical spectroscopy. The RGA was differentially
pumped using a turbomolecular pump HiPace 700 (Pfeiffer Vacuum, Asslar, Germany) with a nominal
pumping speed of 0.7 m3/s backed with a small two-stage rotary pump with a nominal pumping speed
of 5 m?/h. There was a glass window on the plasma reactor, which was made from steel. An optical
fibre was mounted onto the glass window and connected to an optical spectrometer AvaSpec-3648
(Avantes, Apeldoorn, The Netherlands) to allow the sampling of optical spectra from gaseous plasma
in the wavelength range between approximately 200 and 1100 nm. The transmission of the glass
window was negligible in both the UV and IR ranges.
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Figure 2. Schematic of the experimental setup: 1, plasma reactor; 2, diffusion pumps; 3, roots pumps;
4, large rotary pumps; 5, cold trap; 6, RF electrode; 7, RF generator; 8, Pirani gauge; 9, Al holder; 10,
power supply for Al evaporation; 11, HMDSO container; 12, flow controller; 13, residual gas analyser;
14, turbomolecular pump; 15, small rotary pump; 16, glass window; 17, optical fibre; 18, optical
spectrometer; 19, Argon container; 20, valves; 21, dosing valve; 22, Penning gauge.

Samples were commercial plastic components made from polycarbonate. The samples were made
by injection moulding, and the surface of each sample was approximately 200 cm?. Several samples
were cut into small pieces with a surface area of approximately 1-2 cm? to enable characterisation.
The samples were taken directly from the production line, so no pre-cleaning was performed.
Some samples were first characterised by atomic force microscopy (AFM, Solver PRO, NT-MDT,
Moscow, Russia) to determine their roughness. The average roughness (S,), as determined by AFM,
over an area of 20 um x 20 um was approximately 5 nm or, in terms of root-mean-square height,
Sq=6.5nm. An AFM image is presented in Figure S1 in the Supplementary Materials. The samples
were then mounted into the plasma reactor. The reactor was pumped to a reasonable pressure using
the roots and large rotary pumps. Then, some argon was introduced into the reactor during continuous
pumping, and plasma was sustained in the mixture of argon and residual atmosphere for a couple
of minutes. This treatment was necessary for surface activation of the polymer samples prior to
deposition of any coating. After plasma activation, the valve between the plasma reactor and the
diffusion pumps was opened to reach high-vacuum conditions. The final pumping before depositing
an aluminium coating was also performed with the cold trap. Once a suitable vacuum level was
achieved, a thin film of aluminium was deposited in a short time to prevent significant contamination
of the Al film due to the residual atmosphere. As soon as the Al coating was prepared, the cold trap
and diffusion pumps were separated from the plasma reactor, HMDSO was introduced through the
flow controller, and discharge was turned on to deposit the protective coating. During the introduction
of the precursor, the reactor was pumped only with the roots and large rotary pumps. After depositing
the protective coating, the pumps were separated, the reactor was vented, and the samples were taken
for characterisation.
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Samples with protective coatings were characterised by time-of-flight secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS). In both cases, we used ion guns
for removal of surface layers to obtain depth profiles. We used a ToF-SIMS 5 instrument (ION-TOF,
Miinster, Germany) equipped with a bismuth liquid metal ion gun with a kinetic energy of 30 keV.
SIMS spectra were measured by scanning a Biz* cluster ion beam over an area of 100 x 100 um?.
The beam current was 0.6 pA and the total measurement time to acquire the SIMS spectra was 30 s.
The dose of primary ions during the measurements was in the static regime. The SIMS spectra were
processed with the software SurfaceLab 6.3 (ION TOF).

Some samples were also characterised by XPS. We used a PHI-TFA XPS spectrometer produced
by Physical Electronics Inc. (Chanhassen, MN, USA). The analysed area was 0.4 mm in diameter,
and the analysed depth was approximately 3-5 nm. The sample surface was excited by X-ray radiation
from a monochromatic Al source at a photon energy of 1486.6 eV. High-energy resolution spectra
were acquired with an energy analyser operating at a resolution of approximately 0.6 eV and a pass
energy of 29 eV. During data processing, the spectra acquired from the surface were aligned by setting
the C 1s peak at 284.8 eV, characteristic of C—C bonds. Quantification of surface composition was
performed on XPS peak intensities taking into account relative sensitivity factors provided by the
instrument manufacturer.

3. Results and Discussion

The pressure in the plasma reactor presented schematically in Figure 2 during the entire procedure
for deposition of protective coatings is shown in Figure 3. The reactor was first pumped with the large
rotary pump. When a pressure of approximately 5000 Pa was reached, the roots pump was turned on,
resulting in a knee in the curve at 1 min. The second knee was at approximately 50 Pa when cold trap
was turned on, and the third knee was at approximately 5 Pa when valves to the diffusion pumps were
opened. When the pressure dropped to approximately 1 Pa, argon was introduced, so the pressure
increased to approximately 6 Pa. Gaseous plasma was created in the mixture of Ar and residual
atmosphere to ensure appropriate surface activation. This treatment was accomplished in minute 6,
as indicated in Figure 3. Then, the reactor was pumped with the cold trap and diffusion pumps for
approximately 6 min. When the pressure inside the reactor dropped to a level of approximately 0.02 Pa,
the Al heater was turned on (13 min). Once the Al coating was obtained, the cold trap and the diffusion
pumps were separated, causing an almost instantaneous increase in pressure. HMDSO was then
introduced, so the pressure increased to approximately 6 Pa. After that, the three cycles of the PECVD
process were performed.
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Figure 3. The vacuum levels in the plasma reactor at different stages.
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During the upper procedure, mass spectra were measured continuously. Figure 4 presents the
behaviour of different masses versus time in terms of the ion currents. The gaseous molecules were
partially ionised in the residual gas analyser, and the positively charged ions entered the ion detector
and caused ion currents. Comparison of Figures 3 and 4 reveals important observations that were
crucial for deposition of the protective coatings. During initial pumping, there were essentially ion
currents at only masses 18 and 16. These masses correspond to water and methane, respectively.
The absence of currents at masses 28 and 32 indicated the lack of nitrogen and oxygen, respectively, in
the vacuum chamber, which was explained by two facts: first, the plasma reactor was hermetically
tight, and second, air was pumped much more efficiently than water vapour. The latter was due to
extensive release of water vapour from the polymer samples. The intensity of water was considerably
larger than that of methane, so the residual atmosphere in the plasma reactor practically consists of
water vapour only.
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Figure 4. Mass spectrometry of gaseous molecules during all phases of the production process.

When argon was introduced into the reactor, there was an appearance of mass 40 in the spectrum
presented in Figure 4. Simultaneously, as the discharge was turned on, one can observe the appearance
of mass 2, which was attributed to hydrogen. The water vapour was partially dissociated under
plasma conditions to H and OH radicals. H, molecules were probably formed by heterogeneous
surface recombination of H atoms on the wall of the discharge chamber as well on the polymer samples.
Extensive recombination also appeared on the path between plasma and the RGA—this connection
was narrow, thus numerous collisions of gaseous species with the surface of the steel tube appeared.
The recombination coefficients for polymeric materials were rather low [23], but for H atoms on
stainless steel, the probability of surface recombination was close to 0.1 [24]; thus, very few H atoms
created in plasma could enter the RGA. As a result, the Hj signal prevails in Figure 4. Here, it is
also worth mentioning that the sensitivity of the RGA for hydrogen was particularly large, thus no
quantification of results in terms of partial pressure was possible.

During the activation of polymer substrates with argon plasma, a continuous increase in the
intensity of mass 18 (water vapour) was observed (Figure 4). This effect is explained by the heating of
all materials facing the plasma and consequent temperature-stimulated desorption of water vapour.
All other masses in the time range from minute 5 to minute 7 decreased with time. The masses 16, 26,
and 28 were attributed to methane, acetylene and ethylene, respectively, rather than other molecules.
As already mentioned, the reactor was tightly sealed, thus mass 28 could not be attributed to Nj
molecules, let alone Si atoms (the vapour pressure of Si was negligible at room or slightly elevated
temperature).

Argon was introduced into the plasma reactor for 2 min only. When the Ar valve was closed and
the discharge was turned off, mass 40 decreased almost instantly. Features other than mass 18 also
vanished. One conclusion that could be drawn on the basis of this observation is that measurable
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etching of the polymer samples occurred inside the reactor under plasma conditions. Although the
power density was rather small (in the case of Figure 4, the power was 3.5 kW), it was large enough to
cause etching and thus formation of molecules that were not observed during pumping down and
before the plasma was ignited.

Once the discharge was turned off, the mass spectrum showed only water vapour (mass 18).
During operation of the diffusion pumps, the RGA signal of mass 18 decreased by almost an order
of magnitude (note the logarithmic scale of the y-axis in Figure 4). Once the cold trap was open,
the intensity of the RGA peak decreased by another order of magnitude (at 13 min in Figure 4),
which was correlated with the instant pressure drop indicated in Figure 3.

After 14 min, the cold trap and diffusion pumps were hermetically separated from the reactor,
HMDSO was introduced, and the discharge was turned on again. As a result, the RGA spectra became
extremely rich (Figure S2). There were features corresponding to masses 2, 16, 18, 26, 28, 45, 52, 59,
66, 73, etc. The appearance of the peaks at large masses was attributed to various fragments of the
HMDSO molecule. The precursor was thus partially decomposed both in the plasma reactor and in
the RGA ionisation chamber. Any detailed analyses of RGA spectra was impossible since any heavy
mass could be attributed to various molecules. The richness of the spectrum only indicated complex
gas-phase chemistry. The discharge was turned off twice during deposition of the protective coating to
prevent formation of dusty plasma. As explained in the Introduction, radicals tended to interact with
each other in the gas phase, forming clusters that were negatively charged in plasma, thus could not
escape to the surfaces that were also negative against plasma due to differences in mobility between
electrons and ions. The net charge flow on the surface of any object facing plasma should be zero
under steady conditions, thus the plasma should be positive against the walls to compensate for the
very large electron mobility compared to ion mobility.

Mass spectrometry was therefore useful for monitoring the evolution of various molecules that
were either created in gaseous plasma and stable enough to enter the RGA or created in the ionisation
chamber of the RGA itself. An insight into the rather short-lived radicals that were created in the
plasma was, however, obtainable from Figure 5, which presents optical spectra arising from the plasma
during deposition.
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Figure 5. An optical spectrum of gaseous plasma during the deposition phase.

Figure 5 presents a typical optical spectrum during introduction of HMDSO (from minute 15
onward). Unlike the mass spectra in Figure 4, the optical spectrum in Figure 5 is extremely simple.
One can observe lines that corresponded to radiative transitions from excited hydrogen atoms to the
first excited state—the Balmer series, where the most intensive emission lines were the alpha and
beta lines at 656 and 486 nm, respectively. There was also a peak corresponding to the CH radical.
This observation was consistent with the mass spectrometry results (Figure 4), which indicate the
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presence of a variety of molecular fragments. Optical spectroscopy cannot reveal many-atom molecules
since the radiative transitions from such molecules form a continuum. Nevertheless, the appearance of
the CH peak at 431 nm revealed fragmentation of the original precursor to CH, radicals under plasma
conditions. This result is consistent with the generally accepted theory that weakly ionised plasma
causes decomposition of HMDSO by subtracting methyl radicals. The large intensity of radiation
arising from H atoms can be attributed to either dissociation of water vapour or subtraction of H atoms
from the original precursor. The oxygen line at 777 nm was absent, which could be explained by either
the poor density of O atoms in the deposition phase or low electron temperature. Both explanations
are feasible, as became evident by monitoring the properties of the films deposited on sample surfaces
upon performing PECVD with HMDSO.

Figure 6 presents a typical XPS depth profile of a polymer sample characterised after completing
the entire production cycle, i.e., activation, metallisation and deposition of the protective coating.
The substrate was composed of carbon only (XPS is not sensitive to hydrogen). There was a broad
interface between pure carbon in the rightmost part of the depth profile and aluminium. The rather
large concentration of oxygen at this interface was explained by successful functionalisation of the
polymer surface during the activation phase (minute 5 to minute 7 in Figure 4). This functionalisation
could not occur due to any interaction of argon or water vapour with the surface of the polymer
material. Formation of the oxygen-rich interface between the polymer substrate and aluminium film
was obviously due to plasma conditions, but a detailed explanation is not straightforward, as one
should take into account various mechanisms.
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Figure 6. The XPS depth profile of the protective coating on a polymer substrate.

One method for functionalisation of a polymer surface with oxygen functional groups is irradiation
with hard UV radiation and subsequent exposition to an oxygen-containing gas. A review of such a
method is published recently [25]. Radiation causes bond breaking in the surface layer of the polymer,
thus increasing the affinity for oxidation. The radiation in our case arose predominantly from hydrogen.
There were two H lines in the optical spectrum marked as Hy and Hp arising from transitions from
the second and third excited state, respectively, to the first excited state. The transitions to the ground
state (which appear in the hard UV range of spectrum) were not visible, but they were much more
intense than the transitions to the first excited state. According to Fanz et al. [26], the transitions
to the ground state are at least an order of magnitude more intensive than those to the first excited
state. The radiation arising from the transition from the first H-atom excited state to the ground
state appeared at a photon energy just over 10 eV, and such photons were effectively absorbed by the
surface film of the polymer, thus breaking bonds. The dangling bonds then interacted with the water
vapour, which was, according to Figure 4, the major component of the residual atmosphere. The water
partial pressure could not be determined accurately from the measured ion currents, but, in a rough
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approximation, we could account for the pressure inside the reactor before introducing argon into the
system. Figure 3 reveals that the pressure was approximately 1 Pa at this stage of the process. Ata
pressure of 1 Pa, the density of water molecules in the reactor was as high as 10%°
calculated using a general gas equation:

m~3, which was

p=nxkxT, (1)

where p is the pressure, 7 is the density of molecules, k is the Boltzmann constant and T is the absolute
temperature. The flux of gas molecules onto the surface is

1
j=gxnx), 2)

where <v> is the average velocity of thermal motion (approximately 600 m/s for H,O molecules). If all
molecules interacted with dangling bonds on the polymer surface, a monolayer of oxygen would form
in less than a second. Therefore, there were enough oxidative species to ensure rich functionalisation
of the polymer surface prior to deposition of the aluminium film, even though the activation was
performed under vacuum condition.

An alternative technique for functionalisation of a polymer surface is dissociation of water
molecules into H and OH radicals. This technique is particularly useful for plasma activation of
materials that release a large amount of water vapour, for example, textiles [27]. In fact, water vapour is
always present in low-pressure reactors and significantly influences the surface finish of plasma-treated
polymers [28]. OH radicals are renowned oxidants and interact with the polymer surface to form
polar functional groups. Evidence for H,O dissociation under plasma conditions is shown in Figure 4.
The mass spectra were rich in H, molecules, and their appearance was attributed to the dissociation
of water molecules and subsequent association of H radicals into H, molecules. The dissociation
may occur by either electron impact or interaction with a metastable Ar atom. Therefore, there
were at least two mechanisms that ensured successful formation of oxygen-rich functional groups
on the surface of the polymer: (1) formation of dangling bonds on the polymer surface due to
irradiation with hard UV radiation and oxidation of this modified polymer with water vapour; and
(2) dissociation of water molecules under plasma conditions and interaction of OH radicals with the
polymer surface. Unfortunately, the techniques adopted in this study did not allow differentiation
between the mechanisms, thus it was not possible to state the prevailing one. Regardless, the high
concentration of oxygen at the interface between the polymer substrate and the aluminium film, as
evidenced by the XPS depth profile (Figure 6) was explained by the presence of water vapour in the
plasma reactor during the activation step.

The broadness of the interface was probably not due to penetration of oxygen deep into the
polymer substrate but rather to its roughness. As mentioned above, the industrial polymer samples
exhibit a roughness of approximately S, =5 nm (Sq = 6.5 nm), which is reflected in Figure 6 as the
broad interface. The oxygen-rich layer spans between approximately 70 and 120 nm in Figure 6. On top
of this layer, there is a film of aluminium. The aluminium film is almost free from other elements
due to the rapid deposition. Nevertheless, one can observe a measurable amount of oxygen (perhaps
5 at.%) in the aluminium film in Figure 6, which was due to the water vapour-rich residual atmosphere.
The water molecules absorb on the freshly deposited aluminium and form AlO, compounds. If the
deposition occurred in a very short time or if the water concentration were negligible during aluminium
deposition, the Al film would have been free from oxygen. These conditions, however, cannot be
ensured in industrial reactors.

On top of the Al film in Figure 6, there is another layer rich in oxygen followed by a thin film of
the protective coating. Again, the broad interface was attributed to the sample roughness. The rather
large amount of oxygen in this interface was attributed to the fact that the deposition using HMDSO
does not start immediately after completing Al deposition, so there is enough time for the formation
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of an oxide film on the freshly deposited aluminium surface (see the discussion on molecular fluxes
above). Figure 7 shows the stack of Al 2p spectra obtained during XPS depth profiling of the layered
structure of the sample. It can be seen that the spectra from the first Al-layer interface had a peak at a
binding energy of 74.0 eV, meaning that Al-oxide was formed on the top of the Al-layer. The Al 2p
spectra from the central part of the Al layer had a peak at a binding energy 71.8 eV related with Alin
its metallic form. At the interface between the metallic Al and the polymer substrate, the Al 2p spectra
again had peak at a binding energy of 74.0 eV, indicating that Al-oxide was formed in the first stage of
deposition of the Al-film. The results presented in Figure 7 therefore clearly confirm partial oxidation
of the Al film at both interfaces. This thin film of oxide on the surface of the aluminium coating was
beneficial for adhesion of the protective coating since the surface energy (and thus wettability) of
oxides is generally higher than that of pure metals.
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Figure 7. Al 2p spectra obtained during XPS depth profiling of the deposited sample.

The uppermost protective coating in Figure 6 contains silicon, oxygen and carbon. This observation
was explained by partial dissociation of HMDSO under plasma conditions. Radicals were formed from
the precursor, and the molecular fragments adsorbed onto the substrates, forming a layer composed of
Si, C,H and O. The radicalisation led to formation of the CH, and H radicals, wich was evident from the
optical spectrum shown in Figure 5. The mass spectra (Figure 4), however, revealed very rich plasma
chemistry upon depositing the protective coating on freshly metallised polymer substrates. Since water
vapour was present during the PECVD process (see Figure 4), the OH radicals might interact chemically
with the freshly adsorbed layer of precursor radicals, forming SiOy, as explained above for the case of
surface activation of the polymer substrate and oxidation of the topmost aluminium film.

The depth profile in Figure 6 shows only a rough composition of the silicon-rich film and
does not reveal much about the structure. To obtain insight into the structure of the protective
coating, we also acquired high-resolution XPS spectra and performed SIMS characterisation. Figure 8
shows high-resolution spectra acquired on the surface of a sample coated with the protective coating.
The selected range of binding energies corresponded to silicon, oxygen and carbon. The silicon
XPS peaks were at a binding energy of 102.3 eV. This binding energy was representative of C-5i-O
bonds. The absence of a peak at 103.5 eV revealed that there was practically no SiO, molecules; rather,
the topmost layer was a plasma-polymerised film of C-5i-O, which should offer good corrosion
protection to the Al-metallisation layer [29]. As mentioned above and elaborated by Prykril et al. [8],
the carbon-free coating obtained by PECVD using HMDSO was extremely fragile and tended to crack.
The polymer-like coating with an appropriate structure, as revealed in this work, was more flexible than
the carbon-free coating and is thus useful in many applications. Figure 8 also shows the high-resolution
oxygen O 1s spectrum with peaks at 532.7 eV. This binding energy is often related to C-Si—O bonds,
thus the result is consistent with the position of the Si peak. Finally, the carbon C 1s XPS spectrum is
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also shown in Figure 8. The binding energy of this peak was at 284.8 eV, which was assigned to carbon
bonded with hydrogen, silicon or another carbon rather than to oxidised carbon such as O-C=0, C=0,
or C-O. The high-resolution XPS spectra therefore indicated a structure practically free from silica and
carbon atoms bonded to silicon rather than oxygen.
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Figure 8. High energy resolution XPS spectra obtained on the surface of the deposited sample of: (a) Si
2p; (b) O 1s; and (c) C 1s.

Additional information about the structure of the deposited protective coating is available from
an alternative technique for surface characterisation-ToF-SIMS. The spectrum of positively charged
secondary ions emitted from the surface of a sample irradiated with energetic bismuth clusters is
shown in Figure 9 in the mass range of 1-200 amu. The main peaks in this spectrum were at 27.97 (Si*),
42.99 (SiCH3™), 59.03 (SiC,H7 "), 73.05 (SiC3Ho*) and 147.05 amu (SipCsH15*O). These peaks were
actually clusters of the Si—-C-H-O compound that forms the uppermost protective layer. The peaks
were typical of polydimethylsiloxane [30]. The SIMS spectrum shown in Figure 9 is therefore consistent
with the XPS spectra shown in Figure 8. The high concentration of hydrogen in the secondary ion
clusters also indicated the polymer-like structure of the deposited protective coating.
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Figure 9. ToF-SIMS spectrum of positive secondary ions emitted from the surface of the

deposited sample.

A fundamental discrepancy between the processes of plasma activation and deposition of the
protective coating might be observed. As explained above, the gaseous plasma was suitable for
formation of oxygen-rich functional groups on the polymer surface during the activation process
(5-7 min in Figures 3 and 4), however no measurable oxidation of the protective polymer coating
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was revealed from the XPS and SIMS results, as shown in Figures 6-9. This fundamental discrepancy
was explained by the various gas-phase and surface reactions involved. The activation process
was performed using argon plasma and taking advantage of the presence of water vapour to
ensure appropriate surface activation of the polymer substrate. Although the power density was
low, the irradiation with bond-breaking UV radiation and oxidation with OH or H,O molecules
were sufficient to functionalise the substrate with polar groups rich in oxygen. During the plasma
polymerisation step, however, HMDSO molecules were the predominant gaseous species. Compared to
Ar molecules, HMDSO molecules had numerous channels for the loss of electron energy upon collision.
The numerous dissociative collisions effectively lowered the electron temperature in HMDSO compared
to Ar, thus the electrons were not energetic enough to atomise the molecules. The majority of the
available electron energy in the HMDSO plasma was therefore spent on only partial radicalisation of
these molecules. As a result, the main backbone of HMDSO was preserved, thus the protective coating
grew from molecular fragments rather than atoms. Silicon in HMDSO therefore remained bonded to
oxygen and carbon, and this material exhibited much less affinity for oxidation by OH radicals than
the polymer substrate, let alone freshly deposited aluminium. Furthermore, as the electron energy was
spent preferentially on radicalisation of HMDSO, the water vapour was not dissociated to reactive OH
radicals as much as it was in argon plasma, thus the available flux of this highly oxidative radical was
not large enough to cause complete oxidation of the Si—-C-H-O coating and formation of SiO, within
the protective coating.

4. Conclusions

The combination of various techniques for plasma and surface characterisation adopted in this
work provided insight into the mechanisms involved both in the gas phase and on the surfaces of
materials facing plasma upon deposition of an appropriate protective coating onto polymer substrates in
alarge industrial plasma reactor. The reactor configuration enabled appropriate gas composition during
all three production steps: surface functionalisation, aluminization and deposition of a protective
coating resembling polydimethylsiloxane. The activation process was performed with argon plasma.
The lack of electron energy loss mechanisms in argon plasma resulted in preferential dissociation of
water vapour molecules present in the residual atmosphere. The resultant H atoms were excited to
radiative states, providing UV radiation that caused bond breaking in the polymer surface. The OH
radicals enhanced the oxidation of the polymer surface and thus the formation of oxygen-rich functional
groups that endowed the polymer substrates with appropriate surface energy to ensure good adhesion
of the aluminium coating. In the phase of plasma polymerisation of the protective coating, however,
the electron energy was spent preferentially on partial dissociation of the HMDSO precursor. The nature
of the deposited film and lack of highly reactive oxygen-containing radicals enabled preservation of
the C-Si-O bonds and thus formation of a coating resembling polydimethylsiloxane rather than more
extensive oxidation of the protective coating and consequent formation of SiO, clusters in the film,
which was observed by several other authors upon intentionally adding oxygen to HMDSO upon
plasma deposition of protective coatings [6,8,10-12].
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Figure S1: One of the AFM images of the untreated sample. Measurements with AFM were performed on
3 samples at different places. The average roughness was around S, = 5 nm (Sq = 6.5 nm), Figure S2: Mass
spectrometry of gaseous molecules of higher masses during all phases of the production process.
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Abstract: In the field of surface treatment, laser colour marking can be used to produce coloured
marks on the surfaces of metals. Laser colour markings can be applied to various materials, but on
titanium alloys a wide spectra of vivid colours can be achieved. This study presents an analysis
of the corrosion properties of laser treated surfaces that were exposed to aggressive environments.
Different samples were prepared with laser light of various power intensities and processing speeds.
The samples were prepared on low alloyed Ti. Electrochemical, spectroscopic and microstructural
analyses were conducted in order to study the properties of the laser treated surfaces. Corrosion
testing showed different effects of laser power and production speed on the properties of the laser
treated surfaces. It was shown that a high intensity and slow processing rate affect the surfaces by
forming oxides that are relatively stable in a corrosive environment of 0.1 M NaCl. Spectroscopic
investigations including scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) analyses showed the differences in chemical structure of the surface layer formed after laser
treatment. Similarly, microstructural investigations showed different effects on the surface and
sub-surface layer of the laser treated samples.

Keywords: Ti alloy; laser color creation; microstructure; passive film; X-ray photoelectron spectroscopy
(XPS); corrosion

1. Introduction

The aims of this study were to study the properties of laser treated Ti surfaces and to study the
effect on corrosion resistivity in a 0.1 M NaCl solution.

The marking of surfaces is widely used in industry in order to distinguish industrial products
from each other or to provide certain information to the customers through bar codes or similar
marks [1,2]. Some producers use marking to distinguish their original parts. Marking can be completed
on plastics and different metals [3-12]. On certain metals and/or alloys, like stainless steels, nickel alloys,
chrome plated steel, aluminium and titanium alloys, marks of different colours can be obtained [5-12].
This effect is generally used in the automotive, electronics, telecommunications and pharmaceutical
industries for general consumer goods and high-end products, for decorative purpose and advertising,
in the production of jewellery and even art [12-20].

There are various technologies used to produce markings, including printing, plasma
treatment [11,21], electrochemical treatment, magnetron sputtering, micro-arc oxidation [22,23],
anodising [1,8,24], cold spray [17] and laser induced oxidation [1,2,9,25]. The most important
advantages of laser induced oxidation are that the process is non-contact and that the marking of
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smaller surfaces can be made fast at relatively low cost. The produced markings are very sharp,
reproducible and precise. Another benefit is that the process enables flexible change of marking colours
on the fly with respect to laser processing parameters [6,13-16].

Titanium and its alloys have several specific properties, like good strength to weight ratio, high
strength, good chemical stability, high temperature stability, biocompatibility, corrosion resistance and
resistance to fatigue and wear, and can be heat treated or surface treated in order to achieve particular
hardness and strength [11,26].

Laser induced oxidation of metals is a gaseous high-temperature corrosion process, where thin
layers of oxides or other more complex oxidation formations are formed. With this process, different
colours can be produced on the titanium surface. During laser oxidation, titanium oxides are formed at
the surface if the marking is carried out in an oxidative atmosphere. Titanium oxides are not expensive,
biocompatible, non-toxic and mechanically and chemically stable [16]. On the surfaces, there are thin
layers present in the form of anatase, brookite, rutile or in the amorphous phase [6,13,16]. In the white
light spectrum, they are highly transparent and exhibit a wide spectrum of vivid colours as a result of
the interference between white light and the borders between different phases. The obtained colours
depend on the thickness of the oxide layer, refractive index and the interference between light and
incidence angle [6,13,15,27]. There are many laser parameters, such as pulse duration, pulse repetition
rate, pulse energy, focal position of laser beam and processing parameters, such as scanning speed,
hatching distance, laser fluence and scanning strategy, that change the properties of the produced
compounds and the thickness of the oxide layers. Among these parameters, the produced colours, i.e.,
layer thickness and its composition, are directly affected by scanning speed, while the reproducibility
of colours is highly sensitive to hatching distance at constant laser parameters. Researchers have
also noted that other parameters, such as material surface temperature and laser fluence, have an
influence on the produced colour but are hard to control if the size and shape of the product is
changing [6,13-16,28].

The reactions and their product compositions are based on thermodynamic data and kinetic
coefficients. Since laser induced oxidation is usually done in an air atmosphere (mixture of gases),
the processes are non-isothermal and thus the oxidation results are usually very complex. Different
authors have reported that observed layers consisted of different titanium oxides, namely, TiO, TiO,,
Ti,O and Ti; O3 [6,7,12,16]. Adams et al. [29] performed the analysis using nanosecond fibre laser
marking of titanium grade 2. They reported that the surface coating is made of three layers, TiO, (top),
TiO (middle) and a bottom layer, which is an inhomogeneous mixture of Ti, O and N, from which only
the two top layers are optically transparent. Researchers have proposed two- and three-layer models of
coatings, where the three-layer model is made of (TiO,/TiO/TigO + TiOxN1_y) [6,16]. Some authors also
pointed out a TiN phase and its influence on the mechanical properties of the surface [13]. Antonzcak
et al. [16] studied the presence of nitrogen compounds and the existence of nonstoichiometric factors
(TiNo .26, TiNg 220078 and TiOg g92) using X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) analyses. They showed that the top layer of the coating is not made of pure TiO, [16].

Perez del Pino et al. [7] reported that they obtained a coating layer thickness of between 0.1 and
10 pm, and that the thickness depends on the laser fluence. Adams et al. [29] showed that the visually
transparent part of the coating layer is made of TiO, and TiO, and its thickness is between 10 and
120 nm.

Analysis of the morphology showed that rapid heating and cooling of the surface during laser
marking causes high temperature gradients, which cause the formation of a channel micro-crack
network [13]. The micro-cracks have an influence on the diffusion rate of oxygen, they change the
reaction speed and composition of the produced layer and its effect on corrosion resistance [15,30], and
could cause the delamination problems if laser marking is done with inappropriate fluence. However,
the adhesion between the oxide layer and the titanium surface is good, as stated by Akman et al. [13].
The scanning speed also has an influence on the grain size, which becomes larger if the scanning speed
is smaller. Akman et al. [13] also showed that laser surface treatment has an influence on the scratch
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hardness, which becomes higher if the scanning speed is smaller. Antonzak et al. [16] showed that the
values of the roughness parameters become smaller if the laser fluence increases. Such a layer hardens,
thus as reported, the durability of titanium is reduced [31]. So far, corrosion testing has been performed
on martensitic and austenitic stainless steels in Ringers’ solution in order to study the degradation of
identification marks on surgical tools and prostheses [32].

In this study, different microstructural and spectroscopic investigations have been used to evaluate
the effect of laser on Ti-based materials. XPS was used to study the surface properties of treated
materials and the influence of the laser power and the scan rate of the laser. Electrochemical techniques,
such as potentiodynamic and electrochemical impedance spectroscopy were used in order to study
electrochemical properties of newly formed oxide films, as well as their stability in slightly saline
solution simulating road conditions.

2. Materials and Methods

2.1. Preparation of Samples

Samples from low alloyed Ti were prepared in a shape of discs of ® = 16 mm, cut from 1.5-mm-thick
foil. Composition is given in Table 1. The studied Ti alloy is suited for automotive and other industrial
applications [33]. It exhibits superior oxidation resistance at elevated temperatures compared to other
commercially pure Ti [33].

Table 1. Chemical composition of low alloyed Ti, analysed by energy-dispersive X-ray spectroscopy

(EDS, Inca, Oxford, UK).
Element Si Al Cr Fe Ti
Content (wt %) 0.48 04 1.27 2.81 balance

Ti sheets were treated by shot-peening process using stainless steels beads (appearance of Fe and
Cr). The samples were ultrasonically cleaned in ethanol for 3 min prior to laser treatment and prior
to the measurements. Laser induced colour marking was done using a Speedy 400 flexx engraving
machine (Trotec, Marchtrenk, Austria). The deflection of the laser beam on the desired surface of the
substrate was completed using a CNC- computed numeric control) table. The colour marking was
completed using a Yb glass fibre laser with a wavelength of 1064 nm, an average output power of up
to 30 W, a peak power output of up to 15 kW, a pulse energy of 1 m], a pulse duration between 4 and
200 ns and beam quality factor M2 < 1.5 (YLPN, IPG, Burbach, Germany-1-4x200-30-M). The constant
colour marking parameters were a pulse repetition rate (PRR) at 35 kHz and defocus at —2 mm, with
an air atmosphere present during marking that was done at 500 dpi. During the marking, the fibre
laser power and marking speed changes according to Table 2.

Table 2. Parameters of fibre laser colour marking.

Sample Speed Speed Average Average PRR Observed
[%] [mm/s] Power [%] Power [W] [kHz] Colour
(a) Low alloyed Ti - - - - - Natural grey
(b) Ti_laser_65-3 3 60 65 19.5 Brown
(c) Ti_laser_100-6.5 6.5 130 100 30 35 Yellow
(d) Ti_laser_100-4 4 80 100 30 Light blue
(e) Ti_laser_100-3 3 60 100 30 Blue

2.2. Microstructural Examination

Samples for metallographic investigation were etched in a solution of 100 mL of H,O, 2 mL of HF
and 5 mL of conc. HNOj for 2 min. Shortly afterwards, an optical microscopy study was conducted at
different magnifications. The number of inclusions was estimated at scans with a magnification of 20x.
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2.3. Electrochemical Measurements

The test solution was 0.1 M NaCl. A three-electrode corrosion cell was used, with a volume of
350 cm3. The working electrode was embedded in a Teflon holder, and had an exposed area of 0.785 cm?.
Reference 600+ (Gamry, Warminster, PA, USA) was used for electrochemical measurements. The
short electrochemical tests were performed after 1-h stabilisation at open circuit potential (OCP) and
included measuring of corrosion potential (1 h), electrochemical impedance spectroscopy (after 1.33 h)
followed by potentiodynamic tests. Electrochemical impedance spectroscopy (EIS) measurements at
10 rms, seven points per decade and from 65 kHz to 1 mHz were conducted at open circuit potential.
At the end of short-term measurements, the potentiodynamic measurements were performed starting
from —0.25 V vs. OCP, and progressing in the anodic direction up to +2.0 V at a scan rate of 1 mV/s.
For long-term experiments, EIS was conducted after 24 h and then weekly (1 week, 2 weeks and
3 weeks). All potentials are reported with respect to the saturated calomel electrode (SCE) scale. At least
three measurements were performed in order to fulfil the statistical requirements for electrochemical
testing [34]. After estimating the mean values of the logarithmic results of corrosion resistance, the
measurement that had the closest value to the mean value from the set was chosen to be presented in
the graphs.

2.4. Surface Analysis

X-ray photoelectron spectroscopic (XPS) analyses were performed on a PHI-TFA XPS (TFA XPS,
Physical Electronics Inc., Chanhassen, MN, USA) instrument equipped with an Al-monochromatic
X-ray source. The analysis area was 400 um in diameter and I XPSHI the analysis depth was ~5 nm,
which shows very high surface sensitivity of this method. In order to obtain the subsurface chemical
composition, Ar-ion sputtering was performed in addition to XPS analyses. Signals of Ti 2p, O 1s, C
1s, Fe 2p, Si 2p and N 1s were collected during XPS depth profile analyses. An Ar-ion beam of 4 keV
scanning over a 3 mm X 3 mm region on the surface was employed for depth profiling. The sputtering
rate was estimated to be 1 nm/min measured on a reference sample of known thickness. By XPS depth
profiling, a subsurface region of ~25 nm was analysed.

Scanning electron microscopy (SEM) was performed on a low vacuum JEOL 5500 LV scanning
electron microscope (JEOL, Akishima, Japan), equipped with Oxford Inca (EDX) energy dispersive
spectroscopy (Oxford Instrument Analytical, Abingdon, UK), in order to examine the alloy composition
by using an accelerating voltage of 20 kV.

3. Results and Discussion

3.1. Light Mictroscopy and Microstructural Examination

The optical image of the studied surfaces is presented in Figure 1.

The colours were characteristic for high-temperature titanium oxides. The surface of the low
alloyed Ti was mechanically treated after rolling the sheet metal (Figure 1a) by a shot peening process.
The surface appearance of the laser marked Ti surface (laser 65_3) was lightly cracked (Figure 1b), as
observed in a rectangle in Figure 1b. There was a significant number of impurities observed on the
surface (Figure 1b). In the case of a higher production speed of a laser (Figure 1c), the surface layer was
not completely melted. Traces of the original surface and minor cracks in all directions were visible
(white rectangle in Figure 1c). When the laser beam with high power passed, multiple tiny cracks
were formed on the surface (depicted in white rectangles in Figure 1d,e), which extended transversely
to the direction of the laser beam passage. The cracks were more intensive when the power of the
laser was increased and when the processing speed was lowered. The surface of the colour marked
samples looked wavy, but this was not visible in the cross section (Figure 2). Cracking is, according to
the literature, related to o-Ti phase formation, which is capable of dissolving ~33 at % oxygen and
23 at % nitrogen. This is reported as an oxygen-rich metallic layer, namely, Ti(O) interstitial solid [16].
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Figure 1. Prepared laser colour marking of low alloyed Ti for the samples presented in Table 1. (a) low
alloyed Ti; (b) sample Ti_laser_65_3; (c) sample Ti_laser_100_6.5; (d) sample Ti_laser_100_4; (e) sample
Ti_laser_100_3.
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Figure 2. Microstructural investigation of laser marked surfaces in a cross-sectional view on low alloyed
Ti foil (a), on a sample Ti_laser_65_3 (b), on a sample Ti_100_6.5 (c), on a sample Ti laser_100_4 (d), on a
sample Ti_laser_100_3 and (e) the effect on the changed heat affected zone in cross section (f).

Laser marked surfaces were metallographically examined in the cross section of the prepared
surfaces on disc electrodes. The results are presented in Figure 2.

Low alloyed Ti has a typical microstructure with crystal grains oriented in all directions equally.
The mechanical treatment induced the recrystallization layer, which is observed on low alloy Ti and is
approximately 11 pm thick. When the surface is laser treated, the heat, produced by the laser, affects
the microstructure in the upper layers to some extent. Cross-sectional examination of laser treated
surfaces showed that the intensity (power) affects the depth of the changed microstructure. In addition,
the effect varies with the production speed of the laser, where the depths of the affected microstructure
in pm are presented in Figure 2f. The most affected microstructure, thus, was the microstructure below
a surface of low alloyed Ti treated with 100% laser power and lowest production speed (laser_100_3).

The crystal grains became smaller in the range of 1-5 um, whereas original crystal grains at a
depth of 100 to 200 pm were 10-20 um.
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3.2. Electrochemical Measurements in 0.1 M NaCl Solution

Potentiodynamic measurements were made on low alloyed Ti surfaces and laser treated surfaces
after 3 h immersion in 0.1 M NaCl. The results are presented in Figure 3. The electrochemical
parameters, deduced from the curves, are presented in Table 2.

15+ —— Ti_laser_100_4
—— Ti_laser_100_3
——o Ti_laser 65 3
Ti_laser 100 6.5
Low alloyed Ti

E/Vvs. SCE

0.5

0.0

10 108 107 108 10 104 10

j/Acm?

Figure 3. Potentiodynamic polarisation curves for Ti and laser treated Ti surfaces in 0.1 M NaCl solution
at a scan rate of 1 mV/s.

In the case of low alloyed Tij, it is clearly shown that the Ti surface exhibits passive behaviour, as
observed from low passive current densities in the passive region. The breakdown potential, Ey,, for
low alloyed Ti is at 1.22 V and was estimated at a potential at which transpassive region with slow and
steeper increase of a current density is observed (Figure 3). The current density in the pseudo passive
region for non-treated low alloyed Ti is the highest among the tested samples. Samples treated with
100% laser at the highest marking speed (6%), lowest power (65%) and 3% marking speed have the
second highest current density in the passive region whereas the corrosion current density is increased.
Surfaces that were treated with the highest power of 100% and a smaller marking speed exhibited the
smallest corrosion current density in the anodic region. Furthermore, the smallest corrosion current
density jeorr Was measured for 100% power and 4% marking speed at 16.7 nA-cm~2. The breakdown
potential is not affected to a great extent. The passivity region AE (Ep, — Ecorr) in Table 3 shows that the
width of a passive region is wider for laser treated surfaces.

Table 3. Electrochemical parameters from potentiodynamic curves.

Sample Ecorr/V jeorr */MA-cm~2 Ep/V AE/V
Low alloyed Ti 0.011 27.0+2.2 1.17 1.16
Ti Laser 100_6.5 0.030 479+ 1.0 1.22 1.19

Ti Laser 100_4 0.009 16.1 £ 0.6 1.22 1.21
Ti Laser 100_3 —0.033 285+ 0.5 1.22 1.25
Ti Laser 65_3 —-0.044 29+9 1.22 1.27

*Average value of corrosion current densities.

In Figure 4 the representative impedance measurements are presented in the form of a Nyquist
and Bode plot for low alloyed Ti and laser treated Ti surface (laser_100_3) after 1.33 h immersion
time during short term experiments. For short term experiments, the total impedance at lowest
measured frequency, |Z|, for low alloyed Ti and surface treated Ti (sample Ti laser_100_3) was 2.01 and
1.98 MQ)-cm?, respectively.
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Figure 4. Nyquist and Bode plot for low alloyed Ti and laser treated surface (Ti Laser_100_3) in 0.1 M
NaCl after 1.33 h immersion time at short term experiment.

The impedance spectra for short term experiments were fitted with the equivalent circuit presented
in Figure 4. Equivalent circuit consists of parallel combination of resistance and capacitance elements
(RQ) that are in series with Re, electrolyte resistance. The circuit represents just one of possible
equivalent circuits that are adequate to fit the impedance spectra. This model was chosen on the basis
of Pan et al. to describe a bi-layer structure of oxide film on titanium in a saline environment [35]. The
film, that forms on Ti based alloy, also exhibits a two layer structure with a dense inner layer of TiO,
and porous outer layer.

The high frequency parameters Ry and Q; represent the properties of the outer porous and passive
film/solution interface reactions. The symbol Q signifies the possibility of a non-ideal capacitance (CPE,
constant phase element). A CPE is usually used to describe non-ideal capacitive behaviour due to
uneven current distribution or surface inhomogeneity providing the exponent # is close to unity. The
impedance of the CPE is given by [36]:

Q = Zcpe(w) = [Cw)"]™ (1)

for n =1, the Q element reduces to a capacitor with a capacitance C and, for n = 0, to a simple resistor.
The values of parameter 1 around 0.5 indicate the diffusion process through the pores of oxide film.

The process in the low frequency range describes the capacitance of the barrier layer (Q,) at
the electrolyte/dense passive film interface. R; is the charge transfer resistance. The values of fitted
parameters of the equivalent circuit at initial immersion time for low alloyed Ti and laser treated Ti
surface are presented in Table 4.
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Table 4. Values of fitted parameters of the equivalent circuit as a function of applied potential at 1 h
immersion time. Units: R[Q-cm?], Q[Q~-em~2s"] and C[F-em™2].

Sample Re o]} C; n Ry Q2 C, 1y R, Chi?

lowalloyed i 87 186x107° 13.6x107° 0941 310  6.887x107° 31.7x107° 0749  1.38x107  0.0007
Laser 65_3 29 238x107°  126x107° 0904 1043 3.028x107° 476x107° 0892  1.38x107  0.003

Laser 100_6.5 13 1.31x107° 13.1x10°° 1 541  1.108x 107> 394x107®  0.754 44x10°  0.0008
Laser 100_4 30 209x107° 152x107°  0.929 701 197 %107  65.0x107° 0.5 1.67 x 107 0.002
laser 100_3 15  1.02x10°° 102x10°° 1 552 124x107°  639x107° 0779  131x107 0.00057

The parameter R, has a value from 15 to 87 Q-cm? and is ascribed to electrolyte resistance. Ry
values are smaller than R, values as large values for R, are observed for tested materials, showing
that the oxide film on Ti alloy and laser treated surfaces has a large resistance. It is seen that R; is
less than 1 kO-cm?. These values show that the porous layer formed has a very low resistance. CPE,
denoted as Q1 and Q, were recalculated using equation C; = [R1" x Q11" [37] in order to compare
capacitance values for Ti alloy. C; is attributed to the properties of outer oxide layer, while C; is in
general increasing with the power of laser treatment and could be attributed to more compact inner
dense layer.

In order to observe the long-term stability of films on Ti surfaces in corrosive solutions,
electrochemical impedance measurements on low alloyed Ti and surface treated Ti were conducted
after 24 h and subsequently every week in 3 week exposure time. The impedance magnitude at the
measured low frequency limit, |Z|s¢ (f < 0.001 Hz) is presented in Figure 5. It is in the order of
MQ-cm? at initial time and steadily increases in the case of laser treated surfaces, or decreases in
the case of low alloyed Ti surface and Ti sample treated with low power and high production speed
(Ti_laser_65_3). The total impedance of the low alloyed Ti and laser treated Ti surfaces at different
immersion times during long term experiment is presented in Figure 5.

- Ti_laser_100_4
5 ! - Ti_laser_100_3
! - Ti_ laser_B5_3
—= Ti_laser_100_6.5

== low alloyed Ti

|z| f M Qecm?

1 7 14 21
Exposure time / day

Figure 5. Total impedance |Z]| of Ti surfaces in 0.1 M NaCl during 3-week exposure.

It can be observed that the total impedance of low alloyed Ti decreases with exposure time. The
laser marked surfaces with the smallest power (Ti-laser-65-3) also experienced the total impedance
decrease over exposure time. For all other observed laser treated surfaces, it can be observed that total
impedance increases with time, pointing at the fact that the stable passive film was formed, which
with exposure to aggressive electrolyte increases the corrosion stability of the laser treated films.

3.3. XPS Analysis

XPS analyses were performed on three samples: Non-treated low alloyed Ti sample, non-treated
low alloyed Ti sample after exposure to 0.1 M NaCl solution for 3 weeks and laser marked Ti surface
with 100% power and 3% production speed of a laser (sample Ti_laser_100_3), subsequently exposed
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to 0.1 M NaCl solution for 3 weeks. The surface of the last sample had a blue colour, as shown in
Figure 1le.

XPS survey spectra were acquired on the surface of these samples and at the depth of 25 nm. XPS
survey spectra are presented in Figure 6.
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Figure 6. XPS survey spectra of low alloyed Ti before and after exposure to 0.1 M NaCl solution and
laser marked Ti surface Ti-100-3 before and after exposure to 0.1 M NaCl solution; (a) at the surface and
(b) at a depth of 25 nm.

Survey spectra for low alloyed Ti and that after exposure to the corrosive environment were
similar (Figure 6a). No obvious difference in the survey spectra can be observed. Signals of O 1s, Ti 2p
and Cr 2p, Fe 2p, Si 2p, Si 2s, as well as C 1s and Ca 2p, were present on the surface of low alloyed Ti
(Figure 6a). This shows that surface treatment of low alloyed Ti sample yields Fe and Cr elements on the
surface. At the surface of laser marked surface (Ti-laser_100_3) and exposed to corrosive environment
only O, Ti and C were present with minor traces of N (Figure 6a).

In the subsurface region, at the depth of ~25 nm, Ti and Cr/Fe were present on low alloyed Ti
samples, on laser marked surface only Ti and O were present (Figure 6b).

Figure 7 shows high energy resolution Ti 2p spectra of low alloyed Ti before exposure to 0.1 M
NaCl solution and of laser marked Ti surface Ti-100-3 before exposure to 0.1 M NaCl solution at the
surface and at a depth of 25 nm. The Ti 2p>? peak on the surface of both samples is at 458-459 eV what
is assigned to Ti(4+) oxidation state in the surface TiO, oxide. After sputtering at depth of 25 nm on
the laser non-marked sample Ti 2p¥2 peak was at 454 eV (Figure 7a) showing metallic phase of Ti. On
the laser marked sample at depth of 25 nm Ti 2p*? peak showed many subpeaks ranging from 454 to
459 eV (Figure 7b) presenting different Ti-oxidation states from Ti(0) to Ti(4+). Such mixed spectrum of
Ti oxidation states is a typical result of ion sputtering of TiO, when the reduction of Ti(4+) state is
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a consequence of preferential sputtering of oxygen from TiO, oxide [38]. However, also in this case,
TiO, was present at depth of 25 nm which was the maximum depth reached during depth profiling.
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Figure 7. High energy resolution Ti 2p spectra of (a) low alloyed Ti before exposure to 0.1 M NaCl

solution and (b) laser marked Ti surface Ti-100-3 before exposure to 0.1 M NaCl solution at the surface

and at a depth of 25 nm.

Figure 8 shows the XPS depth profiles of four analysed samples presenting changes in chemical
composition with a depth of up to ~25 nm. In Figure 8a,b, no curves for Cr are presented (~10 at %)
although Cr was present in the surface layer, as proved by analyses after XPS depth profiling (Figure 6b).
From Figure 64, it follows that low alloyed Ti sample was covered by a ~10 nm thick mixed TiO,/FeCr
oxide layer (Figure 7a). On the surface, some traces of Ca and Si were also found. Beneath the surface
oxide layer, a Ti-(Fe/Cr) layer was present. In the subsurface region oxygen and carbon concentrations
did not decrease to 0% but they persist at significantly high level. We explained the presence of O and C
as adsorption of O- and C-based species from residual vacuum atmosphere to fresh and very reactive Ti
surface which was exposed during Ar bombardment. In addition, the relatively rough sample surface
produced by shot peening induced shadowing effects for Ar ion bombardment resulting in not complete
and non-uniform removal of adsorbed layer of O and C species. The adsorption effect of C and O was
observed for all four samples being larger for laser non-treated samples (more metallic composition)
than for laser treated samples containing less reactive surface oxide layer (described below).

The low alloyed Ti sample after exposure to the corrosive environment of 0.1 M NaCl had a similar
surface composition as the surface low alloyed Ti before exposure. Low alloyed Ti after exposure was
also covered by a ~10 nm thick mixed TiO,/FeCr-oxide layer. On the surface, some N and Si were also
present. The origin of C in the subsurface region is the same as described above. Beneath the surface
oxide layer, a Ti~(Fe/Cr) layer was present. The concentration of Fe/Cr steel phase in the subsurface
region was higher than on the low alloyed Ti before exposure, which may be related to the exposure
with the 0.1 M NaCl solution.
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Figure 8. XPS depth profiles for (a) low alloyed Ti surface, (b) low alloyed Ti surface after exposure
to corrosive environment, (c) laser marked Ti- Laser_100_3 sample before and (d) laser marked
Ti-Laser_100_3 sample after exposure to corrosive environment. Sputtering rate was ~1 nm/min.

The surface and subsurface region of the laser marked sample (Ti-Laser_100_3) after exposure to
the corrosive environment were substantially different from the samples of low alloyed Ti before and
after exposure, which was related to different treatments. The laser marked surface of a sample was
covered by a thicker TiO, layer when compared to low alloyed Ti samples. This thicker TiO, layer
was related to the laser treatment. A notable difference in the laser treated sample with respect to low
alloyed Ti samples was that no Fe and Cr, as well as no Si, were found on the TiO; surface layer. After
exposure to 0.1 M NaCl, the laser treated surface was very similar to the surface before exposure to the
corrosive environment.

XPS analysis showed that low alloyed Ti samples were different from the laser marked Ti surface.
The main difference was in the chemical structure of the surface oxide film. This was a 10 nm thick
layer of Ti—(Fe/Cr) oxides for the low alloyed Ti surface. This oxide layer did not change much with
exposure to the aggressive 0.1 M NaCl solution. The TiO, layer on the laser treated sample was thicker
(at least 25 nm what was the largest depth reached by depth profiling) and did not contain elements
like Fe, Cr and Si introduced by surface modification of the low alloyed Ti sample.

The more expressed corrosion resistance evidenced from Figure 5 for the laser treated Ti surface
over the non-treated surface can be explained by the presence of Fe and Cr over Ti in the oxide film
present on the non-treated surface of low alloyed Ti sample.

Comparing the results of XPS analysis, it can be concluded that mainly TiO, film of thicknesses
more than 25 nm improves corrosion properties of laser treated surfaces, since TiO; film, of protective
nature, is formed by laser treatment.

4. Conclusions

Microstructural, electrochemical and surface analyses were performed on laser marked low
alloyed Ti surfaces in order to study the effect of laser treatment on the microstructural, physical and
corrosion properties of such surfaces in a corrosive environment.
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The depth of microstructural changes in the cross-sections of laser treated surfaces was related to
the laser power and production speed of the laser. It was the highest for 100% power and the
lowest production speed of the laser.

Corrosion properties were studied by potentiodynamic measurements and electrochemical
impedance spectroscopy. It was found that laser treated surfaces exhibited lower current densities
in the passive region, while the stability of such surfaces is enhanced in long-term exposure in an
aggressive environment.

XPS analysis showed that the low alloyed Ti surface was different from the laser marked surface.
A mixture of Ti and Fe/Cr oxides of thickness of 10 nm was found on low alloyed Ti surfaces,
however mainly pure TiO, oxide layer was detected on laser marked surfaces. TiO, oxide was
thicker (25 nm) than those on laser non-treated surface (about 10 nm).

Different constitution and thickness of oxide layer of low alloyed Ti surface (Cr and Fe presence in
TiO, surface film) and laser marked surfaces (thick TiO,) affected long-term corrosion susceptibility.
Low alloyed Ti surfaces were less stable than laser marked surfaces.
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Abstract: The corrosion inhibition effect of five azole compounds on the corrosion of an AA6082
aluminium alloy in 5 wt.% NaCl solution at 25 and 50 °C was investigated using weight loss and
electrochemical measurements. Only 2-mercaptobenzothiazole (MBT) showed a corrosion inhibition
effect at both temperatures and was further studied in detail, including with the addition of potassium
iodide as a possible intensifier. Surface analysis of the MBT surface layer was performed by means of
attenuated total reflectance Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
and time-of-flight secondary ion mass spectrometry techniques. The hydrophobicity of the MBT
surface layer was also investigated.

Keywords: 2-mercaptobenzothiazole; aluminium alloy; AA6082; corrosion inhibitor; chloride
solution; automotive industry

1. Introduction

The AA6xxx series aluminium alloys (also known as Al-Mg-Si alloys) are heat-treatable wrought
alloys, which, in addition to their high thermal and electrical conductivity and low specific weight,
possess moderately high strength [1,2]. These properties, combined with their good formability and
high resistance to general corrosion, make these alloys very suitable for industrial use, especially in the
automotive and aerospace industries [3,4]. However, intergranular corrosion is one of the most reported
forms of corrosion for AA6xxx series aluminium alloys [5-11]. The authors reported a close connection
between the amount of Cu present in the alloys and their susceptibility to intergranular corrosion.
The Cu content is also related to the pitting corrosion susceptibility of these alloys in chloride-containing
solutions [3]. Due to the fact that the AA6082 aluminium alloy is used to fabricate hot extruded
automotive parts [3,4], the corrosion resistance of this alloy in chloride-containing solutions has been
reported in several studies. Cicolin et al. [12] reported that an increase in chloride concentration (from
0.01 to 1.00 M NaCl) made the AA6082 aluminium alloy more susceptible to pitting than to intergranular
corrosion. The same behaviour was also observed when increasing the solution’s pH or the amount of
dissolved oxygen. The effect of pH on the stress corrosion cracking of the AA6082 aluminium alloy
in a 0.3 M NaCl solution was also studied by Panagopoulos et al. [13]. The authors reported higher
corrosion susceptibility in basic and acid solutions, while a higher resistance was observed for neutral
solutions. Trdan and Grum [14] used electrochemical measurements to study the influence of laser
shock peening (LSP) treatment on the corrosion resistance of AA6082-T651 aluminium alloy immersed
in a 0.6 M NaCl solution. The passivity region of the AA6082-T651 aluminium alloy samples increased
after LSP treatment. Moreover, the LSP-treated samples showed a repassivation ability.
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Recently, we reported on the influence of chloride concentration (1 and 5 wt.% NaCl solution)
and temperature (25 and 50 °C) on the corrosion behaviour of the AA6082 aluminium alloy in
chloride-containing solutions [15]. A corrosion rate increase was observed when increasing the chloride
concentration and temperature. Both general and pitting corrosion were more pronounced at the
highest temperature (50 °C). Moreover, the corrosion of the AA6082 aluminium alloy samples under
the above-mentioned conditions followed kinetic-controlled processes [15].

Surface modification by either laser shock peening without ablative coating [14] or polyvinyl
alcohol fibrous coating [16], as well as by the application of a titania coating [17], was employed to
mitigate the corrosion of AA6082 aluminium alloys in chloride-containing solutions. In addition,
sodium molybdate dehydrate was used by Panagopoulos et al. [18] as a corrosion inhibitor for the
AA6082 aluminium alloy ina 0.01 M NaCl solution. Although a large number of organic compounds and
natural products have been employed as corrosion inhibitors for aluminium alloys in acid, basic, and
chloride-containing solutions [19-21], the literature is scarce regarding the use of organic compounds
as corrosion inhibitors for the AA6082 aluminium alloy. Azole compounds, mainly derivatives of
imidazole and benzotriazole, have shown good corrosion inhibition effects in chloride-containing
solutions, mostly for copper [22-31] and, in a few cases, for steel [32-35]. Moreover, several azole
compounds have been used as corrosion inhibitors, mostly for pure aluminium and the AA2024
aluminium alloy in chloride-containing solutions [36—40]. Hitherto, to the best of our knowledge,
there have been no reports in the literature on the use of azole compounds as corrosion inhibitors for
the AA6082 aluminium alloy in chloride-containing solutions.

In this work, electrochemical impedance spectroscopy (EIS) measurements were first
used to evaluate the effectiveness of five azole compounds, i.e., 2-mercaptobenzothiazole
(MBT), 2-mercaptobenzoxazole (MBO), 2-mercaptobenzimidazole (MBI), benzotriazole (BTA), and
3-amino-1H-1,2,4-triazole (3-AT), as corrosion inhibitors for the AA6082 aluminium alloy during 10 h
of immersion in 5 wt.% NaCl solution at 50 °C, with and without the addition of KI as a possible
intensifier. The corrosion inhibition effectiveness of the above-mentioned compounds was tested at
50 °C, a common temperature employed in the automotive industry. According to the international
standard ISO 9227 [41], the neutral salt spray tests should be performed at 35 + 2 °C. However,
the same standard states that the cooper-accelerated acetic salt spray tests should be performed at
50 + 2 °C. In this work, the inhibition effect of the studied azole compounds in the corrosion of AA6082
aluminium alloy samples in 5 wt.% NaCl solution was first studied at 50 °C to simulate an even more
corrosive environment and test the worst-case scenario. Next, only the compounds found to show
a corrosion inhibition effect at 50 °C were tested at 25 °C [41], with and without the addition of KI,
using electrochemical techniques (including open circuit potential, potentiodynamic curve, and EIS
measurements) and the weight loss method. The adsorption of the effective azole compound was
confirmed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurements. Finally, contact angle measurements were performed on AA6082 aluminium alloy
samples immersed in 5 wt.% NaCl solution at 25 °C.

2. Materials and Methods

2.1. Sample Preparation

The AA6082 aluminium alloy with the composition given in Table 1 was supplied by Rocholl
GmbH, Aglasterhausen, Germany. Rectangle-shaped samples (50 by 20 by 1 mm) were used for
the weight loss measurements, while disc-shaped samples (diameter 15 mm) were used for the
electrochemical and surface characterization measurements [15,22,28,33].
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Table 1. Chemical composition of AA6082 aluminium alloy as specified by the supplier.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
Content (wt.%) 0.90 0.35 0.07 0.45 0.90 0.04 0.05 0.02 balance

Prior to performing weight loss tests, the samples were first cleaned ultrasonically in a 50 vol.%
acetone/50 vol.% ultrapure water bath and then dried under a stream of air. The samples used for
the electrochemical measurements were first ground with different SiC papers (320, 500, 800, 1000,
2400, and 4000 grit), supplied by Struers (Ballerup, Denmark), and then rinsed with ultrapure water
(resistivity of 18.2 M() cm at 25 °C) obtained by means of the Milli-Q system (Millipore Corporation,
Burlington, MA, USA). Finally, the samples were ultrasonically cleaned in a 50 vol.% acetone/50 vol.%
ultrapure water bath and then dried under a stream of air.

2.2. Solution Preparation

All the solutions used in this study were prepared using ultrapure water. The 97 wt.%
pure 2-mercaptobenzothiazole (MBT), 95 wt.% pure 2-mercaptobenzoxazole (MBO), 98 wt.% pure
2-mercaptobenzimidazole (MBI), and 99 wt.% pure benzotriazole (BTA) were supplied by Sigma-Aldrich
(St. Louis, MO, USA), while the 95 wt.% pure 3-amino-1H-1,2,4-triazole (3-AT) was supplied by ACROS
Organics (Morris County, NJ, USA). The chemical structures of these compounds are given in Figure 1.

S 0 N
N/>7SH @iN%SH Q:N%SH

2-mercaptobenzothiazole 2-mercaptobenzoxazole 2-mercaptobenzimidazole
(MBT) (MBO) (MBI)
N
\ N
N N Ny N2
V4 \
N —N
benzotriazole 3-amino-1H-1,2,4-triazole
(BTA) (3-AT)

Figure 1. Structures of the five azole compounds used in this study.

Acetone, NaCl, and KI (for analysis, ACS quality) were supplied by Carlo Erba Reagents (Milan,
Italy). The AA6082 aluminium alloy samples were immersed in 5 wt.% NaCl solution containing a)
0.3 mM MBT, b) 1.0 mM MBO, c¢) 1.0 mM MBI, d) 10.0 mM 3-AT, e) 1.0 mM BTA, and f) 10.0 mM BTA.
The choice of the concentrations for the MBT, MBO, and MBI is related to their solubility limit in 5 wt.%
NaCl solution. A concentration of 1 mM for these compounds is close to the 0.1 wt.% concentration
that is commonly used for corrosion tests in industry [42].

2.3. Weight Loss Measurements

The AA6082 aluminium alloy samples were weighed before immersion in the tested solutions.
After seven days of immersion, the samples were first rinsed with ultrapure water, and then a fibre-bristle
brush was used to remove the corrosion products from their surface. Before weighing the samples
again, they were rinsed once more with ultrapure water and dried under a stream of air. Dixon’s and
Grubb’s statistical tests [43] were used to remove any outliers, and an average value of at least six
replicate measurements was reported.
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2.4. Electrochemical Measurements

The AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution with each of the
azole compounds were subjected to electrochemical measurements under stagnant conditions at 25
and 50 °C. The working electrode consisted of the AA6082 aluminium alloy sample (prepared as
described above) embedded in a Teflon holder (PAR, Cambridge, UK) with a 1 cm? area exposed to the
solution [15,22,28,33]. A saturated calomel electrode, SCE (0.244 V vs. SHE, the standard hydrogen
electrode), and a graphite rod were used as the reference and the counter electrode, respectively.
A Gamry 600™ potentiostat/galvanostat controlled by a Gamry Framework electrochemical program
(Gamry Instruments, Warminster, PA, USA) was used to perform all the electrochemical measurements.
The results obtained were analysed using the Gamry EChem Analyst 6.30 software.

The EIS spectra were recorded at the open circuit potential (E,), in the frequency range from 1 MHz
to 10 mHz, using a signal with a 10 mV (peak to peak) amplitude and 10 points/decade [15,22,28,33].
The EIS measurements were performed in sequence after 1, 3, 5, 7, and 10 h of immersion in 5 wt.%
NaCl solution with and without different azole compounds. The E,. was determined from the time
of immersion in sequence before each of the EIS measurements and just before the potentiodynamic
curve measurements. The potentiodynamic curves were recorded after 11 h of immersion, starting
from —0.250 V vs. E, and continuing in the anodic direction with a potential scan rate of 0.1 mV s7L
At least three replicate measurements were performed for all the electrochemical techniques and
a representative curve is given in each case.

2.5. Surface Analysis

The samples prepared with the same procedure as the electrochemical measurements were
subjected to surface analysis after immersion in 5 wt.% NaCl solution with and without the presence
of the azole compounds. The ATR-FTIR, XPS, ToF-SIMS, and contact angle measurements were used
to characterize the surface of the AA6082 aluminium alloy samples after immersion. The ATR-FTIR
and contact angle measurements were performed after 31 days of immersion, while for the XPS (PHI
5600, Physical Electronics, Inc., Chanhassen, MN, USA) and ToF-SIMS (ToF-SIMS 5, ION-TOEF, Miinster,
Germany) measurements, a 1 h immersion time was used. A Shimadzu IRAffinity-1 (Kyoto, Japan)
spectrometer was used for the ATR-FTIR measurements. The instrumental setup for the XPS and
ToF-SIMS measurements were the same as reported previously [44]. The hydrophobicity of the AA6082
aluminium alloy samples after immersion in 5 wt.% NaCl solutions containing the most effective azole
compound (higher corrosion inhibition effectiveness) with and without the addition of 0.1 wt.% KI was
tested using an OCA 35 Dataphysic contact angle analyser (Filderstadt, Germany), with the respective
software (SCA 20). The average value of at least three replicate contact angle measurements obtained at
different spots of the sample’s surface was reported (outliers were checked with Dixon’s and Grubb’s
statistical tests, and any present outliers were removed from the calculation of the average value [43]).

3. Results and Discussion

3.1. Electrochemical Measurements

The AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution containing the MBI,
MBO, MBT, 3-AT, and BTA azole compounds, as described above, were first tested by means of EIS
measurements at 50 °C to simulate the worst-case corrosion scenario and to select the best candidates
for lower temperature studies. The Nyquist plots of the AA6082 aluminium alloy samples immersed
in 5 wt.% NaCl solution with different amounts of the studied azole compounds (Figure 2) obtained at
50 °C indicated that only MBT and 3-AT showed a corrosion inhibition effect. However, the parameters
obtained from the EIS fitting procedure showed that the addition of MBT and 3-AT resulted in only
a slight increase in the corrosion resistivity of the AA6082 aluminium alloy samples (the corrosion
inhibition effectiveness calculated based on fitted R, values as described below was found to be lower
than 25%). For all the other azole compounds lower R}, values were obtained compared with the
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non-inhibited system indicating that these compounds are not corrosion inhibitors for the AA6082
aluminium alloy.
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Figure 2. The Nyquist plots of the AA6082 aluminium alloy samples immersed at 50 °C in 5 wt.% NaCl
solution containing different concentrations of five azole compounds.

Next, the corrosion inhibition effectiveness of MBT and 3-AT was further tested at 25 °C.
No significant corrosion inhibition effect was found for 10.0 mM 3-AT in 5 wt.% NaCl solution at
25 °C, the main reason being the lower corrosion rate of the base aluminium alloy, which becomes
similar to the corrosion rate of the alloy in the solution with the addition of 3-AT. However, MBT at
0.3 mM showed a corrosion inhibition effect at 25 °C. Due to the latter, MBT was electrochemically
tested in detail, including open circuit potential, EIS, and potentiodynamic curve measurements,
as presented below.

3.1.1. Open Circuit Potential Measurements

The open circuit potential (Eqc) of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl
solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI was measured at
25 °C in sequence before each EIS measurements (starting from the moment of immersion) and just
before the potentiodynamic curve was recorded. The last measured E, for each of the systems was
considered to be the corrosion potential (Ecorr). The open circuit potential values obtained for each
system are presented in Figure 3 as a function of the immersion time.
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Figure 3. The influence of the immersion time on the open circuit potential values of the AA6082
aluminium alloy samples immersed in 5 wt.% NaCl solution with and without 0.3 mM MBT or
a combination of 0.3 mM MBT and 0.1 wt.% KI at 25 °C. The discontinuous parts of the curves indicate
the moments when the EIS measurements were performed.
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Figure 3 shows that for the non-inhibited AA6082 aluminium alloy samples immersed in 5 wt.%
NaCl solution the E,. moved to more positive potentials from the moment of immersion until the first
hour, and then no significant changes were observed (a steady state was achieved). For this system,
Ecorr was found to be —0.789 V. The addition of 0.3 mM MBT to 5 wt.% NaCl solution resulted in a shift
of the E, to slightly more negative potentials compared with the non-inhibited system. The E,. was
first transferred to more positive potentials in the first hour of immersion and then slightly shifted
to more negative potentials from the first to the third hour of immersion. For the inhibited system,
a steady state was reached after 3 h of immersion. The Eco, for this system was found to be —0.852 V.

The steady state for the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution
containing 0.3 mM MBT with the addition of 0.1 wt.% KI was also achieved after 1 h of immersion.
No significant shift was observed when comparing the open circuit potential curves for the inhibited
system with and without the addition of 0.1 wt.% KI. This is reflected also in the Ecorr value, which was
—0.821 V for the inhibited system containing 0.1 wt.% KI.

The shift to more negative potentials when 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KI were added to 5 wt.% NaCl solution indicates that MBT primarily inhibits the cathodic
reaction of the corrosion couple, i.e., the reduction of the dissolved oxygen in the solution and the
hydrogen evolution (which is most likely not intensive since for the 5 wt.% NaCl solution containing
0.3 mM MBT the pH was 5.07, while no significant change of the pH (pH = 5.11) was measured when
0.1 wt.% KI was added to the solution).

3.1.2. EIS Measurements

Figure 4 presents the EIS response of the AA6082 aluminium alloy samples after 1-10 h of
immersion at 25 °C in 5 wt.% NaCl solution (Figure 4a—c), in 5 wt.% NaCl solution containing 0.3 mM
MBT (Figure 4d-f), and in 5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.%
KI (Figure 4g—i). The two distinctive patterns observed in the Bode modulus plot (Figure 4b,e) in the
high and middle frequency regions and the respective behaviour of the systems associated with those
patterns have previously been described in detail [15,22,28,33].
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Figure 4. The measured electrochemical impedance spectroscopy (EIS) spectra (dotted) and the
respective fitting (in continuous lines) for the AA6082 aluminium alloy samples immersed for 1-10 h,
at 25 °C, in (a—c) 5 wt.% NaCl solution, (d—f) 5 wt.% NaCl solution containing 0.3 mM MBT, and (g—i)
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.% KI.

Several equivalent electrical circuit (EEC) models were taken into consideration to fit the EIS
spectra obtained. Figure 5 presents the nested Rn(Q1(R1(Q2(R5))) EEC model selected to fit the EIS
response as the error of the fitting procedure x?) using this EEC was the lowest among all EECs
tested. The same EEC model was used previously to fit the EIS response of AA6082 aluminium alloy
samples, under the same conditions, without the addition of azole compounds and intensifiers [15].
A combination of resistances and constant phase elements (represented by Q, which describes the
non-ideal capacitance C) was used to describe the two relaxation processes in this EEC model.
The uncompensated resistance (Rq) is largely influenced by the solution resistance. The processes
occurring at the surface layer (a combination of the oxide layer and the adsorbed inhibitor) are
described by the surface layer resistance (R;) and capacitance (represented by Q7). The charge-transfer
resistance (Ry) and double-layer capacitance (represented by Q;) describe the processes occurring at
the metal/solution interface.

RE —4 WE

R,

Figure 5. The Rn(Q1(R1(Q2(Ry))) equivalent electrical circuit (EEC) model used to fit the EIS response
of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution with and without 0.3 mM
MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI.

Table 2 shows the average values of the parameters obtained from the fitting procedure using the
nested Rn(Q1(R1(Q2(R2))) EEC model presented in Figure 5. The capacitance values (Cy) were calculated
from the respective non-ideal capacitance (Qy) and resistance (Ry) values as Cx = ((Ry Qx)l/ ") /Ry.
The thickness of the surface layer (d) is inversely proportional to the surface layer capacitance (Cy) [33].
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The C; values of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution
decreased with an increase in immersion time for both systems, i.e., with and without the addition
of 0.1 wt.% KI (Table 2). This resulted in an increase in the surface layer thickness with increasing
immersion time, as more of the inhibitor is adsorbed on the surface of the AA6082 aluminium
alloy samples.

Table 2. The parameters obtained from fitting the EIS response of the AA6082 aluminium alloy samples
immersed in 5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KI, after 1-10 h of immersion, at 25 °C. In addition, the fitted parameters from the EIS spectra
of the AA6082 aluminium samples in 5 wt.% NaCl solution, previously reported in [15], are given
for comparison. Units: %2 [x1073], R [Q em?], Ry, Ry, and Rp [kQ cem?], Q and Q; [~ em™2 s"],
and Cy and C, [pF em™2].

Immersion Time [h] x> Ro 1 ny Ry C1 Q2 ny R, Cy Rp
5 wt.% NaCl solution

1 0.84 590 217.00 0.69 39.70 581.50 17.2 0.86 4330 1646 56.16

3 0.98 584 27600 0.85 48.00 440.16 16.8 0.86 5230 1645 100.30
5 0.61 569 39600 099 4640 401.84 165 0.86 50.80 1596 97.20

7 0.22 565 34000 0.84 5870 593.76 15.3 0.86 48.10 14.56 106.80
10 0.24 560 32500 0.83 73.00 607.62 14.7 0.86 45.00 13.77 118.00

5 wt.% NaCl solution containing 0.3 mM MBT
1 1.26 574 1618 0.87 2859 1449  5.66 0.84 138.03 541 166.62
3 1.10 572 1479 088 2229 1268 547 0.75 23397 595 256.26
5 1.02 568 1435 088 2352 1239 524 076 29787 6.03 321.39
7 0.91 567 1395 088 21.79 1192 521 0.75 34460 633 366.39
10 0.86 558 1349 089 1725 1120 531 0.76 34875 645  366.00
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.% KI
1 2.52 547 1489 088 2126 1270 6.24 0.84 113.00 583 134.26
3 1.68 556 1271 089 1052 9.87 6.07 0.69 25130 7.34 261.82
5 1.30 559 1228 089 1411 991 5.86 0.72 29930 7.33 31341
7 1.15 559 1190 090 1226  9.50 591 0.70 33850 8.01  350.76
10 1.28 560 1158 090 1284 9.32 5.85 0.70 40740 852  420.24
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 1.0 wt.% KI

1 2.93 5.05 17.9 087 1486 14.80 5.0 0.87 8180 486 96.66

3 2.45 5.03 15.6 0.88 765 1179 623 076 17720 643  184.85
5 2.50 5.02 14.5 0.89 594 1065 648 0.74 25720 7.74 263.14
7 2.49 5.03 14.0 0.89 584 1033 674 0.74 30520 872 311.04
10 2.48 5.04 13.3 0.90 5.35 9.80 6.89 0.73 36350 9.69  368.85

The polarization resistance (Rp) values, calculated as the sum of all resistances (Table 2), excluding
Rq, are presented in Figure 6 as a function of the immersion time. The R, values obtained for the
AA6082 aluminium alloy samples immersed in a 5 wt.% NaCl solution, containing 0.3 mM MBT,
with and without the addition of 0.1 wt.% KI, at 25 °C, are compared with the Rp, values of the
same samples, under the same conditions, immersed only in 5 wt.% NaCl solution, as reported
previously [15]. A higher R, value indicates the lower susceptibility of the AA6082 aluminium alloy
sample to general corrosion. Figure 6 shows that at all immersion times a more resistive system is
obtained with the addition of 0.3 mM MBT compared with the system containing no corrosion inhibitor.
For the system containing 0.3 mM MBT, a continuous increase in Ry, values is observed for up to 7 h of
immersion, and then after 10 h of immersion the resistivity of the system does not significantly change
(Figure 6). The same trend in the change of R, values with increasing immersion time was found for the
system containing 0.3 mM MBT with the addition of 0.1 wt.% KI for up to 7 h of immersion. However,
the resistivity of this system increased from 7 to 10 h of immersion. For this system, the highest R,
value was obtained after 10 h of immersion. Table 2 and Figure 6 show that the addition of 0.1 wt.%
KI to the inhibited system has no significant influence on the R;, values obtained from fitting the EIS
response from the first to the seventh hour of immersion, while only a slight increase of the the R,
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value is observed after 10 h of immersion. The increase of the KI concentration from 0.1 to 1.0 wt.% did
not further improve the corrosion resistance of the AA6082 aluminium samples immersed in 5 wt.%
NaCl solution containing 0.3 mM MBT. Figure 6 shows that lower Rp, values compared to both the
inhibited systems with and without 0.1 wt.% KI addition were obtained from the first to the seventh
hour of immersion.
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Figure 6. The variation of R}, values with increasing immersion time for the AA6082 aluminium alloy
samples immersed for 1-10 h at 25 °C in 5 wt.% NaCl solution with or without 0.3 mM MBT or 0.3 mM
MBT and the addition of either 0.1 or 1.0 wt.% KI.

The corrosion inhibition effectiveness of the inhibited systems, with or without the addition of
0.1 and 1.0 wt.% KI, after 10 h of immersion at 25 °C were calculated from the Rp values presented in
Table 2. The corrosion inhibition effectiveness for the system containing 0.3 mM MBT was 67.76%,
while the addition of 0.1 wt.% KI to the 0.3 mM MBT slightly increased the corrosion inhibition
effectiveness to 71.92%. The non-significant difference in the R, values of the inhibited samples with
and without 1.0 wt.% KI addition is also reflected in the corrosion inhibition effectiveness value. The
corrosion inhibition effectiveness of the samples immersed in 5 wt.% NaCl solution containing 0.3 mM
MBT with 1.0 wt.% KI addition was 68.01%.

3.1.3. Potentiodynamic Curve Measurements

The potentiodynamic curves of the AA6082 aluminium alloy samples after 11 h of immersion in
5 wt.% NaCl solution with or without 0.3 mM MBT or 0.3 mM MBT and the addition of 0.1 wt.% KI are
presented in Figure 7. The same as found in the open circuit potential measurements for Ecorr, the Eoc of
the AA6082 aluminium alloy samples shifted to more negative potentials upon the addition of 0.3 mM
MBT or 0.3 mM MBT and 0.1 wt.% KI. The latter explains that 0.3 mM MBT and a combination of
0.3 mM MBT and 0.1 wt.% KI primarily inhibit the cathodic reaction of the corrosion couple, acting as
a cathodic-type corrosion inhibitor (the same was concluded above by means of open circuit potential
measurements). Figure 7 shows that for the inhibited samples (both with and without the addition of
KI), the corrosion current density shifted to lower values compared with the non-inhibited sample.
For the non-inhibited samples, the breakdown potential, Epq (the potential at which a sudden increase
in the current density is observed), is not clearly expressed, whereas for both additions, the Epq is
expressed. Moreover, based on the increased Epq—Ec potential difference upon the addition of either
0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI, the localized corrosion of the AA6082
aluminium alloy samples was mitigated compared with the non-inhibited sample [45].
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Figure 7. Potentiodynamic curves for the AA6082 aluminium alloy samples after 11 h of immersion
at 25 °C in 5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KL

3.2. Weight Loss Measurements

The AA6082 aluminium alloy samples were immersed for 7 days at 25 °C in 5 wt.% NaCl solution
containing 0.3 mM MBT, with and without the addition of KI as an intensifier. After the immersion time
and cleaning procedure as described above, the AA6082 aluminium alloy samples showed a higher
mass than before immersion, due to the inability to remove the corrosion products from the surface of
the AA6082 aluminium alloy samples, even though corrosion products were visible on the surface.
A cleaning procedure in acids was not performed as this could also remove the base aluminium alloy,
resulting in misleading results. Similar strongly attached corrosion products were also found when
the samples were immersed for 30 days and 180 days at 25 °C or 7 days at 50 °C. Therefore, for the
present corrosion inhibition research weight loss measurements are not appropriate for evaluating the
corrosion effectiveness of the tested corrosion inhibitors.

3.3. Surface Analysis

The AA6082 aluminium alloy samples prepared as described in Section 2.1 were subjected to
surface characterization, including ATR-FTIR, XPS, ToF-SIMS, and contact angle measurements.

ATR-FTIR spectra are presented in Figure 8. In the spectra for the non-inhibited and the inhibited
(with and without the addition of KI) samples, two peaks were observed at 2360 and 2336 cm™,
which are connected with the asymmetric stretching of CO, [46]. Several other peaks were found in the
inhibited samples. It was previously reported [47] that the peak at 1463 cm™! is attributed to the C-N
stretching vibrations. Rai et al. [48] attributed the peak at 1428 cm™ to the vibrations of the C-N-H
group in MBT. The peak observed at 1318 cm™! has been previously attributed to the aromatic C-H
in-plane bending modes [49,50]. Li et al. [51] reported that the peak at 1242 cm! is attributable to C—C
stretching vibrations, while the peak at 1011 cm~! is attributable to the bending C—C~C vibrations.
Meanwhile, Rai et al. [48] attributed the peak at 1015 cm™! not only to the C—C—C bending vibrations,
but also to the C-S stretching vibrations. In addition, the ATR-FTIR spectra of the pure solid MBT
chemical (powder) is also presented in Figure 8 for comparison. All the peaks presented above for
the inhibited samples are also found in the spectra of the pure solid MBT. Because no characteristic
peaks related to the adsorption of organic compounds were observed for the non-inhibited AA6082
aluminium alloy sample, and because of the peaks found on the inhibited samples, it can be concluded
that MBT was adsorbed on the aluminium alloy samples. Moreover, the addition of 0.1 wt.% KI
increased the amount of the adsorbed MBT on the surface as more signal was obtained for the latter
compared to the system containing only MBT.
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Figure 8. ATR-FTIR spectra of the AA6082 aluminium alloy samples immersed for 31 days in 5 wt.%
NaCl solution with the addition of 0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI.
The ATR-FTIR spectra of the pure solid MBT is given also for comparison.

In order to confirm the adsorption of MBT with even more confidence, XPS and ToF-SIMS
measurements were performed. A clear indication that MBT molecules were adsorbed on the
surface is the high-resolution S 2p peak present for the inhibited samples (Figure 9a). Therefore,
S-containing species are on the surface (in the present case, the S signal can only originate from the
MBT molecule). Moreover, the negative ion ToF-SIMS spectra analysis confirmed the presence of
CyH4NS, ™ at a mass-to-charge (1/z) ratio of 165.98 (Figure 9b), representing the parent ion molecule of
MBT after the removal of one proton (M-H)™ ion).
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Figure 9. High-resolution (a) S 2p XPS spectra and (b) time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements for the MBT adsorbed on AA6082 aluminium alloy.

The influence of the adsorption of MBT on the hydrophobicity of the non-inhibited AA6082
aluminium alloy samples immersed for 1 h in 5 wt.% solution with and without the addition of 0.1 wt.%
KI was studied using contact angle measurements. The average contact angles and the respective
shapes of the drops for each of the tested systems at 25 °C are presented in Table 3. The highest
contact angle (the most hydrophobic nature) was observed for the ground AA6082 aluminium alloy
samples immersed in 5 wt.% NaCl solution (the average value for three replicate measurements was
102.5°). A significantly more hydrophilic nature was observed for the ground AA6082 aluminium
alloy samples immersed in 5 wt.% NaCl solution containing 0.3 mM MBT. The average contact angle
value measured for the samples immersed in the system containing 0.3 mM MBT was found to be
45.9°. Only a slight increase in the average contact angle value (51.6°) was measured for the ground
AA6082 aluminium alloy samples immersed in a 5 wt.% solution containing 0.3 mM MBT with the
addition of 0.1 wt.% KI. Therefore, it can be concluded that the addition of MBT renders the A A6082
aluminium alloy samples more hydrophilic. The latter suggests that the MBT surface layer does not
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act as a barrier for a corrosion medium, but rather forms an adsorbed layer that mitigates the oxidation
(and consequently corrosion) of the AA6082 aluminium alloy samples.

Table 3. Average contact angle values (out of three replicate measurements) and the shape of the
respective drop (one example) for the ground AA6082 aluminium alloy samples immersed for 1 h in
5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and the addition of
0.1 wt.% KI at 25 °C.

Shape of the Drops on

Medium Average Contact Angle [°] the Sample

5 wt.% NaCl solution 102.5

5 wt.% NaCl solution containing

3 mM MBT 459

5 wt.% NaCl solution containing

3mM MBT + 0.1 wt.% KI oL6

4. Conclusions

The corrosion inhibition effect of five azole compounds (i.e., 2-mercaptobenzothiazole
(MBT), 2-mercaptobenzoxazole (MBO), 2-mercaptobenzimidazole (MBI), benzotriazole (BTA), and
3-amino1H-1,2,4-triazole (3-AT)) on the corrosion of AA6082 aluminium alloy samples immersed in
5 wt.% NaCl solution at 25 and 50 °C was investigated. A 5 wt.% NaCl solution at a temperature of
50 °C is usually employed in automotive corrosion tests to represent a highly corrosive environment.

The EIS measurements indicated that only MBT and 3-AT showed a corrosion inhibition effect
at 50 °C. These compounds were afterwards tested at 25 °C, at which only MBT showed a corrosion
inhibition effect and was, therefore, analysed further. It was shown that the corrosion of the AA6082
aluminium alloy samples in 5 wt.% NaCl solution with 0.3 mM MBT at 25 °C is only under kinetic
control. EIS measurements showed that for the AA6082 aluminium alloy samples immersed in 5 wt.%
NaCl solution containing 0.3 mM MBT, the surface layer (comprising the oxide layer and the adsorbed
inhibitor) increased with an increase in immersion time. The susceptibility of the AA6082 aluminium
alloy samples to general corrosion under these conditions decreased with increasing immersion time.
Potentiodynamic curve measurements showed that the addition of MBT lowered the corrosion current
density of the AA6082 aluminium alloy samples. MBT acted as a cathodic-type corrosion inhibitor
by mainly inhibiting the cathodic reaction of the corrosion couple. The inhibited samples showed
lower susceptibility to localized (pitting) corrosion. The addition of KI as a possible intensifier did not
significantly further influence the samples’ general and localized corrosion resistance, as determined
by the EIS and potentiodynamic curve measurements.

The adsorption of MBT on the surface of the AA6082 aluminium alloy samples was proven by
attenuated total reflectance Fourier transform infrared spectroscopy measurements, X-ray photoelectron
spectroscopy, and time-of-flight secondary ion mass spectrometry. Contact angle measurements showed
asignificant decrease in the hydrophobicity of the samples upon the addition of 0.3 mM MBT, suggesting
that the corrosion inhibition effect of MBT is not due to the formation of a barrier layer, but to a adsorbed
layer that mitigates the oxidation of the base alloy.
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In this study, MBT was, therefore, shown to be a corrosion inhibitor for AA6082 aluminium alloy
in 5 wt.% NaCl solution. An appropriate agent that can increase the solubility of this compound will
be needed to further increase its corrosion inhibition effectiveness. Furthermore, some other intensifier
should be employed to increase the performance of MBT. Therefore, future studies should be oriented
towards corrosion inhibitor formulation design based on MBT as a corrosion inhibitor in such mixtures.

Author Contributions: Conceptualization, M.F.; Methodology, M.F. and K.X.; Software, M.F. and K.X.; Validation,
M.F. and K.X.; Formal Analysis, M.F. and K.X.; Investigation, K.X. and M.E; Resources, M.F,; Data Curation,
K.X. and M.E; Writing—Original Draft Preparation, K.X. and M.F.; Writing—Review and Editing, K.X. and M.E;
Visualization, M.F. and K.X.; Supervision, M.F.; Project Administration, M.E,; Funding Acquisition, M.E.

Funding: This research was funded by the Slovenian Research Agency (P2-0032).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Davis, J.R. Corrosion: Understanding the Basics; ASM International: Novelty, OH, USA, 2000.

2. Revie, RW. Uhlig’s Corrosion Handbook, 3rd ed.; John Willey & Sons Inc.: New York, NY, USA, 2011.

3. Davis, J.R. Corrosion of Aluminium and Aluminium Alloys; ASM International: Novelty, OH, USA, 1999.

4. Poznak, A; Freiberg, D.; Sanders, P. Chapter 10—Automotive wrought aluminium alloys. In Fundamentals of

Aluminium Metallurgy; Lumley, R.N., Ed.; Woodhead Publishing: Sawston, UK, 2018; pp. 333-386.

5. Larsen, M.H.; Walmsley, J.C.; Lunder, O.; Mathiesen, R.H.; Nisancioglu, K. Intergranular corrosion of
copper-containing AA6xxx AIMgSi aluminum alloys. J. Electrochem. Soc. 2008, 155, C550-C556. [CrossRef]

6. Zhan, H.; Mol, ] M.C.; Hannour, E; Zhuang, L.; Terryn, H.; de Wit, . H.W. The influence of copper content on
intergranular corrosion of model AIMgSi(Cu) alloys. Mater. Corros. 2008, 59, 670-675. [CrossRef]

7. Svenningsen, G.; Lein, ].E.; Bjergum, A.; Nordlien, ].H.; Yu, Y.; Nisancioglu, K. Effect of low copper content
and heat treatment on intergranular corrosion of model AIMgSi alloys. Corros. Sci. 2006, 48, 226-242.
[CrossRef]

8. Zou, Y,; Liu, Q. Jia, Z.; Xing, Y.; Ding, L.; Wang, X. The intergranular corrosion behavior of 6000-series alloys
with different Mg/Si and Cu content. Appl. Surf. Sci. 2017, 405, 489-496. [CrossRef]

9.  Kairy, S.K,; Rometsch, P.A.; Diao, K.; Nie, ].E; Davies, C.H.J.; Birbilis, N. Exploring the electrochemistry of
6xxx series aluminium alloys as a function of Si to Mg ratio, Cu content, ageing conditions and microstructure.
Electrochim. Acta 2016, 190, 92-103. [CrossRef]

10. Liang, W.J.; Rometsch, P.A.; Cao, L.E; Birbilis, N. General aspects related to the corrosion of 6xxx series
aluminium alloys: Exploring the influence of Mg/Si ratio and Cu. Corros. Sci. 2013, 76, 119-128. [CrossRef]

11.  Deepa, P; Padmalatha, R. Corrosion behaviour of 6063 aluminium alloy in acidic and in alkaline media.
Arab. J. Chem. 2017, 10, S2234-52244. [CrossRef]

12.  Cicolin, D.; Trueba, M.; Trasatti, S.P. Effect of chloride concentration, pH and dissolved oxygen, on the
repassivation of 6082-T6 Al alloy. Electrochim. Acta 2014, 124, 27-35. [CrossRef]

13.  Panagopoulos, C.N.; Georgiou, E.; Giannakopoulos, K.I.; Orfanos, P.G. Effect of pH on stress corrosion
cracking of 6082 Al alloy. Metals 2018, 8, 578. [CrossRef]

14. Trdan, U.; Grum, J. Evaluation of corrosion resistance of AA6082-T651 aluminium alloy after laser shock
peening by means of cyclic polarisation and EIS methods. Corros. Sci. 2012, 59, 324-333. [CrossRef]

15.  Xhanari, K.; Finggar, M. Electrochemical analysis of AA6082 aluminium alloy in chloride media. Int. .
Electrochem. Sci. 2017, 12, 5845-5853. [CrossRef]

16. Firouzi, A.; Del Gaudio, C.; lamastra, ER.; Montesperelli, G.; Bianco, A. Electrospun polymeric coatings on
aluminum alloy as a straightforward approach for corrosion protection. J. Appl. Polym. Sci. 2015, 132, 41250.
[CrossRef]

17.  Mori, S.; Lamastra, ER.; Kaciulis, S.; Soltani, P.; Montesperelli, G. Low-temperature titania coatings for
aluminium corrosion protection. Corros. Eng. Sci. Technol. 2018, 53, 44-53. [CrossRef]

18. Panagopoulos, C.N.; Georgiou, E.P.; Gavras, A.G. Corrosion and wear of 6082 aluminum alloy. Tribol. Int.
2009, 42, 886—889. [CrossRef]

19.  Xhanari, K.; Findgar, M. Organic corrosion inhibitors for aluminium and its alloys in acid solutions: A review.
RSC Adv. 2016, 6, 62833-62857. [CrossRef]

53



Coatings 2019, 9, 380

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Xhanari, K.; Fin§gar, M. Organic corrosion inhibitors for aluminum and its alloys in chloride and alkaline
solutions: A review. Arab. |. Chem. 2016, in press. [CrossRef]

Xhanari, K.; Finsgar, M.; Knez Hrncic, M.; Maver, U.; Knez, Z.; Seiti, B. Green corrosion inhibitors for
aluminium and its alloys: A review. RSC Adv. 2017, 7, 27299-27330. [CrossRef]

Xhanari, K.; Finsgar, M. The first electrochemical and surface analysis of 2-aminobenzimidazole as a corrosion
inhibitor for copper in chloride solution. New J. Chem. 2017, 41, 7151-7161. [CrossRef]

Finsgar, M. 2-mercaptobenzimidazole as a copper corrosion inhibitor: Part I. Long-term immersion,
3D-profilometry, and electrochemistry. Corros. Sci. 2013, 72, 82-89. [CrossRef]

Finsgar, M. Electrochemical analysis of 4-methyl-2-phenyl-imidazole adsorbed on Cu. Int. ]. Electrochem. Sci.
2016, 11, 6775-6790. [CrossRef]

Finsgar, M.; Merl, D.K. 2-Mercaptobenzoxazole as a copper corrosion inhibitor in chloride solution:
Electrochemistry, 3D-profilometry, and XPS surface analysis. Corros. Sci. 2014, 80, 82-95. [CrossRef]
Finggar, M.; Merl, D.K. An electrochemical, long-term immersion, and XPS study of 2-mercaptobenzothiazole
as a copper corrosion inhibitor in chloride solution. Corros. Sci. 2014, 83, 164-175. [CrossRef]

Finsgar, M.; Lesar, A.; Kokalj, A.; MiloSev, I. A comparative electrochemical and quantum chemical calculation
study of BTAH and BTAOH as copper corrosion inhibitors in near neutral chloride solution. Electrochim.
Acta 2008, 53, 8287-8297. [CrossRef]

Finggar, M.; Xhanari, K. Electrochemical and surface analysis of 2-phenylimidazole adsorbed on copper from
chloride solution. Coatings 2018, 8, 234. [CrossRef]

Huang, H.; Wang, Z.; Gong, Y.; Gao, E; Luo, Z.; Zhang, S.; Li, H. Water soluble corrosion inhibitors for copper
in 3.5 wt % sodium chloride solution. Corros. Sci. 2017, 123, 339-350. [CrossRef]

Curkovic, H.O.; Stupnisek-Lisac, E.; Takenouti, H. The influence of pH value on the efficiency of imidazole
based corrosion inhibitors of copper. Corros. Sci. 2010, 52, 398-405. [CrossRef]

Petrovi¢ Mihajlovi¢, M.B.; Radovanovi¢, M.B.; Tasi¢, 7.7.; Antonijevi¢, M.M. Imidazole based compounds as
copper corrosion inhibitors in seawater. J. Mol. Liquids 2017, 225, 127-136. [CrossRef]

Mennucci, M.M.; Banczek, E.P.; Rodrigues, PR.P.; Costa, I. Evaluation of benzotriazole as corrosion inhibitor
for carbon steel in simulated pore solution. Cem. Concr. Compos. 2009, 31, 418-424. [CrossRef]

Finsgar, M.; Petovar, B.; Xhanari, K.; Maver, U. The corrosion inhibition of certain azoles on steel in chloride
media: Electrochemistry and surface analysis. Corros. Sci. 2016, 111, 370-381. [CrossRef]

Sabet Bokati, K.; Dehghanian, C.; Yari, S. Corrosion inhibition of copper, mild steel and galvanically coupled
copper-mild steel in artificial sea water in presence of 1H-benzotriazole, sodium molybdate and sodium
phosphate. Corros. Sci. 2017, 126, 272-285. [CrossRef]

Abd El Haleem, S.M.; Abd El Wanees, S.; Bahgat, A. Environmental factors affecting the corrosion behaviour
of reinforcing steel. VI. Benzotriazole and its derivatives as corrosion inhibitors of steel. Corros. Sci. 2014, 87,
321-333. [CrossRef]

Sherif, E.-SM. Electrochemical investigations on the corrosion inhibition of aluminum by
3-amino-1,2,4-triazole-5-thiol in naturally aerated stagnant seawater. J. Ind. Eng. Chem. 2013, 19, 1884-1889.
[CrossRef]

Zor, S.; Sagding, S. Experimental and theoretical study of sulfathiazole as environmentally friendly inhibitor
on aluminum corrosion in NaCl. Prot. Met. Phys. Chem. Surf. 2014, 50, 244-253. [CrossRef]

Harvey, T.G.; Hardin, 5.G.; Hughes, A.E.; Muster, T.H.; White, P.A.; Markley, T.A.; Corrigan, P.A.; Mardel, J.;
Gardia, S.J.; Mol, ].M.C.; et al. The effect of inhibitor structure on the corrosion of AA2024 and AA7075.
Corros. Sci. 2011, 53, 2184-2190. [CrossRef]

Lamaka, S.V.; Zheludkevich, M.L.; Yasakau, K.A.; Montemor, M.F,; Ferreira, M.G.S. High effective organic
corrosion inhibitors for 2024 aluminium alloy. Electrochim. Acta 2007, 52, 7231-7247. [CrossRef]

Coelho, L.B.; Cossement, D.; Olivier, M.-G. Benzotriazole and cerium chloride as corrosion inhibitors for
AA2024-T3: An EIS investigation supported by SVET and ToF-SIMS analysis. Corros. Sci. 2018, 130, 177-189.
[CrossRef]

ISO 9227:2006(E) Corrosion Tests in Artificial Atmospheres—Salt Spray Tests; ISO: Geneva, Switzerland, 2006.
Finsgar, M.; Jackson, ]J. Application of corrosion inhibitors for steels in acidic media for the oil and gas
industry: A review. Corros. Sci. 2014, 86, 17-41. [CrossRef]

Massart, D.L.; Vandeginste, B.G.M.; Buydens, L.M.C.; Jong, S.D.; Lewi, PJ.; Smeyers-Verbeke, J. Handbook of
Chemometrics and Qualimetrics: Part A; Elsevier Science: Amsterdam, The Netherlands, 1997; p. 112.

54



Coatings 2019, 9, 380

44.

45.

46.

47.

48.

49.

50.

51.

Kovag, J.; Finggar, M. Analysis of the thermal stability of very thin surface layers of corrosion inhibitors by
time-of-flight secondary ion mass spectrometry. J. Am. Soc. Mass Spectrom. 2018, 29, 2305-2316. [CrossRef]
Finsgar, M.; MiloSev, I. Corrosion behaviour of stainless steels in aqueous solutions of methanesulfonic acid.
Corros. Sci. 2010, 52, 2430-2438. [CrossRef]

Gerakines, P.A.; Schutte, W.A.; Greenberg, ].M.; van Dishoeck, E.F. The infrared band atrengths of H,O, CO
and CO; in laboratory simulations of astrophysical ice mixtures. Astron. Astrophys. 1995, 296, 810-818.
Gilltioglu, M.T.; Erdogdu, Y.; Karpagam, J.; Sundaraganesan, N.; Yurdakul, . DFT, FT-Raman, FT-IR and
FT-NMR studies of 4-phenylimidazole. J. Mol. Struct. 2011, 990, 14-20. [CrossRef]

Rai, AK,; Singh, R.; Singh, K.N.; Singh, V.B. FTIR, Raman spectra and ab initio calculations of
2-mercaptobenzothiazole. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2006, 63, 483-490. [CrossRef]
[PubMed]

Sudha, S.; Karabacak, M.; Kurt, M.; Cinar, M.; Sundaraganesan, N. Molecular structure, vibrational
spectroscopic, first-order hyperpolarizability and HOMO, LUMO studies of 2-aminobenzimidazole.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2011, 84, 184-195. [CrossRef] [PubMed]

Erdogdu, Y.; Eskioglu, B.; Giilltioglu, M.T. Theoretical investigations on the molecular structure and
vibrational spectral analysis of 4-methyl 2-phenylimidazole. Opt. Spectrosc. 2012, 113, 596-606. [CrossRef]
Li, X; Tang, Z.; Zhang, X. Molecular structure, IR spectra of 2-mercaptobenzothiazole and
2-mercaptobenzoxazole by density functional theory and ab initio Hartree-Fock calculations. Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 2009, 74, 168-173. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

55



E coatings MBPY
Article

Electrochemical Impedance Spectroscopy
Investigation on the Corrosive Behaviour of

Waterborne Silicate Micaceous Iron Oxide Coatings
in Seawater

Xu Zhao !, Yuhong Qi 1*, Zhanping Zhang !, Kejiao Li ! and Zhitao Li 2

1 Department of Materials Science and Engineering, Dalian Maritime University, Dalian 116026, China

2 Dalian Jinzhong (Lvshun) Heavy Industry Co., Ltd., Dalian 116041, China
*  Correspondence: yuhong_qgi@dlmu.edu.cn

Received: 17 May 2019; Accepted: 26 June 2019; Published: 28 June 2019

Abstract: The anticorrosive composite coatings based on waterborne silicate were prepared to replace
existing solvent-based coatings suitable for ships. A series of composite coatings were prepared
by adding zinc powder and micaceous iron oxide to the waterborne silicate resin. The adhesion,
pencil hardness and impact resistance of the coatings were investigated and corrosion performance in
seawater is characterized by electrochemical impedance spectroscopy (EIS). The results show that
coatings have excellent adhesion and impact resistance and their pencil hardness can reach up to 4H.
During the immersion of composite coatings in seawater for 8 h, only one time constant appears in
the Bode plot, coating capacitance (Q.) gradually increases but dispersion coefficient () and coating
resistance (R.) gradually decrease. The breakpoint frequency formula was deduced, considering the
dispersion effect. With the increase of micaceous iron oxide, the fluctuation of breakpoint frequency
with immersion time is weakened. It can be used to evaluate the corrosion resistance of inorganic
anticorrosive coatings in seawater. In addition, different penetration models of corrosive media were
proposed for the coatings with low or high content of micaceous iron oxide.

Keywords: waterborne inorganic coating; anticorrosion coating; micaceous iron oxide; EIS;
breakpoint frequency

1. Introduction

A ship’s corrosion in the ocean is unavoidable. Therefore, its corrosion rate must be limited
to extend the life of ship in service [1]. There are two main methods for ship corrosion protection:
coating and cathodic protection. Cathodic protection includes sacrificial anode and impressed current
protection. The former protects the hull with a metal or alloy that is more negative than the electrode
potential of steel. The timeliness of this method is not well controlled, and the application position is
limited. The latter is to apply a protection current to the hull through the auxiliary anode supported
by a DC power source. This method has a high investment at one time, complex installation and
could be applied to hulls. Compared to cathodic protection, coating protection is an economical,
convenient and less restrictive method. The coating protection relies mainly on the anti-corrosion
coating used. The more mature and extensive coatings currently in use are solvent-based anti-corrosion
coatings but they will release volatile organic compounds (VOC), which results in photochemical smog,
acid rain and serious pollution to the atmosphere. VOC are considered one of the major sources of
atmospheric pollution. As the awareness of environmental and labour protection of society is growing,
some countries around the world have successively established laws and regulations that limit VOC
emissions. Therefore, the research and development of environmentally friendly coatings that replace
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traditional solvent-based coatings has become the trend. Because waterborne coatings use water as
a solvent and dispersant, resulting in very low or zero VOC emissions, they are more beneficial to
the human living environment and health. Waterborne coatings include both organic and inorganic.
The former mainly includes waterborne epoxy, polyurethane and acrylic anticorrosion coating and so
forth. Their anticorrosive properties can be improved by modified resin, pigment, filler and additive.
For example, for the epoxy coating, its anticorrosion property can be improved by means of polyaniline
modifying epoxy resin [2-5] or by adding nano-silica/aluminium powder together with suitable
additive [6,7]. The polyurethane coating can be improved by means of epoxy/acrylic modifying
polyurethane [8-11] or by adding nano-zinc oxide [12,13]. The acrylic coating can be improved by
means of epoxy modifying acrylic acid [14] or by adding suitable functional monomer, pigment and
filler and additive [15-17]. Compared with the solvent-based anticorrosion coating, the waterborne
organic anticorrosion coating’s environmental protection has been greatly improved; however, since its
binder is usually composed of resins dissolved in organic solvents, it will inevitably release VOC
during the manufacturing process, which has limited its development to some extent. On the contrary,
the inorganic binders without the VOC are completely environmentally friendly and have become
a hot spot for coating research. They mainly include phosphate [18,19], silica sol [20,21] and silicate
coatings [22,23]. Silica sol paints form a film by polymerization of silanol group but cohesion is larger
during polycondensation, which is likely to cause the coatings to crack or even cause large-areas to
fall off. Phosphate coatings can be formed by polycondensation of phosphate at high temperatures
and the ratio of metal atom to phosphorus (M/P) determines the final properties of the coatings.
Silicate coatings are also referred to as water glass coatings. The general formula of water glass is
M,0O-mSiOy-nHyO, where M is Li or Na or K and m is modulus. As the modulus increases, the bonding
ability, bonding strength and water resistance of the silicate increase accordingly but solubility in
water decreases. Although these inorganic coatings have excellent environmental performance but
still have some problems, such as poor water resistance, film formation and mechanical properties and
so forth [24]. In order to improve the performance of waterborne inorganic anticorrosion coatings,
acid modification, organic-inorganic hybridization and nano-modification have been used [6]. In this
paper, silicate resin modified by nano-sized silicone-acrylic emulsion was selected. Silicone-acrylic
emulsion has the advantages of both silicone and acrylic resin. Silicone is used to improve the water
resistance, acrylic resin to improve the mechanical property and nano-effects are used to enhance the
overall performance. Micaceous iron oxide is a natural mineral and its main chemical composition is
a-Fe;O3, which is an unusual tabular crystalline form capable of fracturing into very thin plate-like
cleavage fragments called lamellae so as to produce the best protective action [25]. This is due to the
fact that the lamellae can be distributed in parallel within the coating to introduce an “labyrinth effect,”
which makes the diffusion path of corrosive media such as water, oxygen and so forth, in the coating
become more tortuous, thereby increasing the time when corrosive media reach a metal substrate,
reducing the formation rate of corrosion galvanic cells and slowing the corrosion rate [24,26-28].
This has been proven in some literature. For example, Yang et al. [29] found that polymer coatings
containing impermeable inorganic flakes can reduce solute permeability by a factor of 10 and Danaee
et al. [30] found that the rate of reactivity of inorganic zinc-rich coatings was reduced after replacing
the zinc powder with micaceous iron oxide. Micaceous iron oxide’s addition not only improves the
protective performance of the coatings but also reduces the curing shrinkage of the coating, thereby
improving the comprehensive performance of the coatings.

Many investigations [31-33] have proven that the corrosion resistance of organic coatings could
be evaluated by electrochemical parameters such as coating capacitance (Qc), coating resistance
(R¢), double-layer capacitance and charge transfer resistance obtained by fitting the electrochemical
impedance spectroscopy of the coatings. This is mainly due to the fact that some assumptions, such as
intactness of coating main structure, linear transmission of corrosive media and so forth, are needed
to apply the corresponding relationship [34] between Q. and the water absorption of the coating.
However, these conditions cannot be met in most cases for inorganic coatings—it will result in an
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obvious deviation between the water absorption calculated from the coating capacitance value and the
actual water absorption [35-38]. Therefore, to effectively evaluate the protective performance of the
inorganic coatings, new evaluation parameters and methods need to be found. The effectiveness of the
breakpoint frequency (f.) proposed by Liu [39] has been verified for the evaluation of the protectiveness
of organic coatings representing dispersion effect. In view of that, the coatings studied also show the
dispersion effect in this paper. Consequently, R. and f. will be used for this investigation.

2. Experiment

2.1. Materials

Nanomodified waterborne silicate resin for zinc-rich paint (E777-2) was obtained from the Wuhan
Modern Technologies Institute (Wuhan, China). The E777-2’s main constituent is potassium silicate,
its solid content, pH and density are 25%, 10-12 and 1.02-1.20 g/mL (25 °C), respectively. Spherical
zinc powder through 400 mesh and 500 mesh screen and flake zinc powder were purchased from
Jiangsu Kecheng Nonferrous Metal New Material Co., Ltd. (Jiangsu, China) Talc, composite calcium
zinc phosphate, titanium dioxide and micaceous iron oxide was respectively purchased from Dalian
Keli Ultrafine Powder Co., Ltd. (Dalian, China), Wuhan Modern Technologies Institute, Shanghai
Hongyunyuan Chemical Co., Ltd. (Shanghai, China) and Changzhou Lehuan Trading Co., Ltd.
(Changzhou, China). Triethylamine was bought from Tianjin Kemiou Chemical Reagent Co., Ltd.
(Tianjin, China). Sterilized seawater was obtained by the process of pouring the appropriate amount
of fresh seawater taken from the Yellow Sea into a funnel with filter paper, filtering seawater into a
conical flask, heating the conical flask on an electric furnace and boiling the filtered seawater for more
than 15 min.

2.2. Preparation of Zinc-Rich Antirust Paint

2.2.1. Formulation

The basic formulation designed for antirust paint in this experiment is shown in Table 1. ZF, Z4S
and Z5S represent formulation containing flake zinc powder, 400 and 500 mesh spherical zinc
powder, respectively.

Table 1. The basic formulation of zinc-rich antirust paint.

Raw Materials (wt.%) 74S  75S ZF
E777-2 30 30 30
Spherical zinc powder (400 mesh) 70 0 0
Spherical zinc powder (500 mesh) 0 70 0
Flake zinc powder 0 0 70

2.2.2. Preparation

E777-2 was poured into a 100 mL stirring tank, the stirring speed was 500 r/min, zinc powder
was added to the tank according to the amount in the formulation and the speed was increased to
1500 r/min, the mixture needed to be stirred for 15 min to prepare the required zinc-rich antirust paint.
During the preparation of zinc-rich antirust paints, the formulation ZF in Table 1 was found to be
incapable of forming well-dispersed paint. This is mainly due to the fact that the specific gravity of
flake zinc powder is about 1/3 that of spherical zinc powder, resulting in the volume of flake zinc
powder being about three times the volume of spherical zinc powder in the case of the same amount
of zinc powder in the paint. The resin cannot enwrap such a large volume of flake zinc powder and
therefore it is unable to make proper paint.
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2.3. Preparation of Micaceous Iron Oxide Anticorrosion Paint

2.3.1. Formulation

The basic formulation designed for anticorrosion paint in this experiment is shown in Table 2.
M16, M14, M12, M10 and M8 represent a sample with 16%, 14%, 12%, 10% and 8% micaceous iron
oxide respectively.

Table 2. The basic formulation of micaceous iron oxide anticorrosion paint.

Raw Materials (wt.%) Ml6 Ml14 MI12 M10 M8
E777-2 64 64 64 64 64
Talc 4 4 4 4 4
Composite calcium zinc phosphate 5 5 5 5 5
Titanium dioxide 1 1 1 1 1
Deionized water 10 12 14 16 18
Micaceous iron 16 14 12 10 8

2.3.2. Preparation

Firstly, E777-2 and deionized water was added into a 300 mL stirring tank, then four kinds of
powders were added in turn and stirred at 1500 r/min for 2 min after each powder was added, finally

an appropriate amount of triethylamine was added and the mixture was stirred at 1500 r/min for
15 min.

2.4. Preparation of Studied Coatings

2.4.1. Preparation of Coating Specimen

In this experiment, the film thickness was controlled by brushing different layers of paint on
the steel plate (Table 3). The film thickness could reach about 20, 30 and 40 um, respectively, when
the paint was brushed to two, four and six layers. Z4S-2, Z4S-3 and Z4S-4 represents formulation
Z4S sample with 20, 30 and 40 um film thickness, respectively. Z55-2, Z55-3 and Z55-4 represent the
formulation of the Z5S sample with film thicknesses of 20, 30 and 40 pum film, respectively.

Table 3. Film thicknesses of zinc-rich antirust paints with different formulations.

Sample Coating Number Dry Film Thickness (um)

19.3
28.6
40.2

18.7
30.8
38.7

Z4S

Z5S

< TS Ol e TG )

Each paint was brushed on the surface of aluminium plates for basic mechanical properties
testing. The zinc-rich antirust paints prepared in Section 2.2.2 were brushed on the steel plate and then
micaceous iron oxide anticorrosion paints were brushed on the zinc-rich antirust coating to prepare
the composite coatings for electrochemical testing in seawater. Each paint was cured for 3 days.

2.4.2. Curing Mechanism of Silicate Paints

The film curing mechanism of silicate coatings has been introduced in the relevant literature [40-42].
It is generally agreed that its curing process consists of the following reaction equations. The substrate
can react with silicic acid to form iron silicate to make the coating have good adhesion and the reaction
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of zinc with silicic acid and the polycondensation between silicic acid ensure the film formation of
the coating.

Ko O-mSiO nH,O + (2m — n + 1)H,O = 2KOH + mSi(OH)y, (1)
2KOH + CO, + H,O — K,CO; + 2H,0, @)

M + H,Si0;3 — MSiO; + Hy, 3)

mSi(OH); — HO(SIiO,),H + (2m — 1)H,O. (4)

where M represents Fe or Zn.

2.5. Preparation of Cross Section Specimens

A sample with a size of 20 X 20 mm? was removed from the coating Z5S + M10/Z5S + M14 with a
saw blade and then the sample was fixed with a steel splint. The non-cutting edge of the sample was
sanded by 400 to 1000 grit sandpaper and polished.

2.6. Measurement and Characterization

2.6.1. Confocal Laser Scanning Microscope (CLSM)

The particle size of zinc powder, surface roughness of the zinc-rich coating and cross section of the
coating Z5S + M10/Z5S + M14 were measured using the LEXT software of Olympus OLS4000 CLSM
version 2.2.4.

2.6.2. Dry Film Thickness

Five points were measured for each sample with a film thickness gauge (QuaNix7500,
AUTOMATION DR.NIX GmbH KOLN, KoIn, Germany).

2.6.3. Water Contact Angle

Water contact angle measurements were conducted using the sessile drop method on a JC2000
contact angle measurement system. A 3 pL droplet of distilled water was placed on the surface of
the coating sample using a syringe. Digital images of the droplet silhouette were captured with
a charge-couple device (CCD) camera and the contact angles were evaluated using the measuring
angle method. For each sample, the mean of the contact angle measurements for the five points
was calculated.

2.6.4. Basic Mechanical Properties

According to GB/T 1720-1979 [43], the adhesion of the coatings was evaluated with the spiral
scoring method using the film adhesion tester (QFZ-II). According to GB/T6739-2006 [44] and
GB/T1732-1993 [45], the pencil hardness and impact strength of the coatings were evaluated with a
pencil-scratch hardness tester (QHQ-A) and paint film impactor (QC]J), respectively.

2.6.5. Electrochemical Impedance Spectroscopy (EIS)

At different immersion times, the ZAHNER IM6ex Electrochemical Workstation (Kronach,
Germany) with COLT system was used to measure the electrochemical impedance spectroscopy (EIS)
of the composite coatings immersed in sterilized seawater. The signal amplitude was 10 mV relative to
the open circuit potential and the frequency ranged from 1 Hz to 100 kHz. The detailed test operation
can be found in Reference [46]. The test results were treated using Z2.03 USB software and were then
analysed using ZSimpWin3.2.1 software.
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3. Results and Discussion

3.1. Influence of Thickness on Film Forming Effect of Zinc-Rich Coatings

It was found that the surface roughness of the coating increased as the film thickness increased
(refer to Table 4). This may be due to the increase in dry film thickness, which may cause the surface
and interior of the paint to not be cured at the same time, producing residual stress in the coating.
In addition, according to the curing mechanism of the zinc-rich coating (Equations (1)—(4)), H, and
H,0O will be released during the curing process. If the released gas diffuses to the surface, pores will
form. If the diffusion fails, bubbles can form in the interior. Therefore, the increase in thickness of the
zinc-rich coating makes it subject to the collective effect of residual stress and the released gas, which
leads to a poor film forming effect and increased surface roughness.

Table 4. The surface roughness of samples with different formulations and film thicknesses.

Sample  Surface Roughness (1m)

Z4S-2 1.8
Z45-3 2.0
Z45-4 27
Z55-2 1.7
755-3 1.8
755-4 1.9

3.2. Effect of Zinc Particle Size and Film Thickness on Hydrophilicity of Zinc-Rich Coatings

The morphology of the zinc powder observed by using CLSM is shown in Figure 1 and the
field of view of CLSM is 131 pm X 131 um. A number of zinc powder particles were selected on the
CLSM images and their particle sizes were measured by using the LEXT software (version 2.2.4) of the
OLS4000. The average particle size of 400 and 500 mesh zinc powder is 3.78 and 1.87 pum, respectively.

Figure 1. The CLSM picture of (a) 400 and (b) 500 mesh zinc powder.

In this experiment, the water contact angles of samples with different formulations and film
thicknesses were measured (Table 5) to understand the influence of zinc powder size and film thickness
on the hydrophilicity. First, the water contact angles of Z4S and Z5S coatings were less than 90°, which
shows that Z4S and Z5S coatings can be wetted by water. Second, when the film thickness was the
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same, the water contact angles of Z4S and Z5S coatings had a small difference, which shows that the
zinc powder size has little effect on the hydrophilicity. Third, when the zinc powder size was constant,
the apparent contact angle (60+) gradually decreased as the film thickness increased. This is mainly due
to the fact that the surface roughness of coatings increases as the film thickness increases, in the case
where the 0., is less than 90°, eigen contact angle (8) < 90° is known from the Wenzel equation [47]
(cosB+ = ycosO, where the 7y is the ratio of the actual to the geometric solid-liquid interface contact area
and is >1). Wenzel [48] pointed out that when the 0 is less than 90°, the 6, decreases as the surface
roughness increases.

Table 5. Water contact angles of samples with different formulations and film thicknesses.

Sample  Water Contact Angle (°)

Z4S-2 87.8
Z4S-3 85.2
Z45-4 65.1
Z55-2 87.9
Z55-3 86.2
Z55-4 66.6

Considering the influence of film forming effect and hydrophilicity, the Z5S formulation was
selected for further investigation of the composite coatings.

3.3. Basic Mechanical Properties of Micaceous Iron Oxide Anticorrosion Coatings

The basic mechanical properties of the micaceous iron oxide anticorrosion coatings are shown in
Table 6. It can be found that the adhesion and impact strength of the coatings do not change and reach
Grade 1 and 50 kg-cm, respectively. This shows that the added pigments and fillers and their contents
do not affect the adhesion of the resin to the metal substrate and the enwrapping of the resin to the
pigments and fillers. The paint can form a continuous film after being cured. Since the resin is bonded
with the metal substrate by a chemical bond (Equation (3)), the coatings have good cohesiveness
and flexibility.

Table 6. Basic mechanical properties of micaceous iron oxide anticorrosion coatings.

Sample Pencil Hardness (H)  Adhesion (Grade) Impact Resistance (kg-cm)

M16 4 1 50
M14 3 1 50
M12 3 1 50
M10 3 1 50

M8 2 1 50

From Table 6, it can be seen that the pencil hardness increases from 2H to 4H as the contents of
micaceous iron oxide increase from 8% to 16%. This shows that the addition of micaceous iron oxide
can indeed improve the scratch resistance of the coating but there is limit for the amount of micaceous
iron oxide.

3.4. Anticorrosion Performance of Composite Coatings

3.4.1. Corrosion of Composite Coatings in Seawater

The AC impedance of the composite coatings immersed in seawater was measured at 1 h, 2 h, 4 h,
6 h and 8 h. The results for the Z5S5 + M16 coatings are shown in Figure 2 while the results of the other
coatings are shown in Figures A1-A4
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Figure 2. EIS of Z5S + M16 immersed in seawater for different times.

Based on the Bode plot in Figure 2a,b, each |Z|-f curve is basically a diagonal and there is only one
peak on the negative phase angle-f curve. It shows that the composite coatings always present the
impedance spectrum of one time constant during the test period; in other words, the seawater does
not penetrate the anticorrosion coating and reach the antirust coating over 8 h. Compared with some
conventional coatings, such as waterborne modified epoxy [49] and polyurethane coating [50], the
protection performance of the composite coatings prepared in this paper was better than that of these
conventional coatings.

The Nyquist plot in Figure 2c indicates that the capacitive loop decreases with an extension of the
immersion time. From the Bode plot in Figure 2, it can be seen that with the prolongation of immersion
time, the low frequency impedance reduces and the |Z|-f curve moves toward the low frequency
direction, the phase angle curve descends and moves toward the high frequency direction. These show
that Q. increases while R. decreases as immersion time increases, it indicates that corrosive media
penetrate gradually into the composite coating.

The measurement results in Figure 2 were analysed using the equivalent circuit R(QR) (Figure 3)
in the ZSimpWin3.2.1 software and the fitted results are shown in Table 7. Q. gradually increases while
dispersion coefficient (1) and R. gradually decrease as immersion time is extended.
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Figure 3. Equivalent circuit used to fit the EIS data.

Table 7. Electrochemical parameters of the equivalent circuit for micaceous iron oxide composite
coatings immersed at different times in seawater.

Time N R,
Sample (h) (uF-cm%-Hzl—m " (kQ-em?)
1 6.499 0.7806 16.02
2 10.83 0.6998 6.308
755 + M8 4 14.35 0.6534 5.526
6 23.85 0.638 5.466
8 24.55 0.5874 5.169
1 8.873 0.7739 18.98
2 18.04 0.716 7.462
Z55+M10 4 36.07 0.6433 7.209
6 70.57 0.5695 7.193
8 87.85 0.5147 6.76
1 8.665 0.7959 20
2 1831 0.6991 9.314
Z55+M12 4 30.95 0.6603 8.848
6 31.63 0.6042 8.39
8 374 0.5914 7.043
1 6.183 0.783 2127
2 27.14 0.6761 11.48
Z55+M14 4 31.97 0.6557 9.996
6 4429 0.5945 9.135
8 52.22 0.551 8.794
1 7.036 0.7941 226
2 2076 0.6675 123
Z55+M16 4 31.81 0.6464 10.07
6 85.05 0.5575 9.828
8 99.37 0.5084 9.019

3.4.2. The Protective Performance Evaluated by Coating Resistance

The values of R¢, which can evaluate the protective performance of the coatings, are extracted
from Table 7 and immersion time is plotted on the horizontal axis while R. is plotted on the vertical
axis (Figure 4). R. decreases with the prolonging of immersion time for each content of micaceous
iron oxide. In the earlier stage of immersion, the coating porosity increases due to the penetration of
water as well as aggressive ions, while R, is inversely proportional to coating porosity, so R. decreases
with immersion time. At the same immersion time, the coatings with higher micaceous iron oxide
content have larger R.. This may be due to the fact that the defects in the coating, as well as the coating
porosity, gradually decrease as the micaceous iron oxide content gradually increase.
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Figure 4. The changes of R. curves as a function of immersion time.
3.4.3. The Protective Performance Evaluated by Breakpoint Frequency

Since breakpoint frequency f is related to the coating porosity or the coating defect area, the f.
can be used to evaluate the protective properties of the coating [51,52]. Cao [51] and Haruyama [53]
provided the breakpoint frequency formula without considering the dispersion effect. Liu [39] used
the —45° phase angle at a high frequency to obtain an improved breakpoint frequency formula
considering the dispersion effect. However, some research [51] has shown that the phase angle
corresponding to the f. is no longer —45° for some coatings with the dispersion effect. It is similar to
this investigation. Therefore, Liu’s formula is not suitable for this paper. Haruyama [53] proposed
an extreme value method to calculate the breakpoint frequency. This method is still available in the
presence of the dispersion effect [51]. Accordingly, this method was adopted to deduce the breakpoint
frequency formula.

Taking into account Rg and the influence of the dispersion effect, the expression of the impedance
corresponding to the equivalent circuit R(QR) shown in Figure 3 is

Rc + Yow" cos( ) jYow" sm(z)

Z =Rs+ 5
(£ + (8 o cox(8) (0w

)

where Y| is the constant of the constant-phase element (CPE), which is the value of Q. in Table 7 and w
is the angular frequency.
Therefore, Z;,, is
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=
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The extreme value of Z;,, should obey the following formula [53]:
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where w, is the characteristic angular frequency. The relationship between w. and f. is

©)

w*
fo= 2n
The data in Table 7 are substituted into Equation (8) to obtain w. and then w. is substituted into

Equation (9) to obtain f.. The breakpoint frequency calculated by the above mentioned equations was
plotted with immersion time in Figure 5.
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Figure 5. The changes of f. curves as a function of immersion time.

The change range of f. with immersion time is larger when the micaceous iron oxide content
is 8%. This is mainly due to the fact that micaceous iron oxide has a disorderly arrangement in the
coating when the contents of micaceous iron oxide are relatively lower, as shown in Figure 6a. It affects
the quantity and distribution of defects in the coating to some extent, leading to a larger difference
in the quantity of defects in all directions of the coating. The relationship between f. and defect area
(Ap)is f. =K %, where K~ m, A is coating area, d is coating thickness, ¢ is the dielectric constant
of coating containing corrosive media, ¢y is the dielectric constant in vacuum, r; is electrochemical
reaction resistance per unit area [52]. The A and the d are constant in this experiment. The ¢ increases
while the r; decreases as corrosive media penetrate into the coating. This opposite effect can make
the K be regarded approximately as a constant. So f. is proportional to the A;. Therefore, f. shows
sharp fluctuation with immersion time when the A; changes drastically with immersion time due
to lower micaceous iron oxide content. The fluctuation of f. with immersion time is weakened as
the contents of micaceous iron oxide increase. This is mainly due to the fact that with the increase of
contents of micaceous iron oxide, its degree of disordered arrangement is reduced while the degree
of ordered arrangement is increased (the micaceous iron oxide flakes are uniformly arranged in the
coating and the flakes are alternately arranged in the cross-section direction of the coating, as shown
in Figure 6b), which results in a reduction in the quantity of defects in the coating and an increase
in the uniform of the distribution of defects in all directions of the coating. Therefore, the change
range of the A; with immersion time decreases. Since f. is proportional to the A, the fluctuation of f.
decreases with immersion time. When the content of micaceous iron oxide reaches 16%, f. is small and
the fluctuation of f, with immersion time is also small. It indicates that defects in the coating are few
and their distribution is uniform as well as corrosive media diffusing slowly in the coating.
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Micaceous iron coating
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— Substrate

(a) (b)
Figure 6. The CLSM images of the cross section of the coatings (a) Z5S + M10, (b) Z5S + M14.

When the contents of micaceous iron oxide are 10% to 12%, both f. and A, firstly increase, then
decrease and finally tends to be stable as immersion time extends. This may be due to the fact that
when the contents of micaceous iron oxide are relatively lower, micaceous iron’s degree of ordered
arrangement is not very high, which results in a certain amount of micaceous irons to be irregularly
arranged, as shown in Figure 7. When corrosive media diffuse in the direction shown in Figure 7 as
immersion time increases, A; begins to increase gradually. As corrosive media continue to diffuse along
the path shown in Figure 7, some of micaceous iron oxides may be slightly rotated or moved so that
defects in their vicinity are filled or disappeared. After defects are reduced or minified, corrosive media
are transferred to a “labyrinth structure” composed of regularly arranged micaceous iron oxides, where
the coating has fewer defects and corrosive media can only diffuse along a tortuous path, resulting in a
slow diffusion rate. Therefore, it appears that the Ay firstly increases, then decreases and finally tends
to be stable.

Corrosive media

Micaceous irone——1——— ¢Q\VC€ "'::::I:lll:I :ﬂ\ﬁﬂ ey —

Defect

Silicate

Zinc powder

Iron silicate
Substrate

Figure 7. The corrosive media penetration model of low micaceous iron oxide contents.
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When the contents of micaceous iron oxide are 14% to 16%, f. trends initially decrease and
subsequently become stable with immersion time. When the contents of micaceous iron oxide are
relatively higher, micaceous iron’s degree of ordered arrangement is higher but in the orderly arranged
micaceous iron oxide structure there are still some micaceous iron oxides that are in the special position,
as shown in Figure 8. When corrosive media diffuse in the direction shown in Figure 8 as immersion
time increases, which may cause micaceous iron oxide in the special position in the ordered structure
to be slightly rotated or moved so that defects in their vicinity are filled or disappeared. After defects
are reduced or minified, corrosive media are transferred to the orderly arranged micaceous iron
oxide structure, where there are fewer defects and corrosive media can only slowly diffuse along the
“labyrinth” formed by micaceous iron oxide. Therefore, as a whole, the A; shows the evolution trend
of initial decrease and subsequent stability as immersion time is extended.
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Figure 8. The corrosive media penetration model of high micaceous iron oxide contents.

Based on the above analysis and the Figure 5, it could be concluded that the f. was less than
1.3 Hz from 2 h to 8 h when the micaceous iron oxide content exceeded 12%, indicating that the coating
had a good protective structure.

4. Conclusions

In this paper, waterborne silicate zinc-rich antirust coatings, micaceous iron oxide anticorrosion
coatings and composite coatings composed of antirust and anticorrosion ones were prepared and
their properties were studied. For zinc-rich antirust coatings, when the particle size of zinc powder is
constant, as the film thickness increases, the film forming effect becomes worse and the hydrophilicity
of the coatings is enhanced. For micaceous iron oxide anticorrosion coatings, the adhesion and impact
strength reached Grade 1 and 50 kg-cm, respectively, and the pencil hardness was up to 4H. These basic
mechanical properties could meet the needs of the application on ships for anticorrosion coatings.
Only one-time constant existed in the EIS results during the test period, which means that the composite
coatings have good protection performance. The formula for breakpoint frequency, considering the
dispersion effect, was deduced and used to evaluate the anticorrosive performance. It was found
that the fluctuation of breakpoint frequency with immersion time was weakened as the content of
micaceous iron oxide increased. Based on the relationship between breakpoint frequency and defect,
different penetration models of corrosive media were proposed for the coatings with low or high
contents of micaceous iron oxide.
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Figure A1. EIS of Z5S + M8 immersed in seawater for different times.
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Figure A3. EIS of Z5S + M12 immersed in seawater for different times.
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Figure A4. EIS of Z5S + M14 immersed in seawater for different times.

71



Coatings 2019, 9, 415

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wang, G.P. Marine Coating and Coating Technology, 2nd ed.; Chemical Industry Press: Beijing, China, 2006.
Wang, N.; Cheng, K.Q.; Zhang, J.; Zhang, D.; Kang, P. Method for preparing polyaniline modified mesoporous
molecular sieve anticorrosion coating. CN Patent 201210109355.5, 22 August 2012.

Wang, N.; Wu, YH., Cheng, KQ. Zhang, ]. Investigation on anticorrosion performance of
polyaniline-mesoporous MCM-41 composites in new water-based epoxy coating. Mater. Corros. 2015, 65,
968-976. [CrossRef]

Bagherzadeh, M.R.; Ghasemi, M.; Mahdavi, F.; Shariatpanahi, H. Investigation on anticorrosion performance
of nano and micro polyaniline in new water-based epoxy coating. Prog. Org. Coat. 2011, 72, 348-352.
[CrossRef]

Bagherzadeh, M.R.; Mahdavi, F; Ghasemi, M.; Shariatpanahi, H.; Faridi, H.R. Using nanoemeraldine
salt-polyaniline for preparation of a new anticorrosive water-based epoxy coating. Prog. Org. Coat. 2010, 68,
319-322. [CrossRef]

Wang, Z.; Han, E.; Liu, F; Qian, Z.; Zhu, L. Waterborne epoxy nanocoatings modified by nanoemulsions and
nanoparticles. J. Mater. Sci. Technol. 2014, 30, 1036-1042. [CrossRef]

Liu, J.H,; Zhan, ZW.; L, SM.; Yu, M. Corrosion resistance of waterborne epoxy coating pigmented by
nano-sized aluminium powder on steel. J. Cent. South Univ. Technol. 2012, 19, 46-54. [CrossRef]

Jiang, C. A waterborne metal anticorrosion coating. CN Patent 201410488980.4, 25 February 2015.

Yao, Z.].; Li, L.; Zhou, ]J.T.; Li, TM.; Liu, PJ. Marine anticorrosion coating. CN Patent 201410337820.X,
8 October 2014.

Xu, J.; Rong, X.; Chi, T.; Ming, W.; Wang, Y.; Yang, D.; Qiu, F. Preparation, characterization of UV-Curable
Waterborne Polyurethane-Acrylate and the application in metal iron surface protection. J. Appl. Polym. Sci.
2014, 130, 3142-3152. [CrossRef]

Ding, Y.S.; Ding, Y.Q.; Fang, H.G.; Yang, S.Z. An ultraviolet curing waterborne epoxy-polyurethane-acrylate
copolymer resin-based anticorrosion paint and preparation method. CN Patent 201410275754.8, 10 September
2014.

Rashvand, M.; Ranjbar, Z. Effect of nano-ZnO particles on the corrosion resistance of polyurethane-based
waterborne coatings immersed in sodium chloride solution via EIS technique. Prog. Org. Coat. 2013, 76,
1413-1417. [CrossRef]

Christopher, G.; Kulandainathan, M.A.; Harichandran, G. Highly dispersive waterborne polyurethane/ZnO
nanocomposites for corrosion protection. J. Coat. Technol. Res. 2015, 12, 657-667. [CrossRef]

Rahman, O.U.; Kashif, M.; Ahmad, S. Nanoferrite dispersed waterborne epoxy-acrylate: Anticorrosive
nanocomposite coatings. Prog. Org. Coat. 2015, 80, 77-86. [CrossRef]

Lin, L.; Xu, J. Study on Synthesis of nano-SiO,/polyacrylate compound antirust emulsion. Paint Coat. Ind.
2014, 44, 19-22.

Lewis, O.D.; Critchlow, G.W.; Wilcox, G.D.; Dezeeuw, A.; Sander, ]J. A study of the corrosion resistance of a
waterborne acrylic coating modified with nano-sized titanium dioxide. Prog. Org. Coat. 2012, 73, 88-94.
[CrossRef]

Li, J.; Ecco, L.; Delmas, G.; Whitehouse, N.; Pan, J. In-Situ AFM and EIS Study of waterborne acrylic latex
coatings for corrosion protection of carbon steel. . Electrochem. Soc. 2015, 162, C55-C63. [CrossRef]
Sayyedan, ES.; Enayati, M.H. On structure and oxidation behaviour of non-stoichiometric amorphous
aluminium phosphate coating. Surf. Eng. 2019, 35, 670-676. [CrossRef]

Mokabber, T.; Zhou, Q.; Vakis, A.L; van Rijn, P; Pei, Y.T. Mechanical and biological properties of
electrodeposited calcium phosphate coatings. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 100, 475-484.
[CrossRef] [PubMed]

Castro, Y.; Duran, A. Control of degradation rate of Mg alloys using silica sol-gel coatings for biodegradable
implant materials. J. Sol-gel Sci. Technol. 2019, 90, 198-208. [CrossRef]

Guo, L.L.; Tao, X.; Gong, Z.; Guo, A.R.; Du, H.Y,; Liu, ].C. Preparation of MoSi,-SiC-Al,03-SiO, coating on
mullite fibrous insulation with silica sol as binder by non-firing process. Ceram. Int. 2019, 45, 2602-2611.
[CrossRef]

Cheng, L.H.; Liu, C.L.; Han, D.J.; Ma, S.H.; Guo, W.H.; Cai, H.F,; Wang, X.H. Effect of graphene on corrosion
resistance of waterborne inorganic zinc-rich coatings. J. Alloy. Compd. 2019, 774, 255-264. [CrossRef]

72



Coatings 2019, 9, 415

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Jolin, W.C.; Oster, C.; Kaminski, M.D. Silicate coating to prevent leaching from radiolabeled surrogate
far-field fallout in aqueous environments. Chemosphere 2019, 222, 106-113. [CrossRef]

Zhao, X.; Zhang, Z.Z.; Zhang, ].T.; Ding, G.Q. Research and development trend of environmentally friendly
anticorrosive and antifouling coatings for hulls. Shanghai Coat. 2017, 55, 24-28. (In Chinese)

Giudice, C.A.; Benitez, ].C. Optimising the corrosion protective abilities of lamellar micaceous iron oxide
containing primers. Anticorros. Methods Mater. 2000, 47, 226-232. [CrossRef]

Serensen, P.A.; Kiil, S.; Dam-Johansen, K.; Weinell, C.E. Anticorrosive coatings: A review. J. Coat. Technol.
Res. 2009, 6, 135-176. [CrossRef]

Nikravesh, B.; Ramezanzadeh, B.; Sarabi, A.A.; Kasiriha, S.M. Evaluation of the corrosion resistance of an
epoxy-polyamide coating containing different ratios of micaceous iron oxide/Al pigments. Corros. Sci. 2011,
53, 1592-1603. [CrossRef]

Wang, G.; Yang, J. Influences of glass flakes on fire protection and water resistance of waterborne intumescent
fire resistive coating for steel structure. Prog. Org. Coat. 2011, 70, 150-156. [CrossRef]

Yang, C.; Smyrl, W.H.; Cussler, E.L. Flake alignment in composite coatings. J. Membr. Sci. 2004, 231, 1-12.
[CrossRef]

Naser Kakaei, M.; Danaee, I.; Zaarei, D. Evaluation of cathodic protection behavior of waterborne inorganic
zinc-rich silicates containing various contents of MIO pigments. Anticorros. Methods Mater. 2013, 60, 37—44.
[CrossRef]

Castela, A.S.; Simobes, A.M. An impedance model for the estimation of water absorption in organic coatings.
Part II: A complex equation of mixture. Corros. Sci. 2003, 45, 1647-1660. [CrossRef]

Deflorian, F; Fedrizzi, L.; Bonora, P.L. Influence of the photo-oxidative degradation on the water barrier and
corrosion protection properties of polyester paints. Corros. Sci. 1996, 38, 1697-1708. [CrossRef]

Barranco, V.; Carpentier, J.; Grundmeier, G. Correlation of morphology and barrier properties of thin
microwave plasma polymer films on metal substrate. Electrochim. Acta 2004, 49, 1999-2013. [CrossRef]
Brasher, D.M.; Kingsbury, A.H. Electrical measurements in the study of immersed paint coatings on metal. I.
Comparison between capacitance and gravimetric methods of estimating water uptake. J. Chem. Technol.
Biotechnol. 2010, 4, 62-72. [CrossRef]

Castela, A.S.; Simobes, A.M. An impedance model for the estimation of water absorption in organic coatings.
Part I: A linear dielectric mixture equation. Corros. Sci. 2003, 45, 1631-1646. [CrossRef]

Castela, A.S.; Simoes, A.M. Assessment of water uptake in coil coatings by capacitance measurements.
Prog. Org. Coat. 2003, 46, 55-61. [CrossRef]

Neshati, J.; Fardi, M.R. Evaluation and investigation of surface treatment of industrial coatings by impedance
spectroscopy. Surf. Eng. 2013, 20, 299-303. [CrossRef]

Sykes, ].M. A variant of the Brasher-Kingsbury equation. Corros. Sci. 2004, 46, 515-517. [CrossRef]

Liu, L.; Hu, ].M.; Zhang, J.Q.; Cao, C.N. Evaluation of protectiveness of organic coatings by means of
high-frequency EIS measurement. Corros. Sci. Prot. Technol. 2010, 22, 325-328.

Wang, P; Yang, Q.; Cheng, X.R. Study on the curing mechanism of sodium silicate inorganic zinc-rich coating.
Appl. Chem. Ind. 2007, 36, 1076-1080.

Peng, G.Y. Preparation and Properties of Waterborne Inorganic Coatings with Potassium Silicate/Silica Sol as
Film-Forming Substance. Master’s Thesis, South China University of Technology, Guangzhou, China, 2012.
Zhou, C.J. Preparation of Silicate Waterborne Inorganic Zinc-Rich Anticorrosion Coatings and Studies on Its
Performance. Master’s Thesis, Shenyang University of Technology, Shenyang, China, 2014.

GB/T 1720-1979 Method of Test for Adhesion of Paint Films; China Petroleum and Chemical Industry Federation:
Beijing, China, 1980.

GB/T 6739-2006 Paints and Varnishes-Determination of Film Hardness by Pencil Test; China Petroleum and
Chemical Industry Federation: Beijing, China, 2007.

GB/T 1732-1993 Determination of Impact Resistance of Film; China Petroleum and Chemical Industry Federation:
Beijing, China, 1993.

Qi, YH.; Zhang, Z.P.; Miao, M.; Zhang, X.Z. Studies on estimating methods of polarization performance for
coated steel in seawater. Mater. Sci. Forum 2010, 654-656, 2418-2421. [CrossRef]

Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988-994. [CrossRef]
Jiang, L.; Feng, L. Bionic Intelligent Nano Interface Material; Chemical Industry Press: Beijing, China, 2007.

73



Coatings 2019, 9, 415

49.

50.

51.

52.

53.

Ding, J.H,; Liu, S.; Gu, L.; Zhao, H.C.; Yu, H.B. Corrosion resistance of epoxy phosphate/waterborne epoxy
coatings on steel. China Surf. Eng. 2015, 28, 126-131. (In Chinese)

Li, Y,; Yang, Z.; Qiu, H.; Dai, Y.,; Zheng, Q.; Li, J.; Yang, ]. Self-aligned graphene as anticorrosive barrier in
waterborne polyurethane composite coatings. J. Mater. Chem. A 2014, 2, 14139-14145. [CrossRef]

Cao, C.N.; Zhang, J.Q. Introduction to Electrochemical Impedance Spectroscopy; Science Press: Beijing, China,
2002.

Liu, H.; Liang, F.; Zhang, J.; Cao, C.; Shuqin, X.U.; Lin, H.; Dong, J.; Cai, Z. Investigation of effect of aluminium
powder on performance of epoxy coatings by breakpoint frequency method. Corros. Sci. Prot. Technol. 1992,
4, 144-149.

Haruyama, S.; Asari, S.; Tsuru, T. Corrosion protection by organic coatings. Electrochem. Soc. 1987, 87,
197-207.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

74



E coatings MBPY
Article

Characterisation of NiTi Orthodontic Archwires

Surface after the Simulation of Mechanical Loading
in CACO2-2 Cell Culture

Nikola Lepojevi¢ !, Ivana Séepan ', Branislav Glii¢ !, Monika Jenko 2, Matjaz Godec 2,
Samo Hodevar 3 and Rebeka Rudolf % *

1 Department of Orthodontics, School of Dental Medicine, University of Belgrade, Doktora Subotica 8,

11000 Belgrade, Serbia

Department of Surface Physics and Chemistry of Materials, Institute of Metals and Technology, Lepi pot 11,
1000 Ljubljana, Slovenia

Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, 1001 Ljubljana, Slovenia
Faculty of Mechanical Engineering, University of Maribor, Smetanova 17, 2000 Maribor, Slovenia
Correspondence: rebeka.rudolf@um.si

3
4

*

Received: 17 June 2019; Accepted: 10 July 2019; Published: 15 July 2019

Abstract: Nickel-titanium (NiTi) orthodontic archwires are crucial in the initial stages of orthodontic
therapy when the movement of teeth and deflection of the archwire are the largest. Their great
mechanical properties come with their main disadvantage—the leakage of nickel. Various in vitro
studies measured nickel leakage from archwires that were only immersed in the medium with little or
minimal simulation of all stress and deflection forces that affect them. This study aims to overcome
that by simulating deflection forces that those archwires are exposed to inside the mouth of a patient.
NiTi orthodontic archwires were immersed in CACO2-2 cell culture medium and then immediately
loaded while using a simulator of multiaxial stress for 24 h. After the experiment, the surface of the
NiTi orthodontic archwires were analysed while using scanning electron microscopy (SEM) and auger
electron spectroscopy (AES). The observations showed significant microstructural and compositional
changes within the first 51 nm thickness of the archwire surface. Furthermore, the released nickel and
titanium concentrations in the CACO2-2 cell culture medium were measured while using Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS). It was found out that the level of released nickel ions
was 1.310 pg/L, which can be assigned as statistically significant results. These data represent the first
mention of the already detectable release of Ni ions after 24 h during the simulation of mechanical
loading in the CACO2-2 cell culture medium, which is important for clinical orthodontic praxis.

Keywords: nickel-titanium; orthodontic archwires; surface; simulation; mechanical loading; CACO2-2
cell culture medium; scanning electron microscopy (SEM); auger electron spectroscopy (AES);
inductively coupled plasma mass spectroscopy (ICP-MS)

1. Introduction

Today, shape memory alloys (SMA) have a wide variety of medical applications, including
dentistry, especially for orthodontic treatment. They are attractive due to their superelasticity
behaviour or functional property above the temperature austenite finish (Ay), and they are characterised
by martensitic phase transformation, which is caused by the initiation of stress with enough value,
leading to the changes of phase or microstructure in the SMA (austenite to martensite). Nickel-titanium
(NiTi) orthodontic archwires are the most useful, where nickel and titanium are in equiatomic
proportions—they are known as Nitinol. An ongoing challenge in the design of NiTi orthodontic
archwires is to simultaneously have excellent biocompatibility, while also retaining adequate mechanical
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properties. The biocompatibility of NiTi orthodontic archwires has been investigated in many different
studies [1-11]. Clinicians remain cautious of NiTi orthodontic archwire usage, because of their large
nickel content, a long period of time being required for orthodontic treatment, and the high incidence
of allergic reactions to nickel [1]. Several case reports describe allergic reactions of orthodontic patients
to NiTi archwires [2,3]. One study concluded that there may be a risk of sensitising patients to
nickel after long-term exposure [4]. Many studies proved the cytotoxicity of nickel, as it reduced the
level of glutathione by binding to the sulfhydryl group of amino acids [5,6]. Nickel may also cause:
lymphotoxicity [7], immunotoxicity [8], haemotoxicity [9], genotoxicity [10], and carcinogenicity [11].
Many studies have demonstrated that nickel release from these wires is very low and under the
required threshold to cause biological effects, despite the high content of nickel in NiTi archwires [12-14].
The reason for this is that NiTi archwires have a high content of titanium, which makes it possible
to form, with Ni, a stable crystal lattice with minimal potential release of nickel ions during the
orthodontic treatment. On the other hand, titanium is a highly reactive element, which, once in contact
with oxygen, immediately reacts to form a titanium oxide layer on the surface of the alloy. It is mainly
composed of TiO; as the free enthalpy of formation of TiO, is negative, and it exceeds the enthalpy
of the formation of nickel oxides by at least two- or three-fold in absolute value [15]. It protects
the archwires from corrosion, and it creates a physical and mechanical barrier for the oxidation of
nickel, leaving it deeper in the archwire [16]. This titanium oxide layer is very passive, but it could be
removed or destroyed by many different factors in the mouth. Those archwires are under constant
mechanical stress in the mouth, and they are simultaneously immersed in saliva, ingested fluids,
temperature fluctuations, masticatory force, and topical fluoride modalities (toothpaste, mouthwashes,
gels and varnish) [17], which also affect the surface of the archwires. Besides this, titanium has one
great disadvantage, i.e., poor tribological properties and it exibits high friction and wear coefficients,
as well as poor abrasion and fretting resistance when sliding against itself or other material [18]. Inside
the mouth, the NiTi archwires are in constant contact with brackets that are made from different
materials (stainless steel, ceramic, composite). Constant sliding and friction is inevitable in between
them. Additionally, oxides, impurities, and pores are the key reasons for severe cavitation erosion
damage of the NiTi [19].

Many in vitro studies examined NiTi archwires in static environments by putting them in different
media and determining the level of released nickel [20,21]. Some experimental research deformed
NiTi archwires only using one-dimensional loading, or failed to deform them at all. These procedures
displayed results, whereby the level of released nickel showed little correspondence to the nickel
that was released in the mouth. The Orthodontists deform NiTi archwire during the therapy and
place it inside the bracket slot of every tooth (as shown in Figure 1a). The main stresses that deform
NiTi archwires are the combination of bending stresses (tension and compressive) in conjunction with
torsion and bending stresses. Archwires start unloading in order to come into a more stable austenitic
phase and produce forces that move teeth after being placed inside the brackets. Teeth will move
in a different manner, depending on the various levels of periodontal loss and the different stress
distribution inside a healthy, endodontically treated, and restored tooth [22]. Fercec et al. [23] designed
the simulation of multiaxial stress equipment (SMAS) that could provide uniaxial and multiaxial forces
in order to deform the NiTi archwires (Figure 1b). With SMAS, different mechanical loading of the
archwires can be simulated to imitate the real situation in the oral cavity. It is necessary to emphasize
here that SMAS can only simulate intraoral forces that originate from the crowding of the teeth and
the bending angle of the archwire, and cannot simulate frictional or masticatory forces. Based on the
literature review, it was found that the experiment was not created to simulate contact of any fluid
(medium) from the mouth with the archwires under loading. Consequently, the SMAS needed to be
altered to facilitate contact of the NiTi archwires with the proper medium.

Based on this thesis, our reseach focused on the immersion of NiTi orthodontic archwires
in medium and loading immediately, while using the SMAS for 24 h at an ambient temperature.
The CACO2-2 cell culture medium was chosen, because it represents heterogeneous cells and it has
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found applications in cell invasion studies. The CACO-2 cell culture medium is used widely across
the pharmaceutical industry as an in vitro model of the human small intestinal mucosa to predict
the absorption of orally administered drugs with different kits [24]. Consequently, all of the metals
that were released into the mouth of a patient during orthodontic treatment reach the intestines and
CACO-2 cells as its crucial part. Various studies proved that nickel [25] and TiO; nanoparticles affect
CACO-2 cells [26,27]. Those metals caused changes in cell viability, protein synthesis, geno-toxicity,
oxidative stress, [3-actin synthesis, and gene expression. All of those effects of nickel on cells were
observed during 24 h, as in our study. The selected time, 24 h of simulation test, was chosen in
accordance with the findings by Staffolani et al. [28], who discovered that nickel release from archwires
reached its highest values on the first day. Some studies even point out that the initial Ni release
increases are sustained, and they fail to drop over a prolonged period of a few months [29-32]. The
amount of nickel that is released can vary, depending on the variable nickel surface concentrations
that were reported for NiTi archwires (0.4-15 at.%) [33]. After the testing, demanding investigations
were carried out, including the observation of changes on the NiTi orthodontic archwires’ surface
and measuring the ions’ content in CACO2-2 cell culture medium as the results of release from the
archwires. The logic of measuring the level of nickel in the CACO-2 cell line, instead of using the
keratocytes, was that nickel released from the orthodontic archwire only stays a short amount of time in
the mouth of a patient. It is ingested and, therefore, stays a much longer time in the colon, where it has
higher chances to interact and affect cells. Similar, like in Pagano et al.” study [34], the cytotoxicity essay
(MTT-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction assay) was planned to
be done on CACO-2 cell culture, and to determine cell viability according to mitochondrial enzyme
dehydrogenaze activity.
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Figure 1. (a) Fixed orthodontic appliance (arrow pointing to the bending and torsional stresses of

the archwire); (b) Simulation of multiaxial stress equipment (SMAS) [23]. Reprinted with permission
from [23]. © 2014 Elsevier.

The aim of this work was to dicover any changes in the surface of NiTi archwires and, if they are
present, to measure the surface concentration of elements and released ion content into the medium
during a 24 h deflection time. The null hypotheses of this study were: (1) There are no changes in the
concentration of elements in the 51 nm of the wire surface, (2) A significant amount of nickel is not
released from the wires into the medium, and (3) The amount of released nickel is the same for the
deformed and initial archwires.

2. Materials and Methods

2.1. Materials

Commercially available NiTi archwires Rematitan (Dentaurum, Ispringen, Germany) dimensions
0.40 mm X 0.56 mm (0.016"" x 0.022"") were used in this study. The selected archwires had nearly
equiatomic composition (50 at.% Ni, 50 at.% Ti). The American Type Culture Collection provided the
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CACO-2 cell line (ATCC, Manassas, VA, USA) and it represented a continuous heterogeneous human
epithelial colorectal adenocarcinoma cell line.

2.2. Methods

Mechanical loading in CACO2-2 cell culture SMAS was used for the simulation of NiTi orthodontic
archwires [23] with the reconstruction, which represents the additional installation of a chamber
(Figure 2a,b) with the volume 4 mL. The chamber was made from polymer material (plexiglass), which
exhibits excellent mechanical and dimensional stability, and it is highly inert. It also lacks any metal
that could contaminate the results, and it is not electro-conductive. The chamber construction was
created, so that the CACO2-2 cell culture medium was in continuous contact with the archwires during
testing in the SMAS: The archwires that were inside the SMAS went through the chamber in one
part of their length. The chamber was closed with a cover that was made from the same material as
the chamber to prevent leaking and evaporation of the liquid. Evaporation was prevented using the
cover, which was further surrounded by silicone to entirely seal the chamber, therefore that amount of
medium could be placed inside it during the experiment. For the purpose of this study, the archwires
were immersed in CACO-2 cell culture medium inside the chamber.

_ v ()
C-Cl4:1) &C:?/

A-Al4:1)

A3h

!;:%
A

841
741
Lr
a8
(g;'/l

! Q
2075 [_m

(a) (b)

Figure 2. Schematic presentation of (a) the chamber and (b) the cover.

2.3. Experimental Setup

In the simulation testing, orthodontic archwires Rematitan (Dentaurum, Ispringen, Germany) were
placed in the SMAS (National Instruments OM 21 benchtop micro-ohmmeter, AOIP company, 52 Avenue
Paul Langevin, 91130 Ris-Orangis, Paris, France) through the chamber and then bent at an angle of 30°,
which represents the mean bending angle in the mouth of the average orthodontic patient. The length
of the archwire in contact with CACO-2 cell culture medium was 3 cm. Four archwires were placed into
the SMAS chamber at the same time in order to get as close to the situation of an average orthodontic
patient, where about 12-15 cm length of orthodontic archwire is needed. After this, 4 mL of CACO-2
cell culture medium was added to the chamber and, in the next phase, the simulation test started for
24 h. A CLP load cell (HBM, Darmstadt, Germany) was used to measure the uni-axial tension force
of the applied load. Displacement, which was caused by the screw, was measured from the initial
distance to the flexible part.
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2.4. Surface Analysis

The surfaces of NiTi orthodontic archwires after simulation testing were examined with scanning
electron microscopy (SEM, Sirion 400 NC, FEI, Hillsboro, OR, USA) and auger electron spectroscopy
(AES). The initial (non-deformed and non-immersed) orthodontic archwire served as a control. AES was
performed while using a Microlab 310F VG-Scientific SEM/AES/X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific, Waltham, MA, USA), a field emission scanning spectrometer of auger electrons.
A 10 kV primary electron beam was employed for this investigation, with a primary electron beam
current of approximately 10 nA and approximate diameter of 10 nm resolution. The sample was Ar*
sputtered with a sputter rate of 1 nm/min. for different sputter length times. AES spectrum was made
after each sputtering time [35].

2.5. Measurement of Ions” Release

We prepared two types of testing in order to determine the impact of the load simulation on the
release of ions from NiTi archwire in CACO-2 cell culture medium: (i) Exposure of NiTi archwires
without any loading i.e., only immersed for 24 h (as a control sample) and (ii) Exposure with SMAS
loading under the same conditions (four archwires, the same volume of medium, temperature, etc.).
Inductively coupled plasma mass spectrometry (ICP-MS) while using a spectrometer (HP, Agilent 7500
ce, equipped with a collision cell, Santa Clara, CA, USA), was performed on both CACO-2 cell culture
mediums to measure the concentration of the released nickel and titanium ions. ICP-MS analysis was
carried out under the operating conditions: Power = 1.5 kW, Nebulizer = Meinhard, plasma gas flow
(L/min) = 15, Nebulizer gas flow (L/min) = 0.85, Make up gas flow (L/min) = 0.28, and Reaction gas
flow (mL/min) = 4.0. Prior to the analysis, the samples were dissolved in 10% (v/v) aqua regia. Matrix
matched calibration solutions were prepared and analysed for calibration. Relative measurement
uncertainty was established to be +3%. The ICP-MS technique was used due to the advantages over
other elemental analysers, as it is possible to perform quantitative analysis in a very large concentration
range (from ng/mL in the sample solution until 100% in the sample). Besides this, correlation between
the signal and concentration is linear for about five orders of magnitude for most of the analyses; there
is a relatively good precision of measurements (around 3%), low matrix effects, and short analysis time.

3. Results and Discussion

3.1. Surface Analysis

The surface examination with SEM showed significant microstructure differences between the
initial and deformed archwires (see Figure 3a,b). The initial archwire surface is rough, with visible
holes and other defects, while the deformed archwire surface is smooth and without any other visible
defects (inclusions, etc.). This can be attributed to the influence of mechanical loading, which led to the
elongation and permanent deformation of the NiTi archwire [36] and the faster release of elements
from the surface into the medium.

AES analyses were performed on the selected archwire surfaces (A1, A2—Figure 3a,b), the results
are shown in Figure 4a,b. The AES detected a signal from the carbon, mostly originating from the C-C
bonds at 280 eV, which suggested a residual contamination, probably from the atmosphere. Analysis
of the spectra in the Ti 2p region indicates all the titanium to be present in the form of TiO,. It has
binding energies at 380 and 420 eV. The signal from the Ni 2p region was dominated by one large
peak at 850 eV in both wires, but it is larger in the second deformed wire. There are also two smaller
peaks at 730 and 780 eV that are similar in both of the wires. They correspond to the nickel oxides
NiO and Niy;O3. The peak at 850 eV corresponds to elemental nickel. In Figure 4b, oxygen had one
peak at approximately 530 eV, which pointed to a significant contribution from the Ti oxide, and upon
closer inspection, another peak is observable at approximately 500 eV, which corresponds to Ni oxide.
The deformed wire showed a higher level of nickel oxide at 500 eV despite the small amount of Ni
oxide in the control wire.
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Figure 3. SEM image of: (a) Initial archwire surface (control); (b) Deformed archwire surface after the
simulation of multiaxial stress equipment (SMAS) simulation test.
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Figure 4. Auger electron spectroscopy (AES) spectra of archwire surfaces: (a) Initial (control);
(b) Deformed after the SMAS simulation test.

Surface analysis AES showed concentration of elements in the first 51 nm of the selected
archwires—Figure 5a,b depicts those results and discovered different concentrations of elements
between the initial and deformed archwires. AES revealed the presence of carbon on the surface
of both archwires. The binding energy of the carbon shows that it originates from the atmosphere
(Figure 4a,b). It was detected that there is 40% less carbon present in the deformed archwire in 4 nm of
depth, and an almost undetectable amount from 10 nm of depth, although, oxygen replaces carbon
in the superficial layer of the wire in the deformed archwire (Figure 5b). Titanium is present on the
surface of both archwires, and the nickel content is undetectable in the first 4 nm of both archwires.
Therefore, it can be concluded that the oxygen is evidently connected to titanium, forming a protective
layer of titanium oxides. In contrast to nickel, titanium with oxygen reacts immediately, and it forms
a few oxides, but the most stable is in the form of TiO,. The thickness of the oxide layer in the
deformed archwire is about 51 nm, which is concluded from the fact that the level of oxygen drops to
a concentration of 0% (Figure 5b). That is in accordance with the finding that the Ti-oxide film thickness
ranges between 7 and 70 nm [37]. In contrast to this, the oxide layer is much thicker in the initial
archwire, and the concentration of oxygen at a depth of 51 nm was still 12.2% (Figure 5a). The precise
thickness of the oxide layer could not be detected on the initial archwire due to the fact that the AES was
performed in the first 51 nm of the surface. Therefore, it could be concluded that the deformation of the
archwire during 24 h affected the oxide thickness. The oxygen content of the deformed archwire differs
from the initial archwire, and it is the highest at a depth of 6 nm. From Figure 4a,b it can be predicted
that there is a significantly higher content of nickel oxide in the deformed archwire. The content of
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the nickel oxide is noticeable between 4 and 11 nm of the deformed archwire. From the results that
were obtained, the amount of titanium is constantly increasing towards the bulk of the material in both
archwires, and thus the amount of nickel shows a similar pattern in the initial archwire. However,
this is slightly altered in the deformed archwire, where the rapid increase of nickel concentration can
be noticed from the 11 nm depth. The difference of the nickel content is more than double at 16 nm
depth between the archwires. From Figure 4b it can be concluded that most of the reason for that
increased nickel content is in its elemental and oxidised state, which explains the phenomenon that,
during the deformation of the archwire, nickel ions diffuse from the bulk of the material to the surface
layer. Importantly, surface nickel ions dissolve more easily into the environment, similar to nickel
ions during the heat treatment process that was described by Shabalovskaya et al. [33]. Besides oxide
thickness, the surface nickel concentracion in NiTi shape memory alloys is a very important factor
when considering the stability of the archwires [37]. The deformed archwire also exhibits a significant
release of Niions due to the change in Ni/Ti ratio in contrast to the initial archwire. This is also followed
by a thinner C-adsorption layer, which prevents the opening of the cracks in the Ti-oxide layer and the
dissolution of Ni ions into the CACO-2 cell culture medium.

inital archwire

90
80
70
60
50 =—C
40 Ni
30

20 ™~

0

Conc (at.%)

0 1 2 4 6 11 16 21 31 41 51
Debth (nm)
(@
deformed archwire
80
70
AGO
X 50 \
B —
:’40 )
S 30 Ni
< 20 0
10 —T |
O .
0 1 2 4 6 11 16 21 31 41 51

Debth (nm)

(b)

Figure 5. AES depth profiles show the concetrations of elements in the direction from the surface
to 51 nm in the depth of each of the archwires: (a) Initial (control), (b) Deformed after the SMAS
simulation test.
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3.2. Results of Ions’ Release

Table 1 shows the ICP-MS results of the ions’ release in the CACO-2 cell culture mediums.
The results indicated that titanium concentrations are below the detection limit (<0.05 ug/L) in both of
the samples. On the other hand, the concentration of nickel is different; the difference was 70 pg/L/day.
This suggested a small level of nickel leakage out of the archwire into the media.

Table 1. Ni and Ti ion concentrations from NiTi archwire in CACO-2 cell culture mediums after
exposure with without loading (as a control sample) and after SMAS testing.

Sample Conc Ni (ug/L) Conc Ti (ug/L)
Control 1.240 <0.05
SMAS Testing 1.310 <0.05

Based on the obtained results, it can be concluded that the deformation of the archwire is
an important factor that increases nickel release into the CACO-2 cell culture media. The concentration
of nickel is 70 pg/L higher after 24 h in comparison with an unloaded archwire. Moreover, this
represents the mean level of nickel released from a single wire of the average length of 12 cm (four
pieces), while the patients usually have two arch wires in their mouth, and thus a total value of 140 ug/L
additional nickel release. These results are in correlation with the literature, where similar levels of Ni
release from similar archwires are mentioned during a comparable period of time [38,39]. The shape of
the archwire can also influence the amount of nickel released, and rectangular archwires release more
elements than round ones [40]. The value of released nickel is below the daily dietary intake level
(300-500 pg) [41] and below the critical results (it must be taken into account that nickel can be released
from a whole orthodontic appliance, which consists of bands, brackets, or some other attachments that
also increase the nickel levels in the mouth). The physiological values are, therefore, much higher, and
they can sometimes cause allergic reactions [42]. Furthermore, one study showed that even sub-toxic
concentrations of metal ions can alter osteoblast activity [43]. Similarly, other authors [44] demonstrated
that the 7.2 g/mL Ni ions released were sufficient for stimulating monocyte secretion of IL1, which,
consequently, promoted endothelial cells to induce ICAM1 indirectly (Intracellular adhesion molecules
that are involved in the activation of other Inflammatory cells). In addition, Cederbrant et al. [45]
showed that an increase in lymphocyte proliferation and IL1 secretion could be induced, even with
a small quantity of nickel, which is in correlation with our previous finding that thought archwires
were non-cytotoxic for L929 cells, according to ISO Standards [15841:2014] [46], Rematitan superelastic
archwires induced the apoptosis of rat thymocytes. This finding suggests strongly that, besides the
released nickel ion concentration, the surface of the NiTi wire is most probably responsible for the
cytotoxic effect [38]. It is important to declare that, in clinical conditions, orthodontic archwires are
subjected to additional masticatory forces, abrasive forces from food and toothbrushes, and also
temperature changes and various chemicals from saliva, liquids, and medicine. These can all damage
the protective surface titanium oxide layer and cause corrosion, which leads to an increased level of
released nickel ions. A few studies concluded that saliva, probiotic supplement and oral antiseptics
affect both the general and localised corrosion of NiTi archwires, which also affects the mechanical
properties and the release of nickel from NiTi archwires [47,48]. The oral environment is harsh and the
conditions can change every second, so the archwires that are placed in the mouth need to resist all
of those changes, including corrosion. Sometimes orthodontic treatment is complex [49,50] and the
forces that are produced are much stronger than the ones with an average patient. Due to this complex
situation, it is difficult to simultaneously simulate all of those conditions during in vitro studies.

It is necessary to improve the surface as a research challenge, and for safe use of NiTi archwires in
the future. Namely, the presented study showed that the release of nickel ions from NiTi archwires
is not negligible. According to the literature, it is known that one possible way could be nitriding of
titanium with the formation of TiN/TiNj, as nitrogen has a higher hardening effect than oxygen [51,52].
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The other possible option could be the application of different coatings onto the NiTi surface that can
improve its characteristics [53]. From other studies it was found out that there are good results in
improving the frictional, biological, and aesthetic properties of stainless steel with electrophoretic
deposition of a bioactive glass coating that could also be implemented on NiTi archwires [54].

4. Conclusions

Within the present study of NiTi orthodontic archwires’ simulation loaded with multiaxial stresses
in CACO2-2 cell culture, specific conclusions could be drawn.

The deformation of the NiTi archwire up to 30° during 24 h is enough to produce surface structural
changes. SEM investigations of the deformed archwire surface revealed evident modification in
the roughness, and the surface became smoother. On this surface, 40% less carbon was detected in
comparison with the initial archwire surface. Besides this, the formatted thickness of the oxide layer on
the surface was about 51 nm, while this could not be detected in the case of the initial archwire surface.
It was found out that deformation accelerates the formation of oxides on the surface and with this
oxide thickness, where a significantly higher content of nickel oxide was detected in the depth between
4 and 11 nm below the archwire surface. The oxygen content of the deformed archwire surface differed
from the initial archwire surface, and it reached the highest value at a depth of 6 nm. This could be
attributed to the phenomenon that, during the deformation of the archwire, nickel ions diffused faster
from the bulk of the archwire surface.

Measurable nickel release during SMAS simulation of an archwire 12 cm in length is 1.310 ug/L,
even after short period of 24 h.These data could be important for clinical orthodontic praxis. Additionally,
the next studies must investigate the deformation time of the archwires, when considering the fact that
NiTi orthodontic archwires could be in the oral environment for months, which can have considerable
clinical implications. Based on the obtained results, it is recommended that, also in the case of
biocompatibility, studies must be conducted to investigate the influence of archwire loading on the
possible increase of nickel release content in comparison with the existing tests in order to obtain the
most realistic information regarding surface stability.
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Abstract: The present research is focused on a formulation with two active components as an
anticorrosive polymer coating for 15CDV6 steel. The dual component formulation (epoxy-zinc
phosphate (ZP) coating) consists of a polymeric epoxy resin Bisphenol A diglycidyl ether (DGEBA)
cured with a polyaminoamide as a first component and zinc phosphate (Zn3(PO4),(H,0)4) (ZP)
added in 5% by weight as a second component. The anticorrosive performance of the epoxy-ZP
coating was evaluated against the standard coating, which consists of only one component, the cured
polymeric epoxy resin. The two polymer coatings were evaluated by electrochemical impedance
spectroscopy (EIS). The surface morphology was of the two polymer coatings were characterized
by scanning electron microscopy (SEM). The coated samples of 15CDV6 steel were tested in a harsh
environment of corrosive electrolytes (3 wt % NaCl solution). Under these conditions, a very high
impedance value was obtained for 15CDV6 steel coated with the epoxy-ZP coating. Even after
exposure for a long period of time (5856 h), the performance was still acceptable, indicating that the
epoxy-ZP coating is an excellent barrier. The standard epoxy coating provided an adequate corrosion
protection performance for a short period of time, then the performance started to decline. The results
were confirmed by surface characterization, a cross-sectional image obtained by optical microscopy
for an epoxy-ZP coating applied on 15CDV6 steel exposed for 5856 h to a salt spray test showed that
the coating is homogeneous and adheres well to the surface of the steel. So, the coating with a dual
component could have great potential in marine applications as anticorrosive for steel.

Keywords: polymeric epoxy resin; polyaminoamide; zinc phosphate; polymer coating; steel and saline

1. Introduction

Corrosion of steel alloys is one of the most important safety and economic concerns for many
industries [1,2]. Because of its excellent mechanical power and relatively low cost, 15CDV6 steel is one
of the frequently used steel-based materials for numerous applications in several industries. However,
it is highly susceptible to corrosion during several industrial processes where metallic components
undergo corrosive dissolution by the aggressive saline environment [3,4].

Organic coatings are usually applied as thin films on the surface of metals, thus preventing
corrosive agents from reaching the metal surface [5-8]. Despite all the advantages of organic coatings,
some improvement is still needed, for instance their life-time is limited, after a certain period they
tend to deteriorate and their performance, such as their barrier properties, declines [9]. Durability and
life time of an organic coating are controlled by several factors, among these are the chemistry of the

Coatings 2019, 9, 463; d0i:10.3390/coatings9080463 www.mdpi.com/journal/coatings

87



Coatings 2019, 9, 463

coating, the cross-linking density in the coating, and the functional group present on the coating surface
which affects the strength of adhesion to the metal surface. Among organic coatings, water-based
epoxy coatings are the most attractive due to their unique mechanical properties, superior adhesion to
substrate, good thermal stability, excellent corrosion resistance and chemical resistance. In addition,
they can be available at a low cost [10,11] and are nontoxic. These attractive properties could be
attributed to high the cross-linking density and to the functional groups such as amines and hydroxyl
present in the polymer coating [12]. However, long term exposure to corrosive materials, cause partial
diffusion of corrosive species into the polymer coating from scratches or inherent pores. Eventually
the diffusing materials will reach the metal—coating interface. This causes the initiation of corrosion
reactions and slow pealing of the coatings [13-15].

Using inorganic pigments such as zinc chromate as a corrosion inhibitor has become popular
in recent years [16]. They tend to improve the adhesion and anticorrosion performance of organic
coatings. A couple of published studies showed that some of the inorganic pigments dissolve in
water. The dissolved part tends to undergo oxidation and precipitate as a passive film on the metal
surface [17,18]. The passive film can block the active zones on the metal surface and reduce the rate of
electrochemical processes [19].

However, the toxicity and the carcinogenicity of some of the reported inorganic pigment have
limited their use [13,20,21]. In recent decades, alternative nontoxic pigments were developed such as,
zinc phosphate (ZP). In addition, zinc phosphate pigment showed better performance as a corrosion
inhibitive for steel. This was attributed to it is solubility in water.

In the first part of the present study, a polymeric based Bisphenol A diglycidyl ether (DGEBA)
cured with a polyaminoamide was prepared and coated on the surface of 15CDV6 steel with zinc
phosphate pigments.

In the second part, we have evaluated and tested in an aggressive marine environment. The
anticorrosive performance of the two polymer coatings was monitored by electrochemical impedance
spectroscopy (EIS) and confirmed by SEM.

2. Experimental

2.1. Materials and Methods

The formulations of the polymer coatings are given in Table 1.

Table 1. Composition of organic model coatings.

Component (Liquid Epoxy) Weight Percent (wt %) Supplier
DGEBA (average molecular 25 < wt % < 50 MAPAERO-Aerospace Coatings and
weight < 700) Switie Finishes, Pamiers CEDEX, France
. o MAPAERO-Aerospace Coatings and
Nitroethane 25 < wt% <50 Finishes, Pamiers CEDEX, France
Triglycidyl ether of MAPAERO-Aerospace Coatings and

trimethylolpropane 10=wt% <25 Finishes, Pamiers CEDEX, France

MAPAERO-Aerospace Coatings and
Finishes, Pamiers CEDEX, France

Component (Liquid Hardener) Weight Percent (wt %) Supplier
MAPAERO-Aerospace Coatings and

Alkoxysilane 0<wt%<25

3 3 o,
Polyaminoamide 10<wt%<25 Finishes, Pamiers CEDEX, France
MAPAERO-Aerospace Coatings and
') = o,
Butane-2-ol 25 s wt% <50 Finishes, Pamiers CEDEX, France
Zine oxide 0<wt% <25 MAPAERO-Aerospace Coatings and

Finishes, Pamiers CEDEX, France
Demineralized water (¢ > 1 Q-cm
and 0 <1 uS/cm)
Methyl ethyl ketone (MEK) (>99%) - Sigma Aldrich, Saint Louis, MO, USA
Zinc phosphate (ZP) (99.99%) 0<wt%<b5 Sigma Aldrich, Saint Louis, MO, USA
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Samples of 15CDV6 steel were used in this study, the composition of the steel samples are given
in Table 2.

Table 2. Elementary chemical composition in weight percent (wt %) of the 15CDV6 steel that was used.

Elements wt % Composition

C 0.12-0.18

Si <0.2

Mn 0.8-1.1
S <0.015
P <0.02

Cr 1.25-15

Mo 0.8-1.0

A% 0.2-0.3

Fe Balance

2.2. Preparation of 15CDV6 Steel Panels

Samples of 15CDV6 steel were cut as rectangular panels of dimensions 120 cm x 40 cm X 2 cm.
The exposed surface was polished using levigated alumina paste as abrasive in order to obtain mirror
surface then degreased with Methyl ethyl ketone (MEK), cleaned by demineralized water, then dried.

2.3. Epoxy Resin Formulation and Steel Coating

Two formulations were prepared, one of them had a hardener in addition to the DGEBA (1:2 ratio
by weight) (standard epoxy coating) (Figure 1).

oHy on CH; ﬁ
H,C—HC—H,C—0 C 0 —CH,-CH—CH,-0 0—CH,-CH—CH, Ca NH,
W i W H,N NH
o CH; L H; o n

DGEBA Polyaminoamide

40—

Figure 1. Molecular structure of the DGEBA and polyaminoamide used in this study.

In the second formulation, with 5 wt % ZP was used (epoxy-ZP coating). The epoxy resin was
dissolved in acetone, to it was added the desired amount of zinc phosphate and the produced mixture
was stirred at a speed of 1000 rpm for 20 min. The curing agent was then added slowly and the mixture
of the three components was stirred at room temperature for 20 min. Produced formulations were
applied by an air spray technique on 15CDV6 steel panels. Coated panels were then dried and cured at
60 °C for 1 h. The thickness of coatings was measured to be about 15-25 um which was measured by a
digital coating thickness gauge (Layercheck 750 USB FN, Erichsen Gmbh & Co. KG, Hemer, Germany).
In order to get more accuracy for the overall coating thickness, it was measured triply for each sample
and mean values are reported.

2.4. Electrochemical Corrosion Tests and Surafce Characterization of Coating

Electrochemical evaluation of coatings was carried out by electrochemical impedance spectroscopy
(EIS) using a Potentiostat (SP-200, BioLogic, Knoxville, TN, USA) instrument. A three-electrode system
was used for the electrochemical test used in this study as is shown in Figure 2. A saline solution with
a 3 wt % NaCl concentration was used as a corrosive electrolyte. All electrochemical measurements
were performed after 1 h immersion time.
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Figure 2. Schematic diagram of a three-electrode cell for electrochemical measurement.

In order to get more accuracy and reproducibility of experimental data, the electrochemical studies
were performed triply at each tested sample and mean values are reported.

The EIS studies were carried out at a frequency range of 100 kHz to 10 mHz with an alternating
current (AC) amplitude of £10 mV at open circuit potential (OCP). The data points for each frequency
were averaged to produce the 37 EIS data points.

Finally, the samples were exposed to the Neutral Salt Spray (NSS) test according to ASTM-B117 [22]
before and after 4392 and 5865 h of exposure to the accelerated environment. The surface morphologies
of the polymer coatings were characterized by scanning electron microscopy (SEM, S3000H, Hitachi,
Tokyo, Japan), with an accelerating voltage of 20 kV.

3. Results and Discussion

3.1. Fourier-Transform Infrared Spectroscopy (FI-IR) Analysis

The Fourier Transform Infra-Red spectroscopy (FT-IR, FTS 6000, Digilab, Randolph, MA, USA)
spectrum of polymeric epoxy cured with polyaminoamide on the 15CDV6 steel surface is shown in
Figure 3.

102
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o 100 OH 3600
9
g OH 300
= 4 O-H 2085 CH
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=l 2435 CH
= B 1605 c=¢
96 g % 1487 ©=C
_ g Qo 1435 C=C
- e 2 CN 1400
g4 | |Standard epoxy coating g 2 I \
0 N CO 1000
I
| 2
oL O OO OO v
3500 3000 2500 2000 1500 1000 400 et

Wavenumber (cm™)

Figure 3. The Fourier-transform infrared spectroscopy (FT-IR) spectrum of polymeric epoxy cured
with polyaminoamide on the 15CDV6 steel surface.

3.2. EIS Measurements

The Bode and Nyquist plots of standard epoxy coating and epoxy-ZP coating after 1464, 2928,
and 4392 h exposure are shown in Figures 4 and 5.
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Figure 4. Bode magnitude plot (a,c) and Bode phase (b,d) plot obtained for the two polymer coatings
applied on 15CDV6 steel with an area of 1 cm? before and after exposure for different times.
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Figure 5. Nyquist plots obtained for the two polymer coatings applied on 15CDV6 steel before and
after exposure for different times: (a) Standard epoxy coating and (b) Epoxy-ZP coating.

The Bode plot is a combination of the Bode magnitude plot and Bode phase plot which shows the
magnitude of high frequency and low frequency regions due to coating capacitance and charge transfer
process, respectively [23]. The impedance modulus (Bode magnitude) at low frequency (|Z|y 01 112)
was obtained from EIS analysis and is presented in Figure 4. Results of Figure 4 clearly show the
impedance diagrams of the standard epoxy coating and epoxy-ZP coating, they are characterized by

two time constant.

The impedance modulus at 0.01 Hz was high, greater than 8 kQ-cm?. As can be seen from
Figure 3, the total impedance of the epoxy coating in the high frequency region (9 x 10> kHz) after 1 h
of immersion is slightly greater than that of the standard epoxy coating. The|Z| o1 1, values of the
standard epoxy coating started at 8.90 kQ)-cm? after 1 h immersion and dropped to 1.40 kQ-cm? after
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4392 h of exposure. The decrease in the impedance values with immersion time could be related to the
dispersion of the corrosive electrolyte into the polymer coating, thus the barrier properties of the film
are reduced. Further, the impedance for the epoxy-ZP coating is significantly higher than that for the
standard epoxy coating, after 1 h of exposure it was 9.50 kQ-cm? and then dropped to 5.90 kQ-cm?
after 4392 h of exposure. This shows the good barrier properties of epoxy-ZP coating, which could be
attributed to the presence of the pigments as well as the epoxy resin. The pigments fill the micro holes
and cuts in the epoxy coating, as a result of that the epoxy resin porosity diminishes [24-26].

The Nyquist plots of standard epoxy coating and epoxy-ZP coating after 1464, 2928, and 4392 h
exposure are shown in Figure 5.

Bode phase plot (010 k1,) at a high frequency is another parameter that was used to evaluate
the protection performance of the polymer coatings. The 019y, at a high frequency of standard
epoxy coating and epoxy-ZP coating after a 1 h of immersion were about —31° and —36°, respectively.
However, the 01 ki, of standard epoxy coating decreases to about —30° after 4392 h of exposure. The
drop in the phase angle could be due to the dispersion of the corrosive electrolyte into the polymer
coating. Further, the 619 1, of the epoxy-ZP coating drops to about —33° after 4392 h of exposure. This
shows the good barrier properties of epoxy-ZP coating.

The electrical equivalent circuit was used in this study as shown in Figure 6.

Ca Electrolyte

- 1| —— R Solution resistance
- | | e (| N . T ——————

B ®O®® Iron/electrolyte interface
= ﬁ Ret: Charge transfer resistance
| — (CCICNON

e ! Ca1: Double layer capacitance
Barsmon | described by CPE

Ceoat Electrolyte

=~ Polymer coating
-]

Recoat: Resistance of the polymer coating
Polymer-coated iron Ceoat : Capacitance of the polymer coating

Figure 6. The equivalent electrical circuit used.

The Capacitance of the polymer coating values are calculated using Equation (1) [27]:

1
Co= —(R"fi E) )
where constant phase element (CPE) is non-ideal capacity and 7 is a capacity factor. The EIS data for
the two polymer coatings are given in Table 3.

The results obtained are reported in Table 3, show that the resistance of the polymer coating
(Reoat) and charge transfer resistance (Rct) values for epoxy-ZP coating were greater than that for the
standard epoxy coating, an indication of the superiority of the epoxy-ZP coating over the standard
epoxy coating.

After 1 h of immersion, the Reoat and Rt values of the epoxy-ZP coating were much higher than
the one of the standard epoxy coating. After the first 1464 h of immersion the Rcoat and Rt values
dropped for both the standard epoxy coating and the epoxy-ZP coating, a higher decrease was seen
from the standard epoxy coating. After 2928 h of immersion, the Reoat and Rt values of standard
epoxy coating continued to decrease, while Reoat and Rt values of epoxy-ZP coating actually showed
an increase. As mentioned above, the observed results could be attributed to the penetration of the
standard epoxy coating by water and electrolytes. While in the epoxy-ZP coating the penetration
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was blocked by the zinc phosphate micro-particles. The immersion period between 2928 and 4392 h
showed a continuous decrease of in the Reoat and R values of the standard epoxy coating, while the
epoxy-ZP coating showed a continuous increase in the Rcoat and Rt values. Extending the immersion
time to long period caused the water and corrosive electrolytes to reach the coating—metal interface
causing an oxidation of active sites on the metal surface, leading to the formation of corrosion on the
steel surface. While with the epoxy-ZP coating, the presence of ZP significantly improved the barrier
properties of the polymer coating as mentioned earlier.

Table 3. The electrochemical parameters extracted from electrochemical impedance spectroscopy (EIS)
data for two polymer coatings applied on 15CDV6 steel samples immersed in corrosive media for 1 h
at room temperature.

Magnitude Phase CPEcoat Reoat CPEq4;

Sample T:}r:;e 1Zlo.01 sz —010 kHz ( 02;2) Ceont (kO-cm?) Car & g;‘mz) ¥2
(kQ-cm?) (deg) (pF/cmZ) Hcoat (uF/sz) nq1

Standard 1 8.90 31 25.01 65.6 0.36 6.90 15.0 0.74 6.62 0.21
epoxy 1464 7.64 33 11.54 30.3 0.51 2.13 20.0 0.73 6.60 0.18
coating 2928 1.60 33 03.39 35.1 0.36 0.73 104 0.66 1.07 0.03
4392 1.40 30 09.37 48.8 0.68 0.03 51.2 0.19 2.00 0.07
1 9.50 36 16.7 24.0 0.30 6.16 89.2 1.00 16.60 0.11
1464 6.65 43 24.6 53.3 0.52 3.42 104 0.66 4.21 0.11
Epoxy-ZP 2928 5.10 36 6.11 33.9 0.26 2.25 19.3 0.77 7.53 0.09
coating 4392 5.90 33 68.9 29.7 0.22 2.50 10.0 1.00 8.50 0.17
5136 7.60 38 45.8 10.1 0.62 2.93 38.6 0.33 13.6 0.52
5496 6.90 33 51.0 9.55 0.64 2.89 51.4 0.38 6.46 0.82
5856 2.30 27 12.7 22.0 0.51 193 20.5 0.48 7.94 0.67

The total impedance values extracted from the Nyquist and Bode plots were used to assess the
stability of the coating during the exposure to the electrolytes for a long period of time [28]. It was also
used to monitor the phenomena occurring on the coating—metal interface during the immersion of the
coated steel in an electrolyte solution at various periods of time and for a long immersion time (4392 h).

The Bode (magnitude and phase) and Nyquist plots for the epoxy-ZP coating after exposure for
different times are shown in Figure 7a—c.

The obtained electrochemical parameters are given in Table 3. The |Z]|j o1 1, values of the epoxy-ZP
coating starts at 7.60 kQ-cm? after 5136 h of exposure and reaches 2.30 kQ)-cm? after 5856 h of exposure.
On the other hand, the Bode phase plots 01 k11, values of the epoxy-ZP coating begins at —38° after
5136 h immersion and reaches —27° after 5856 h of exposure. As shown in Table 3, the Reoat values
of the epoxy-ZP coating showed a slight drop in the Reoat value from 2.93 to 1.93 kQ-cm? after 5136
and 5856 h immersion, respectively. The slight drop in the Reoat Values of the epoxy-ZP coating
demonstrates that this coating has unique physical properties that allowed it to control the penetration
of the electrolytes to the metal surface even after a long period of exposure to the corrosive electrolytes.

The corrosion rate is described by the charge transfer resistance (Rt). For the epoxy-ZP coating it
is observed that the value of Ret was 13.6 kQ-cm? after 5136 h of immersion in a corrosive electrolyte,
while it is 6.46 and 6.01 kQ-cm? after 5496 and 5856 h immersion, respectively.

In brief, zinc phosphate works by inhibiting the formation of a passivation layer containing Zn/P
on the 15CDV6 steel, as schematically summarized in Figure 8.
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Figure 7. Bode (magnitude (a) and phase (b)) and Nyquist plots (c) obtained for the epoxy-ZP coating
applied on 15CDV6 steel samples before and after exposure for different times.
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Figure 8. Schematic proposed for epoxy-ZP coating applied on 15CDV6 steel samples after exposure.

3.3. Surface Morphology of the Coatings

Scanning electron microscopy analysis was performed to investigate the surface morphology of
the two evaluated polymer coatings: Standard epoxy coating and the epoxy-ZP coating. The coating
surface exposed to an electrolyte solution in a spray test chamber was also evaluated at various times
of exposure. Results are shown in Figures 9 and 10.
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Figure 9. SEM-images of the standard epoxy coating (a) and epoxy-ZP coating (b) applied on 15CDV6
steel before and after 4392 h exposure (c,d, respectively).

100pm

Figure 10. SEM image for 15CDV6 steel coated with epoxy-ZP coating after 5856 h of exposure.

As shown in Figure 9a, before the exposure, the standard epoxy coating surface is uniform, smooth
and free from defects with a low number of aggregates. The polymer coatings containing 5 wt % zinc
phosphate (Figure 9b), shows that zinc phosphate is well dispersed in the coating layer, and is more
uniform and homogeneous than the standard coating.

After 4392 h of exposure, the standard epoxy coating (Figure 9¢c) showed porous morphology and
the corrosion site can be observed on the 15CDV6 steel surface. However, the surface of the epoxy-ZP
coating showed fewer scratches and corrosion sites Figure 9d. As mentioned above, the results confirm
that the addition of zinc phosphate facilitated the formation of a passive phosphate barrier film on the
15CDV6 steel substrate and inhibited the penetration of corrosive electrolyte ions (H,O, O,, and CI7)
to the 15CDV6 steel. It also enhances the anticorrosion process after 4392 h exposure.

The surface morphology of the epoxy-ZP coating was also evaluated after 5856 h of exposure.
The obtained SEM micrograph is presented in Figure 10. From Figure 10 it can be obviously seen that
the surface morphology of epoxy coating containing ZP is significantly changed. The surface became
more porous and the epoxy-ZP coating surface can be seen in the figure. These observations show that
surface corrosion sites also developed with the epoxy coating containing ZP.
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4. Conclusions

In this study, two polymer-based coatings (standard epoxy coating) and (epoxy-ZP coating) were
evaluated as an anticorrosive for steel 15CDV6. The studies were performed on coated samples before
and after exposure. The experimental results represented by EIS results indicate that the epoxy-ZP
coating exhibited excellent physical barrier properties and high pore resistance value. So, the dual
component coating of the present work is a nontoxic, ecofriendly coating with a high potential in
marine corrosion protection. A surface study of the polymer coating by SEM showed a homogeneous
distribution of zinc phosphate in the polymer coating.
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Abstract: The corrosion protection of coatings can be reinforced by the addition of entrapped
corrosion inhibitors. -cyclodextrin (3-CD) can form inclusion complexes with small inhibiting
organic molecules that, when entrapped in coatings, allow the inhibitor release and adsorption at
corrosion initiation sites. In this paper, several Nuclear Magnetic Resonance (NMR)-based experiments
(e.g., Complexation-Induced Shifts (CIS), NMR titration, Diffusion-Ordered Spectroscopy (DOSY))
were performed to study the stability and geometry of a complex formed by B-cyclodextrin with
5-mercapto-1-phenyl-tetrazole (MPT). The complex was also detected by Electrospray Ionization (ESI)
mass spectrometry and characterized by Fourier Transform Infrared (FTIR) spectra. Its influence
on the protectiveness of a silane coating against bronze corrosion was evaluated in plain (AR) and
concentrated (ARX10) synthetic acid rain, under different exposure conditions. In particular, the time
evolution of the polarization resistance values during 20 days in ARX10 and the polarization curves
recorded at the end of the immersions evidenced a higher protectiveness of the coating with the
B-CD-MPT complex in comparison to that containing only MPT or only 3-CD. The cyclic AR spray
test carried out on coated bronze coupons with cross-cut scratches evidenced the absence of underfilm
corrosion starting from the scratches only in the complex-containing coating.

Keywords: corrosion protection; smart coatings; inclusion complex; complex stability; bronze

1. Introduction

The corrosion protection of an organic coating depends largely on the intrinsic barrier properties of
the polymeric film towards oxygen, water, and aggressive species, but can be reinforced by entrapped
corrosion inhibitors [1-3]. In the case of bronze artworks exposed outdoors, commercial coatings
such as Incralac® and Soter® contain benzotriazole (BTA) that operates in the dual functions of an
inhibitor of bronze corrosion and an anti-UV additive [4]. In these coatings, the inhibitor dissolves in
the electrolyte (in the rain) and penetrates through the coating, so producing an inhibited solution
that exerts a protective action at the coating/metal interface. In general, the positive influence of direct
inhibitor addition in coatings may be limited by solubility problems, by a decrease in barrier properties
and adherence to the substrate, and by the rapid leaching of small inhibitor molecules induced by
rainfalls, so determining a fast drop of the overall protection performance [5].

In recent years, great efforts were devoted to overcoming these problems and increasing the
coating durability by encapsulating corrosion inhibitors in coatings through the adoption of suitable
carriers, which make them more compatible with the coating network [6,7]. Different carrier types were
investigated, such as inhibitor-filled porous particles, or nanocapsules, coated by polyelectrolytes [8-10]
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or layered anion-exchange particles containing intercalated corrosion inhibiting anionic species [11].
The former polyelectrolyte-coated carriers can release inhibitor molecules due to local variations of
solution pH linked to the onset of corrosion phenomena, while the latter carriers with intercalated
inhibiting anionic species limit the access of aggressive anions, such as chlorides, to the metal substrate
and release corrosion inhibiting species by ion-exchange phenomena.

Beside these carriers, cyclodextrins (CD) were also used to host corrosion inhibitors due to
their complexing capability towards small organic molecules with corrosion inhibition properties.
Cyclodextrins (CDs) [12] are water-soluble macrocyclic oligosaccharides consisting of at least six
« -D-glucopyranose units linked via o (1-4) glycosidic bonds. The most common ones contain 6, 7 and
8 glucopyranose residues and are known as «-, 3-, and y-CD, respectively. CDs are among the most
widely used host molecules thanks to their unique and specific structure that creates an internal cavity
that is less hydrophilic than the external aqueous environment and therefore able to accommodate a
large variety of hydrophobic molecules inside it [13]. The strong propensity of CDs to form inclusion
complexes has been exploited not only for the production of smart coatings for corrosion protection,
but also in many other fields of science, for example, as drug transport systems, [14], to increase the
solubility of some chemical species [15], in separation technology [16], and in other areas [17].

Addition of complexes of o- and 3-CDs with dibenzylthiourea (DBT) in acid solutions improved
the corrosion resistance of carbon steel due to the enhanced solubility of the complexes in comparison
to that of DBT alone [18]. The controlled release of BTA from 3-CD-BTA complexes was investigated
in order to achieve effective bronze corrosion protection in chloride solutions. The use of the complex
instead of pure BTA was intended to reduce the toxicity of the additives used for corrosion protection [19].
Moreover, complexes of 3-CD and y-CD with mercaptobenzothiazole (MBT), mercaptobenzimidazole
(MBI), mercaptobenzimidazole sulfonate, and thiosalicylic acid [20-23] were incorporated in coatings
and improved the corrosion resistance of Al alloys and zinc. In fact, these complexes represent a reservoir
of corrosion inhibitor molecules that, at the onset of corrosion phenomena and in correspondence
of regions of coating delamination, tend to adsorb on the metal surfaces, shifting the complexation
equilibrium towards the release of further inhibitor molecules.

In this research, the effective formation and the stability of a complex between (-CD
and 5-mercapto-1-phenyl-tetrazole (MPT) (Figure 1) were assessed. Among non-toxic corrosion
inhibitors [24-26], MPT was chosen because of its outstanding inhibiting properties towards copper
and bronze corrosion [27-29]. Its complex with 3-CD was incorporated in a 3-mercapto-propyl-
trimethoxy-silane (PropS-SH) coating, and the protectiveness of the obtained coating was assessed
on bronze during both immersions in concentrated acid rain and exposures to alternated acid rain
spray. These tests were also performed on plain silane coating and coatings with only 3-CD or only
MPT additions. For the continuous immersion tests, thin sub-micrometric silane films prepared
by the dip coating method were used, in order to better differentiate their protectiveness. During
the alternated acid rain spray test, the self-healing properties were assessed on thicker coatings
(about 5 um) produced by spraying after introduction of cross cut scratches. Spraying and brushing
are the application methods most commonly adopted by restorers [30] and produce coatings more
representative of those actually applied in the field.

It is important to stress that according to occupational hazard tests, the silane formulations here
investigated were less toxic to restorers than Incralac® (as both pure product and ready to use 30%
solution in nitro diluent) [31].
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Figure 1. Molecular structure of (a) 5-mercapto-1-phenyl-tetrazole (MPT) and (b) B-cyclodextrin
(B-CD). p-CD is a CD type constituted by 7 glucopyranoside units linked by 1,4 glycosydic bonds.

2. Materials and Methods

2.1. Chemicals, Aggressive Environment and Alloy

All reagents and solvents used in this study were purchased from commercial sources. In particular,
the chemicals used for the inhibitor complex and the coating production were (3-cyclodextrin (3-CD, > 97%
purity), 5-mercapto-1-phenyl-tetrazole (MPT, 98% purity), and 3-mercapto-propyl-trimethoxy-silane
(PropS-SH, purity 95%), all purchased from Sigma-Aldrich (Darmstadt, Germany).

The coating protectiveness was tested on as-cast bronze with composition 91.9 Cu, 2.4 Sn, 1.0 Pb,
Zn 2.9, 0.8 Sb, wt.%, and a microstructure reproducing those of Renaissance bronze artefacts with
cored dendrites of Cu-solid solution characterized by Sn and Sb local enrichment and also including
Pb globules in the interdendritic spaces, as reported in previous papers [29,31-33].

Concerning the environments where the coating protectiveness was assessed, the cyclic acid rain
(AR) spray test was performed using a synthetic AR, prepared with Sigma-Aldrich ACS reagents,
according to the recipe reported in [34] and containing the following ion concentrations: SO4%
1.90 mg- L1, CI~ 1.27 mg- L™!, NO;~ 4.62 mg- L~!, CH3COO~ 0.23 mg- L~!, HCOO~ 0.05 mg- L1,
NH;* 1.05 mg: L1 Ca%*t 0.34 mg: L-!,Na* 0.53 mg: L1 and pH 4.35. During the electrochemical tests,
accelerated corrosion conditions were obtained by using tenfold concentrated AR (ARX10, pH = 3.3)
at 30 °C.

2.2. [B-CD-MPT] Complex Stability Analysis

2.2.1. Nuclear Magnetic Resonance (NMR) Measurements

The NMR spectra were recorded in D, O solution using 5 mm tubes, at 296 K, with a Varian Mercury
Plus 400 (Palo Alto, CA, USA), operating at 400 (‘H) and 100 MHz (13Q), respectively. The chemical
shifts were referenced to the DOH signal: & (H) 4.65 ppm. The 1D-Rotating frame Overhauser effect
spectroscopy (ROESY) NMR spectra were acquired using standard pulse sequences from the Varian
library. The relaxation delay between successive pulse cycles was 1.0 s.

The Diffusion-Ordered Spectroscopy (DOSY) experiments were performed using the Dosy Bipolar
Pulsed Pair STimulated Echo (DBPPSTE) pulse sequence [35] from the Varian library, using 15 different
gradient values varying from 2% to 95% of the maximum gradient strength. A 500 ms diffusion time
was chosen, and the gradient length was set to 2.0 ms. The analysis of all NMR spectra was performed
with MestreNova (by Mestrelab Research, S.L., Santiago de Compostela, Spain), version: 6.0.2-5475 and
for the DOSY analysis, the Baysian DOSY transform from MestreNova, version: 6.0.2-5475 was used.
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2.2.2. H NMR Titration

The following two solutions were prepared in D,O: Solution A: 2.8 mM MPT. Solution B: 2.8 mM
MPT and 12.0 mM (3-CD. A 0.8 mL aliquot of solution A was placed in a 5 mm NMR tube. A measured
amount of solution B was added, changing the molar fraction of the host to about 0, 0.39, 0.71, 0.98,
1.21, 1.68, 2.02 and 2.29. Spectra were recorded after each addition. The chemical shift variation of the
guest signals was collected, and the binding constants {3 (as log K) were calculated by the curve fitting
method [36] using the commercial HypNMR2008 [37] program (details are given in the Supplementary
Information (SI) file).

2.2.3. Electrospray lonization (ESI) Mass Spectra

ESI mass spectra were obtained using an LCQ Duo (ThermoQuest, San Jose, CA, USA) in
negative-ion mode. Instrumental parameters: capillary voltage —10 V, spray voltage 4.50 kV, mass
scan range was from m/z 100 to 2000 amu, for 30,000 ms scan time; N? was used as the sheath gas.
The samples were injected into the spectrometer through a syringe pump at a constant flow rate
of 8 mL/min.

2.2.4. Fourier Transform Infra-Red (FTIR) Analysis

Diffuse reflectance FTIR spectra were recorded on 3-CD-MPT complex powder and on MPT and
B-CD powders, as references. The instrument used was a Thermo-Scientific Nicolet iS50 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), operating in dry CO,-free air flow generated by a
Balston 75-52 unit. It was equipped by a deuterated triglycine sulfate (DTGS) detector, which allowed

for the investigation of the 4000-400 cm™~! wavenumber region with a resolution of 4 cm™?.

2.3. Silane Coating Production

Silane hydrolysis was carried out by dissolving PropS-SH in a hydroalcoholic solution (90/5/5 v/v
ethanol/water/PropS-SH), acidified to pH 4 by the addition of some drops of diluted sulphuric acid
solution, according to the methodology refined in previous research works [29,38—40].

Plain PropS-SH coatings were directly produced from this solution after 24 h room-temperature
ageing. The coating additives were introduced in the aged silane hydroalcoholic solution; in particular,
3 mL aqueous solutions of either 5.94 mM MPT or 5.94 mM (3-CD or 5.94 mM 3-CD + 5.94 mM MPT
were added to 30 mL of silane solution, so that the final molar concentration of the additives in the
coating formulations was 0.54 mM. These solutions were sonicated for 3 min and then applied to
the substrate either by dip coating (1 h immersion and then fast withdrawal, reaching a final coating
thickness of about 300 nm; for accelerated electrochemical tests) or by spraying (to reach a final constant
coating specific weight of 6 + 1 g'm~2 and thickness of 5 + 1 um; for cyclic AR spray tests). Finally,
the coatings were cured for 24 h at 50 °C. This low temperature curing was compatible with the
requirements for cultural heritage bronze artworks.

2.4. Silane Coating Protectiveness

Electrochemical tests were performed under accelerated corrosion conditions, that is in ARX10
(pH 3.3) at 30 °C, on thin dip-coated bronze electrodes. As a reference, tests were also carried out on
bare bronze electrodes.

The evolution of corrosion conditions was monitored over 20 days of immersion by Electrochemical
Impedance Spectroscopy (EIS, performed by a PARTSTAT 2273, from Ametek, Berwyn, PA, USA)
tests performed at intervals, under the following experimental conditions: corrosion potential (Ecor) *
10 mV rms, 10 kHz-1 mHz frequency range and 10 frequencies/decade. Polarization resistance (Rp)
values were estimated from the spectra in the Nyquist form, as the difference between the limit of
the real part of the impedance at frequency tending to 0 (Rp") and the solution resistance (Rs) value
(Rp = Rp" = Rs) [40]. Ry, values are inversely proportional to the corrosion currents (icor), as indicated

101



Coatings 2019, 9, 508

by the Stern and Geary relationship [41]: R, = %, with B a constant depending on the Tafel slopes of
the anodic and cathodic polarization curves. The time evolutions of average Ry, and Ecor values were
obtained from triplicate experiments.

Ohmic drop-compensated polarization curves were collected at the end of the 20 day immersion
period. Separate anodic and cathodic potential scans, always starting from E.or, were carried out at a
rate of 0.1667 mV-s~!. These tests were performed in triplicate and representative curves were reported.

The self-healing capability of PropS-SH coatings was assessed by exposing coated coupons with
cross cut scratches to a cyclic AR spray test at 35 °C for 4 weeks. Each cycle consisted in 8 h spraying
and 16 h waiting. During the test, the coupons were supported with an angle of 30° from the vertical.

Micrographs documented the extent of the final corrosion attack.
3. Results

3.1. NMR Studies

To verify the effective formation of a host-guest complex between 3-CD and MPT we mainly
employed the NMR spectroscopy, already widely used to study inclusion complexes of CD [42-44].

The 'H NMR spectrum in D,O of a sample containing an equimolar amount of 3-CD and MPT
showed induced chemical shifts (Ad) for all the protons of the host as well as for most of the guest
protons (Figure 2). The complexation-induced shifts (CIS) observed for the internal protons of 3-CD
(H3, H5) were remarkably larger than those displayed by the external ones (H-1, H-2, and H-4) (Table 1),
thus indicating that the guest likely interacts with the inner cavity of 3-CD.

_),,NLJ“L AL ML

Hp |
Ho A

H-5

H-3

] I

L/ J.'.N'w,_‘,,__

7.46 742 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 133
f1 (ppm) 1 (ppm)

762 7.58 754 750

Figure 2. The 'H NMR spectra in D,O for solutions of (a) 3-CD; (b) MPT; (c) equimolar amount of
3-CD and MPT.

Table 1. The 'H-NMR chemical shifts (5, ppm) for H protons of 3-CD alone, MPT alone, and complexation
induced shifts (CIS = Scomplex — dfree) Of equimolar amounts of them in D,O at 23 °C.

B3-CD Protons H-1 H-2 H-3 H-4 H-5 H-6
5 alone 4.90 3.48 3.80 3.42 3.71 3.69
CIS —-0.06 —-0.06 —-0.15 —-0.04 —-0.09 -1.1
MPT Protons H-0? H-m 2P H-p &b
5 alone 7.54 7.48 7.48
CIS 0.04 0.01 0.01

2 The center of the multiplet was taken into account; ® overlapping signals.
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The small CIS observed for the ortho-protons of the phenyl moiety of MPT (0.04 ppm, Table 1)
was also particularly significant, indicating that a part of the phenyl ring of MPT entered into the cavity
of 3-CD. It is worthy of note that no new peaks appeared in the spectrum, signifying that the inclusion
of MPT in 3-CD is a fast exchange process that takes place on the NMR timescale.

In order to gather information on the sites of binding we carried out a series of monodimensional
ROESY-1D experiments [45] that provided only a small nuclear Overhauser effect (NOE) on the inner
H3 proton of 3-CD when ortho-H phenyl protons of MPT were irradiated.

The experimental observations collected up to this point were compatible with the inclusion
structure of Figure 3, which was in rapid equilibrium with the two separate molecules. In fact, the large
CIS exhibited by inner protons H3 and H5 of 3-CD upon the addition of MPT clearly indicated a
deep insertion of the host into the hydrophobic cavity of the 3-CD. However, the lack of dipolar
interactions between the ortho- and meta-protons of the aromatic ring of MPT and the H5 proton of
-CD excluded the complete insertion of the phenyl moiety into the 3-CD cavity. On the other hand,
the weak rotating-frame Overhauser effect (ROE) existing between the ortho-protons of MPT and the
H3 proton of 3-CD suggested that a partial insertion of the phenyl moiety of MPT occurred at the wide
rim of 3-CD. Finally, the upfield shift of the H-6 protons of the 3-CD (see Table 1) could be justified by
the partial protrusion of the guest (tetrazole moiety) from the narrow rim of the 3-CD (Figure 3) [46].

Hm / Hm

Hp

Figure 3. Proposed geometry for the inclusion of MPT into 3-CD as deduced from the CIS and
ROESY-1D experiments.

To investigate the strength of complexation we carried out a 'H NMR titration of MPT with
B-CD [36]. The procedure adopted in the titration allowed us to operate with a constant guest
concentration ([MPT] = constant) during the whole experiment.

The binding isotherm relative to the ortho-protons of the phenyl moiety of MPT is depicted in
Figure 4. The value of the stability constant 8 as log K, of the 3-CD-MPT inclusion complex was
calculated by the curve fitting method [36], using the commercial HypNMR2008 [37] program (details
are given in SI) and was found to be equal to 2.93 M~! (K, = 851 M.

The 1:1 stoichiometry of the complexation adequately described the binding data obtained from the
NMR titration and, on the other hand, the physically unrealistic binding parameters (some negative Ks)
when the 1:2 or 2:1 models were applied to the NMR titration. This confirmed that the 1:1 stoichiometry
was dominating in the investigated concentration range. The 1:1 stoichiometry of the complex was
turther confirmed by ESI-Mass Spectrometry (ESI-MS).

DOSY spectroscopy [37,42-47] experiments were also carried out to confirm, qualitatively and
quantitatively, the intermolecular interactions between MPT and 3-CD in solution. The DOSY technique
allowed for the determination of the individual self-diffusion coefficients (D) in multicomponent
systems that directly reflected the association behavior of the interacting species [48].
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Figure 4. The 1H NMR titration of MPT with 3-CD: (a) Chemical shift change of the ortho-protons of
the phenyl moiety of MPT with increasing 3-CD concentration. Positive values mean downfield shifts.
The small complexation induced shift (CIS) observed for the ortho-protons of the phenyl moiety of
MPT (0.04 ppm, see Table 1) was particularly significant, indicating that a part of the phenyl ring of
MPT entered into the cavity of 3-CD. (b) Curve-fitting analysis by the HypNMR2008 program.

The principle on which DOSY is based is very simple and can be summarized as follows: when
the host and the guest are in the free state, they have their own diffusion coefficient that depends
on their molecular weight and their shape. However, when they interact tightly together to form
a complex, they behave as a single molecular entity and therefore should have the same diffusion
coefficient [48,49].

Taking into account the fact that we are studying a rapid equilibrium on the NMR time scale
between bound and free guest molecules, the observed (measured) diffusion coefficient (Dps) is the
weighted average of the free and bound diffusion coefficients (Dgee and Dypound, respectively) and can
therefore be used to calculate the bound fraction p by using the following Equation (1):

Dobs = p-Drouna + (1 _p)'Dfree 1)

which can be rearranged to yield:
D free — Dps

5o (2)
Dfree — Dyound

P =
where p is the fraction of complexed substrate molecules.

After binding of a small guest molecule (MPT) to a large host molecule (3-CD) the diffusion
coefficient of the host is not greatly perturbed, therefore, the diffusion coefficient of the host—guest
complex can be assumed to be the same as that of the non-complexed host molecule [50].

Pseudo 2D DOSY spectra are shown in Figure 5. The f1 dimension represents the self-diffusion
coefficient (D) and the f2 dimension reports the chemical shift. The f1 is specific for each molecule,
so the protons belonging to the same molecule appear in the same f1 row. The diffusion coefficients (D)
and the fraction of complexed MPT molecules (p) measured at 23 °C in D,O are reported in Table 2.

As expected, the D value of encapsulated MPT (4.87-107° cm?-s~!) was lower than that of free
MPT (6.205-107 cm?-s~!) (Table 2, Figure 5) thus proving that MPT is included in the 3-CD cavity and
diffuses more slowly. Recalling that the association constant, K, for a 1:1 host—guest equilibrium of the

type H + G 2 HG is defined by:
K - HG] 3)
" MG
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where [H], [G], and [HG] are the equilibrium concentrations of the free host, free guest, and complex,
respectively, Equation (3) can be rewritten as a function of the molar fraction [48] as:

p
Ky = 4)
" (1-p)([Hp-plCy)
where [Hy] and [Gy] are the total concentrations of the host and guest, respectively.
Lastly, inserting the value of the molar fraction just obtained from the DOSY experiments in the
above Equation (4) we can calculate K, by using the single-point procedure [51,52]. The association
constant measured in this way was 654 M~! at 23 °C (Table 2), and although the value obtained by the

single-point approximation method results in large uncertainty, it is consistent with the corresponding
value of 851 M~! estimated via NMR titration.

DOH
DOH B-CD B-CD
MPT MPT LL H
= " . b
DOSY MPT in D,0 DOSY MPT + B—CD in D,0
0 9

1 (Diffusion unts)

Diies MPT = 6305405 crsec? Dobs MPT (with B—CD) = 4.87x10% cm?sec™
free = 0. X10® cm<sec”

Dbound MPT (with B—CD) = 2.56x1C‘:lﬂzsec'1

50 45 40 35 30 25 30 7 70 6s 60

30 s 720 65 60 55
12 (ppm)

55 50 s 40 35 30
2 (ppm)

(a) (b)

Figure 5. Pseudo 2D DOSY spectra of MPT (a) 1.5 mM; (b) in the presence of 3-CD 1.4 mM in D,0O,
at 23 °C. (See Supplementary Information, SI, for details).

Table 2. Diffusion coefficients (D, 107 cm?2-s71) related to the itemized protons of MPTfee (MPT
alone 1.5 mM), MPT(, g.cpy (MPT 1.5 mM with 3-CD 1.4 mM), and 3-CD¢, pmpr) (MPT 1.5 mM with
B-CD 1.4 mM), fraction of complexed MPT and (3-CD molecules (p) and association constant for the
-CD-MPT complex (K,).

Chemical Species Proton (ppm) Db Daverage Pbound K, M)

H, (7.59) 6.22 6.205 0 -

MPT o
(free) Hu/Hp (7.51) € 6.19 - - -

H, (7.62) 488 487 0.36 654

MPT,, ;.- 0
(+ B -CD) Hum/Hp (7.52) © 486 - - -
Hum/Hp (7.52) © 2.256 2.56 0.36 -
B-CD mpr)  Ha/Hs/H (3.67)° 257 - - -
Hy/H, (3.43) 2.55 - - -

2 in D,0 at 23 °C; P estimated errors <5%; ¢ overlapped signals.

3.2. ESI Mass Spectra

In order to provide further confirmation of the formation of the 3-CD-MPT inclusion complex,
some ESI-MS experiments were conducted in aqueous solutions containing MPT and 3-CD in the ratio

1:1,1:2, and 2:1. In all cases, a base peak at m/z 1311 corresponding to a 1:1 host—guest complex was
detected (Figure 6).
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Figure 6. Electrospray negative-ion mass spectrum (ESI-MS) of a 1:1 3-CD-MPT aqueous solution that
revealed a base peak corresponding to the 1:1 host-guest complex at m/z 1311 and a peak at m/z 1133
(50%) relative to uncomplexed 3-CD.

3.3. FTIR Spectra

The diffuse reflectance FTIR spectrum of the solid 3-CD-MPT complex precipitated from equimolar
-CD and MPT aqueous solutions was recorded and compared to those obtained on pure MPT and
3-CD. Figure 7 clearly shows that the spectrum of the complex almost completely overlapped that of
3-CD, but two extra peaks at 1492 em™! and 1593 ecm™! occurred (as evidenced in the enlarged inset),
which corresponded to intense bands of the MPT molecule and did not appear in the 3-CD spectrum.
According to X.R. Ye et al. [53], both peaks were connected to the C—C stretching of the phenyl ring
in MPT and the former also corresponded to N-H bending. These spectra further confirmed the
complex formation.

MPT
— B-CD-MPT J
— B-CD

1492 ﬁ

1593

Absorbance

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber / cm™?

Figure 7. FTIR spectra of solid 3-CD-MPT, MPT, and 3-CD.
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3.4. Electrochemical Tests

These tests were performed on dip coated bronze electrodes in ARX10, because the association of
the obtained thin coatings and the higher aggressiveness of the concentrated solution allowed for the
differentiation of the coating protectiveness within the 20 day immersion period.

Figure 8 collects the time evolution of R, and Ecor values in this environment at 30 °C. For bare
electrodes, high initial R, values (9.1 kohm-cm?) were obtained, which decreased quickly to about
1 kohm-cm? for immersions longer than 1 h and then increased again up to 4.6 kohm-cm? towards
the end of the immersion period (Figure 8a). PropS-SH coatings showed much higher initial R,
values (almost 700 kohm-cm?), which decreased by about 1 order of magnitude during the 20 days
of immersion due to the slow penetration of the aggressive solution through the silane network.
The addition of MPT to the silane solution determined rather low and constant R, values, close to
20 kohm-cm?. This behavior was not investigated but it is plausible that MPT interfered with the
coating reticulation and/or a surface competitive adsorption between free MPT molecules on one side
and the silanol and thiol groups of silane coatings on the other occurred, so impairing the coating
adherence and performance. Instead, some improvements were achieved with the addition of 3-CD,
which due to its hydroxyl groups was likely capable of reacting with the silanol groups, so contributing
to the silane network formation. Finally, a clear progression was observed after 3-CD-MPT complex
addition with high and rather constant R, values (around 1 Mohm-cm?). This suggests that beside
the positive effect of 3-CD, the release of MPT molecules from the 3-CD cavity could also play an
important role in corrosion inhibition.
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Figure 8. Polarization resistance (Rp) (a) and corrosion potentials (Ecor) values (b) measured during
20 days of immersion of bare and coated bronze electrodes in concentrated acid rain (ARX10) at 30 °C.

The E.or values on bare electrodes evolved from —0.100 Vgcg after 1 h immersion to about
+0.043 V¢ after 20 days (Figure 8b). From previous research [54], it was found that this trend was
the consequence of the degradation of the protective surface air-formed oxide film during the first
half of the immersion period, which stimulated the cathodic reaction, with a consequent Eo, shift
towards nobler values. Then, in the second half of the immersion, the progressive accumulation of
surface corrosion products induced a slight inhibition of the anodic process and further consequent
Ecor ennoblement. No significant Eqo, differences were detected in the presence of the coatings. In all
cases, Eqor increased to a certain extent during the initial 2 or 3 days of immersion, likely due to
the evolution in the coating reticulation [39]. Then, they reached values in the range from 0.011 to
0.030 Vscg, independently of the corresponding Ry, values.
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The polarization curves recorded at the end of the 20 days of immersion on bare and coated
electrodes are shown in Figure 9, while Table 3 reports the electrochemical parameters derived from
these curves.
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Figure 9. Polarization curves recorded on bare and silane (PropS-SH)-coated bronze specimens in the
absence and in the presence of 3-CD, MPT, or 3-CD-MPT complex, after 20 days of immersion in
ARX10 at 30 °C.

Table 3. Corrosion potentials (Ecor), corrosion current densities (icor), and anodic Tafel slopes (ba)
obtained on bare and coated bronze specimens after 20 days of immersion in ARX10 solution. Protection
efficiencies (n) of silane coatings are also reported.

Coating Type Ecor/VscE icor/UA-cm~2 b./V n/%

- 0.055 8.3 0.090 -

PropS-SH 0.024 1.3 0.092 84
PropS-SH + 3-CD 0.030 0.70 0.088 92
PropS-SH + MPT 0.008 2.8 0.093 66
PropS-SH + -CD-MPT 0.029 0.15 0.101 98

In particular, Table 3 collects the Ecor and corrosion current (icor) values, the anodic Tafel slopes,
ba, and the protection efficiency (1) of the coatings, evaluated by the formula:

n = icor,lf) - icor,c %100 (5)
Leor,b
where i, and icorc are the corrosion currents evaluated on bare and coated electrodes, respectively.
The cathodic Tafel slopes, b., which were not reported in Table 3, were generally much higher than b,
and close to infinity.

Figure 9 and Table 3 evidence that the coatings protect the underlying alloy from corrosion at
different degrees. The plain PropS-SH coating mainly hindered the cathodic reaction, so determining
a slight reactivation of Ecor in comparison to those of the bare electrodes, and afforded a final 1 of
about 84%. In agreement with the R, results, the addition of MPT to PropS-SH was detrimental to the
coating protectiveness because it stimulated both the anodic and the cathodic reactions, suggesting a
lower barrier effect of the coating and/or a lower surface adherence. In this case, the coating 1 value
decreased down to 66% (Table 3). Conversely, the addition of 3-CD or, even more, the 3-CD-MPT
complex in the coatings determined a decrease in the anodic and cathodic currents and induced n
values of 92% and 98%, respectively. In contrast with MPT, the complex proved to be beneficial to the
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coating performances, likely due to a higher compatibility of the external 3-CD surface with the silane
network and to the specific inhibition afforded by released inhibitor molecules as evidenced by the
following test.

3.5. Cyclic AR Spray Test

The self-healing capability of the silane coatings connected to the inhibitor release and adsorption
at corrosion sites was evaluated during four weeks of exposure of the coated specimens with cross cut
scratches to cyclic AR spray.

At the end of the test (Figure 10), the bronze coupons evidenced that the PropS-SH coating was
rather protective at a distance from the scratches, but obviously did not avoid the substrate corrosion in
scratched areas from which in fact the underfilm corrosion propagated. This corrosion form and coating
delamination were less evident in the presence of 3-CD, suggesting that this substance also increased
the coating adherence, so improving the overall coating protectiveness. However, again, it did not
prevent corrosion in the scratches. The addition of MPT in PropS-SH could not avoid the spread of
corrosion attacks from the scratches and induced a significant surface color change (a brightening).
Only B-CD-MPT complex addition significantly enhanced the substrate corrosion resistance and
completely suppressed corrosion in the scratches and underfilm. This behavior suggested a self-healing
capability of this coating type in the case of coating defects and mechanical damages, so prolonging
the coating effectiveness.

PropS-SH PropS-SH + B-CD

PropS-SH + MPT PropS-SH + B-CD-MPT

Figure 10. Surface aspect of cross-cut coupons at the end of a 4 week exposure to a cyclic acid rain (AR)
spray test; only the PropS-SH coating containing the 3-CD-MPT complex prevented the development
of a corrosion attack starting from the scratches.

4. Conclusions

e  The stability and the molecular structure of the host-guest 3-CD-MPT complex was assessed by
NMR, FTIR, and MS techniques.

e  The analysis of the Complexation Induced Shifts suggested an inclusion structure of the complex,
with partial insertion of the phenyl moiety of MPT at the wide rim of the hydrophobic 3-CD
cavity and partial protrusion of the tetrazole moiety of the inhibitor from the narrow rim of the
host cavity.

e According to the DOSY experiments, the stability constant of the 3-CD-MPT complex was 654 M1,
in good agreement with the value of 851 M~! obtained by curve fitting the NMR binding isotherm.
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e  The PropS-SH coating with entrapped 3-CD-MPT complex exhibited an improved protectiveness
(n = 98%) against bronze corrosion in comparison to plain PropS-SH (n = 84%) or PropS-SH
containing only MPT (1 = 66%) or 3-CD (1 = 92%).

e  The PropS-SH coating with entrapped 3-CD-MPT complex exhibited self-healing properties on
bronze during exposures to cyclic AR spray at 35 °C.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2079-6412/9/
8/508/s1, Table S1: Parameters related to the titration, Figure S1: Variations of a portion of 1H NMR spectrum
(400 MHz) of MPT 2.8 mM during its titration with 3-CD 12 mM in D20, the molar fractions of host are reported in
Table S1, Figure S2: Stacked plot and computational analysis of the DOSY experiment of a sample containing MPT
alone. MPT signal decays according to the gradients (G) together with the corresponding graphical analysis of the
data. The diffusion coefficients are indicated with the letter F, Figure S3. Stacked plot and computational analysis
of the DOSY experiment of a sample containing MPT + 3-CD. MPT signal decays according to the gradients
(G) together with the corresponding graphical analysis of the data. The diffusion coefficients are indicated with
the letter F, Figure S4: Stacked plot and computational analysis of the DOSY experiment of a sample containing
MPT + 3-CD. 3-CD signal decays according to the gradients (G) together with the corresponding graphical
analysis of the data.
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Abstract: In this work, the causes of porosity of TIAIN hard coatings sputter deposited on D2 tool
steel were studied since its corrosion resistance is mainly affected by imperfections within the coating
(e.g., pinholes, pores, crevices). The corrosion test was performed in a chlorine solution using
electrochemical impedance spectroscopy. The coating morphology of growth defects before and after
the exposure was studied by scanning electron microscopy (SEM), while focused ion beam (FIB) was
used to make series of cross-sections through individual selected defects. We confirm that pitting
corrosion is closely related to the through-thickness growth defects. It was also found that in the case
of nodular defects, the intensity of corrosion depends on the shape of the seed.

Keywords: PVD hard coatings; growth defects; pinhole; focused ion beam; pitting corrosion

1. Introduction

Hard coatings prepared by physical vapor deposition (PVD) are widely used to improve the wear
resistance of all types of tools, to reduce the friction of machine parts, for decorative applications,
and for protection of implants and medical instruments [1-3]. In the majority of these applications,
the corrosion attack of tools and components occurs by the corrosive environment to which they are
exposed (e.g., corrosive gases, technical reagents, cooling and lubricant liquids, body fluids, sea water).
In general, such corrosion attacks drastically reduce the lifetime of coated tools and components.

Although the PVD hard coatings have a very good corrosion resistance, they do not provide
good corrosion protection of the less noble substrate materials [4,5]. The corrosive attack of coated
components is caused by imperfections within the coating [3,4,6-13]. It is well known that due
to the line-of-sight transfer of the vapor flux during the sputtering process, many intrinsic defects
are generated in the coating [14]. Morphological imperfections caused by the shadowing effect
include columnar structures, pinholes, pores, void zones around nodular defects or droplets (crevices),
microcracks, grain boundaries, and other discontinuities. All these microstructure imperfections can
significantly affect their corrosion resistance, if they extend throughout the whole thickness of the
coating. When the coated substrate is exposed to a corrosive medium, the electrolyte penetrates to
the substrate through such defects, driven by the capillary forces. In the case of a less noble substrate
material, this leads to the formation of local galvanic corrosion between the substrate (acting as an
anode) and the coating (acting as a cathode) [5]. The corrosion reaction takes place under a closed
electrical circuit in which the current flow is based on the electrical (electron) conductivity of the coating
on one hand and on the ionic conductivity of the electrolyte (it is conductive due to the presence of
dissolved cations and anions) on the other hand [15]. Corrosion is localized to the defect area, where
the anodic dissolution of the exposed substrate material appears. The corrosion attack is more intense
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if the difference of the electrochemical potential between the coating and the substrate in the selected
electrolyte is larger. Since the area of the cathode (coating) is much larger than that of the anode
(substrate), pitting corrosion is the predominant corrosion type. For the same reason, the corrosion
process in the pores and pinholes is fast. Pits which are present in the substrate material are extending
radially from the pores, resulting in cracking and removal of the coating above by flaking (blistering).
In such a way, pitting corrosion has a devastating effect on coated tools or components.

Many ways to improve the corrosion resistance are described in the literature [4,5,16]. In general,
any way which reduces the porosity of the coating improves the corrosion resistance at the same time.
Although it is practically impossible to eliminate the coating defects completely, their density can
be reduced by proper pretreatment of the substrate surface, coating design, and modification of the
deposition process. A lot of research has been devoted to this problem in the past. It was found that
the substrate surface roughness must be as low as possible since the higher roughness results in less
complete coverage of the substrate with the coating material (due to the shadowing effects during
the PVD coating growth). It was also found that the corrosion resistance increases with increasing
coating thickness due to reduced mass transport between the bottom of the pinhole and the corrosive
environment. Jehn estimated that a satisfactory corrosion resistance of the coating can be achieved
only if its thickness is more than 14 pum [4].

More recently, the sealing of the PVD hard coatings with only a few-nanometers-thick (oxide) film
prepared by low-temperature atomic layer deposition (ALD) technique was introduced [17,18]. This
technique offers the deposition of uniform, conformal, and high-density thin films with a thickness of
only a few nanometers. Such a thin layer (e.g., Al;O3) blocks pinholes and other defects in the PVD
hard coating.

The next approach for improvement of corrosion resistance is the addition of a sacrificial element
(e.g., Mg) to conventional hard coatings [19].

In the past, efforts were made to improve the corrosion resistance of PVD hard coatings by
appropriate coating architecture (deposition of interlayers, multilayer coatings, duplex coatings) [20-22].
Using these approaches, the improvement of corrosion performance is the result of the synergistic
effect of two or more materials.

The corrosion behavior of PVD hard coatings also depends on the coating microstructure. In
general, PVD hard coatings designed for corrosion protection should possess a dense and uniform
microstructure (fine-grained or amorphous). The columnar microstructure is not desirable because the
interfaces between adjacent columns can act as pathways for corrosive media to reach the substrate.

The growth of the columnar microstructure of the PVD hard coating can be interrupted by
intermediate ion etching of the growing coating [23,24]. It is assumed that ion etching leads to a denser
coating, due to defect-induced renucleation and improved adatom mobility. New nucleation sites for
subsequent film growth are also generated and a fine-grained microstructure is formed. In such a way,
the path length for corrosive medium is increased. By ion etching, the material from grain flanks is
redeposited to the pore walls resulting in a decrease of porosity.

Nitride hard coatings lose their columnar microstructure and become denser if doped by
oxygen [25]. Additionally, with increasing oxygen content, the electrical conductivity considerably
decreases. Therefore, the iron dissolving is strongly reduced because the electrons cannot travel
through the coating.

Another good approach to obtain a dense microstructure of the coatings and to overcome intrinsic
defects is to add other elements (Si or B) into the hard coatings to form nanocomposite coatings with
nanosized crystallites surrounded by the matrix [23].

Yet another new strategy is based on high-power impulse magnetron sputtering (HiPIMS), which
allows an energetic condensation [24-27]. Such PVD coatings have a higher density, better adhesion,
and smooth surface (free of macroparticles), while pinholes can be closed by higher adatom mobility.
An additional advantage is etching with metal ions produced by the HiPIMS plasma. The metal ions
do not only etch the substrates, they are also implanted in the near-surface layer of the substrate.
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Such metal-ion-implanted interlayer is normally beneficial since it improves adhesion and corrosion
resistance of the coating.

While the mechanism of pitting corrosion of coatings is quite well described [4,7,9], we know
only a little about the formation of microstructure imperfections and their influence on the corrosion
resistance of hard coatings. Previously, we tried to explain the origin of the growth defects in PVD
hard coatings [28,29]. In this paper, we focused on the identification of those growth defects in
sputter-deposited TiAIN hard coatings, where the pitting corrosion occurs after it has been exposed to
the corrosive medium.

2. Experiment

The industrial magnetron sputtering system (CC800/7, CemeCon, Wurselen, Germany) was used
for deposition of the TiAIN hard coating. The thickness of the coatings was around 4.2 um, using a
twofold planetary rotation. The samples analyzed in this study consisted of test plates made of D2 tool
steel. They were first ground and polished up to the roughness of about 10 nm (R,). Before deposition,
they were cleaned in detergents and ultrasound, rinsed in deionized water, and dried in hot air. In the
vacuum chamber, they were first heated to about 450 °C, then cleaned in situ by ion etching. Standard
TiAIN coating was deposited by DC sputtering of four segmental Ti—Al targets at 8 kW each. The
working pressure was 750 mPa (N2, Ar, and Kr atmosphere), and the bias voltage was —100 V. After
two-thirds of the deposition time, the deposition process was interrupted for an intermediate plasma
etching process. The intermediate etching provides fine-grained and less porous microstructure (less
pronounced columnar microstructure).

A corrosion test of TIAIN deposited on D2 tool steel, using electrochemical impedance spectroscopy
(EIS), was performed in 0.5 M NaCl solution at pH = 3.8 using a Parstat 2263 spectroscope (Princeton
Applied Research, Oak Ridge, United States of America). The test specimen employed as a working
electrode was exposed to the solution for 96 h.

The coating microstructure and defect morphology, before and after the exposure, were studied in
a planar surface view and in focused ion beam (FIB) cross-sectional view. We used the FIB integrated
into the Helios Nanolab 650 electron microscope (FEI BV; now FEI SAS, part of Thermo Fisher Scientific,
Merignac, France). The primary opening, required for further observations of cross-sections, with
dimensions 22 x 12 x 12 pum?, was ion-milled at 20 nA beam current, while the acceleration voltage of
ions was 30 kV. The sections of the material were removed from the specimen surface by sputtering
in three steps: rough removal (30 keV/65 nA), medium polishing (30 keV/20 nA), and fine polishing
(30 keV/1 nA). After all three steps were completed, the image of the cross-section was taken using
10 pA ion beam current. After imaging, the next slice of the sample with a thickness of about 0.9 pm
was removed by ion milling and another image of the new cross-section was acquired. This procedure
was repeated until the entire site of interest was examined.

3. Results

3.1. Mechanisms of Pinhole Formation

As discussed in the introduction, one major drawback of PVD hard coatings is that they are not
free from growth defects. Besides nodular and flake defects, open and closed pores, pinholes have
been observed on the sputter-deposited TiAIN hard coating. All these defects have different shapes
and sizes. However, pitting corrosion does not occur on all these sites. The question is how to identify
which defects are responsible for pitting corrosion. It can only be those defects that are extending
through the coating down to the coating—substrate interface. At least four groups of growth defects
which can cause the pitting corrosion can be identified. The causes for their formation are discussed in
more detail in the following text.
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3.1.1. Pinhole Formation at Pits in the Substrate

During grinding and polishing of tool steel substrates, shallow protrusions are formed at the
carbides because they are harder than the ferrous matrix [30]. Because of the high shear stress during
polishing, a part of protruded carbides can be torn out, leaving a pit in the substrate (Figure 1a). Due to
the line-of-sight nature of the PVD deposition process, a part of the pit (hole) wall remains uncovered,
while a pinhole is formed in the coating (Figure 1b). Whether a pinhole will be formed or not depends
on the pit depth-to-width ratio. In the case of high aspect ratio (a narrow but deep pit), the deposition
starts to coat the upper sidewalls and corners of the feature, which shadows the lower area from
subsequent deposition. During the coating growth, the hole’s opening narrows, and if the PVD coating
is thick enough, coatings from both sides of the hole touch and close the opening, forming an isolated
pore (keyhole). However, a discontinuity of microstructure is preserved through the growing coating,
extending up to the coating surface. The pinhole will not be able to close up if the width of the pit is
comparable to the final coating thickness. In the case of a low aspect ratio (a laterally large but shallow
pit), an open pinhole will be formed.

Figure 1. Pit on the D2 tool steel substrate surface at the site where a carbide grain was torn out from
the surface of the D2 tool steel during the polishing process (a) and the same substrate surface area
after deposition of a hard coating (b). Close to the pinhole, a nodular defect was also formed.

3.1.2. Pinhole Formation at Carbide and Nonmetallic Inclusions

During polishing of tool steel substrates, shallow protrusions are formed at the inclusions which
are harder than the ferrous matrix (e.g., carbides and oxides), while shallow craters are formed at the
inclusions which are softer (e.g., MnS) [29]. The reason is the difference in the removal rates of different
inclusions in comparison to the ferrous matrix. Additional topographical changes occur during ion
etching due to different etching rates of various phases in the tool steel material. Thus, the total
geometrical extension (up or down) of the surface irregularities from the ferrous matrix level depends
on the differences in both the removal rate and ion etching rate. Consequently, shallow craters (e.g., on
the sites of Cr;C3, MnS) and protrusions (e.g., oxides) are formed. During the deposition process, all
morphological features formed during the previous steps are transferred through the coating. Due to
the shadowing effect, pinholes can be formed at positions of shallow craters (Figure 2). Formation
of such a type of pinhole is displayed in Figure 2 for Al,O3/TiAIN double-layer hard coating sputter
deposited on powder metallurgical (PM) tool steel substrate ASP30 in the CC800/9 deposition system.
The bottom TiAIN layer was made in a similar way to that in CC800/7 (CemeCon, Wurselen, Germany),
while the oxide top layer was prepared in the oxygen atmosphere by magnetron sputtering, operated
in pulsed mode.
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pinhole

(a) (b)

Figure 2. Planar SEM view of a pinhole in the Al,O3/TiAIN hard coating deposited on ASP30 tool
steel (a) and fracture cross-sectional SEM image of selected pinholes which appeared at shallow craters
formed during ion etching at (W, Mo)C carbide in ASP30 tool steel substrate (b).

One of the origins of pinhole formation is also nonmetallic inclusions (e.g., MnS, Al,O3) in steel
substrates. Such inclusions are formed as a result of the steelmaking process and are present in all types
of steels. The removal rates (during polishing) and etching rates (during ion etching) of the inclusions
are different in comparison with the ferrous matrix. In the case of MnS inclusions, for example, both
rates are larger and therefore shallow craters are formed after both substrate pretreatments (Figure 3).
Consequently, during the deposition process, such a shallow crater can be a starting point for a pinhole
formation. Due to the generally poor contact between the inclusion surface and hard coating, a strong
columnar growth with an extensive mesh of pinholes was observed. In the case of an Al,O3 inclusion
with a complex microstructure (Figure 4a), a series of pinholes (Figure 4b) has formed on its boundary
with the ferrous matrix.

Figure 3. Cont.
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Figure 3. SEM images of the same MnS inclusion in the D2 substrate: (a) after polishing; (b) after ion
etching; (c) after deposition of a hard coating. Above the MnS inclusion, a pit can be also observed
on the polished substrate. In a similar way to the example in Figure 1, it caused the formation of the
pinhole (c).

Figure 4. SEM images of the same Al,Oj3 inclusion in the D2 substrate after ion etching (a) and after
deposition of hard coating (b).

3.1.3. Pinhole Formation at Nodular Defects

Even at the sites where nodular (Figures 5 and 6) and flake defects started to grow on the substrate
surface, some degree of porosity remained. Nodular and flake defects are formed during deposition
of PVD hard coating on the seed particles, which are either foreign or flake particles attached to the
substrate surface before starting the deposition process. In the case of a nodular defect, shown in
Figure 5a, the seed particle is based on iron. A step-like feature on the substrate surface is clearly visible
(Figure 5b). The appearance of such a step indicates that the seed already existed on the substrate
surface before ion etching. Therefore, this area was not exposed for etching. In general, the contact of
the seed particle with the substrate is very poor, while the nodular defect is more or less separated from
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the coating matrix (Figure 5b). The border between the nodular defect and the undisturbed coating is
therefore composed of a series of pinholes. The corrosion behavior of a hard coating does not only
depend on the defect size, but also on the shape of the seed. Balzer et al. reported that the shape of the
seed strongly affects the defect growth and the porosity of the coating matrix—defect boundary [31].
For a through-coating nodular and flake defect, the corrosion attack is initiated by galvanic or crevice
corrosion. The void zones around nodular defects allow the solution penetration down to the steel
substrate surface. If the formation of nodular defects is caused by droplets, then galvanic corrosion
caused by differences of binding energy and chemical composition between the coating matrix and the
droplet can also appear [6].

Figure 5. SEM planar view (a) and FIB cross-sectional image of a nodular defect (b) in the TiAIN hard
coating sputter deposited on D2 steel.

crater-like nodular defect

Figure 6. Fracture cross-sectional SEM image of the crater-like dimple which was left by the detachment
of a nodular defect (a) and a nodular defect which has remained in the coating (b).

3.1.4. Pinhole Formation on Sites Where Nodular Defects Wrench out of the Coating

Another manifestation of defects is important in terms of corrosion resistance. This is a case
when it comes to a detachment of the overgrown seed particles or droplets during or after deposition
which leaves a crater-like dimple (Figure 6) behind. As already mentioned, this phenomenon happens
because the bond between the seed particle and the nodular or flake defects with the surrounding
coating matrix is poor. The whole defect or a part of it can be detached from the coating when residual
stresses overcome the adhesion. The detachment probability increases with the coating thickness and
the size of the nodular defect. Formation of such a hole may also be caused by external forces (such
as cleaning of the coated sample by ultrasonic cavitation or wiping). If the nodular and flake defects
are removed from the coating surface during the deposition process, then the crater is covered by the
additional growing coating which is rather porous. If the nodular defect leaves the coating surface
during the service of the coated component, a naked substrate area may be found at the bottom of
these craters. If the craters, which are left by the detached nodules or flakes, are extending down to the
substrate, then they offer an instant and easy access for the corrosive medium.
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3.2. Electrochemical Impedance Measurement

A corrosion test of TIAIN deposited on D2 tool steel was performed in chloride medium using
electrochemical impedance spectroscopy [32]. The exposition time was 96 h. The corrosion potential
and polarization resistance (Rp) during the immersion in the corrosive medium can provide information
regarding the ongoing corrosion reaction processes. Figure 7 shows the impedance response of the
TiAIN/D2 coating systems in a Nyquist representation at different immersion times. Such diagrams
offer some information regarding the performance of coatings deposited on less noble metal substrates.
Thus, an initially high impedance (low corrosion rate) decreases with immersion time (this means
that the corrosion rate increases). Higher corrosion rate can be explained by the fact that the coating
defects open out, exposing more surface area of substrate to the NaCl solution. At low frequency,
the interception with the real axis is ascribed to the polarization resistance (R, pure resistance at low
frequency) at the corrosion potential. R}, resistance is the sum of resistances of coating, electrolyte
in the pores, and charge—transfer (corrosion) reaction at the substrate/electrolyte interface. As the
immersion time increases, the R}, values decrease for one order of magnitude, which indicates that
the response becomes more conductive; indeed, with increasing time, the open voids and pinholes
permit the solution to penetrate through to the steel substrate, causing localized corrosion. There are
significant variations of corrosion current density, corrosion potential, and polarization resistance for
nominally identical samples. This is consistent with corrosion caused by defects that are randomly
distributed across the sample.
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Figure 7. The impedance response of the TIAIN/D2 coating systems in a Nyquist representation at

different immersion times.
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3.3. Typical Pitting Corrosion Attack at Growth Defects

The inspection of the corroded sample was carried out in an optical microscope and SEM, following
the electrochemical test. The corrosion attack under the coating, where the defect had been generated,
was analyzed at the cross-section, prepared by the FIB technique. The inspection by optical and SEM
microscope of the corroded sample revealed that pitting corrosion occurred only at certain growth
defects. The measure of pitting corrosion intensity could be the area of the circular ring with corrosion
products around the growth defect. The larger the radius, the more intensive pitting corrosion has
been. However, the corrosion intensity of selected growth defects is not constant during the exposure
to the corrosive media. In some cases, a certain time is necessary for pit formation, while later, the
corrosion initiation sites are often filled with corrosion products (sealing effect) [5,13]. Corrosion
products which accumulate at the pit sites hinder the local access to the electrolyte and thus reduce the
corrosion kinetics.

The consecutive serial sectioning of thin slices performed by FIB technique and imaging of
cross-sections gives us the insight into the defect internal structure, while EDX map analysis enables the
determination of the composition of both seed as well as corrosion products. From the FIB cross-section,
we also obtained the information on the intensity of the corrosion attack under the coating where the
defect had been generated. A measure of the pitting corrosion intensity at a selected pinhole can also
be the volume of the substrate material which had been removed.

We found that during the electrochemical test, different local defects (pinhole, pore, and crevice)
caused localized corrosion of different intensities. Even in the case of the same type of defects, the
corrosion intensity was very different, depending on how the pathways around the defect toward the
substrate surface were open. In the following text, some typical examples are presented. Figure 8
shows the nodular defect, which started to grow on the substrate surface on an iron-based seed particle,
but no traces of corrosion were observed. It is evident that the seed has a simple shape and smooth
surface, while the boundary between the nodular defect and the coating matrix is mainly closed.
It is completely different in the cases of nodular defects shown in Figures 9 and 10, where severe
corrosion attacks occurred. Traces of corrosion products are still visible around the nodular defects,
although the majority of the accumulated corrosion products were removed after the corrosion test
by the sample-cleaning procedure. In the last two cases, the shape of seeds is more complex; they
are composed from iron and chromium, indicating they are wear debris originating from the fixture
system. In the case of severe corrosion (Figures 9 and 10), a crevice between the nodule and the coating
matrix can be observed. Its width is not uniform and depends on the dimension and shape of the seed
particle. This is consistent with the findings of Balzer et al. that the more complex seed geometry
causes a more complex shading and the boundary between the nodular defect and the coating matrix
is more porous [31]. The arrow in Figure 10c indicates a crevice where EDX maps (Figure 10) show
traces of oxide products and chlorine, which proves that it was a pathway for solution penetration
through the void zones around the nodular defects.
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defect — >

Fe seed

Figure 8. SEM top view (a) and FIB image (b) of a nodular defect where no pitting corrosion was
observed. The nodular defect is intact and no crevices are visible at the boundary between the defect
and the coating matrix.

Figure 9. SEM top view (a) and FIB image (b) of anodular defect where intensive pitting corrosion occurred.
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Figure 10. SEM top view (a) and FIB images of nodular defects and corresponding EDX maps where
intensive pitting corrosion occurred (b,c).

Figure 11a shows another example where two defects in the TiAIN coating (pinhole, dish-like
crater) were analyzed by the FIB. The right dish-like crater is much larger, but it is shallow and does
not extend down to the substrate (Figure 11b). Because it is limited to the topmost part of the coating,
there are no traces of corrosion at this site. On the other side, a very narrow pinhole in the coating on
the left shows extensive damage in the substrate which is located underneath (Figure 11c). We can
see that the site where the pinhole started is a pit at which a small piece of carbide grain was torn
out, probably during mechanical pretreatment of the substrate surface. The similar type of pinhole in
Figure 12a, generated on the same coated sample, caused a less intensive corrosion attack (Figure 12b)
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during the electrochemical test than that shown in Figure 11c, because the opening of the pinhole is
evidently smaller.

The last case is the corrosion attack at a crater-like dimple formed on the site where nodular
defects were detached (Figure 13). An extremely strong corrosion attack occurred at such kind of
coating defect. The strength of the driving force for dissolution of steel in NaCl solution is seen from
the volume of the cavity which was generated by the dissolved steel underneath the coating. Namely,
all this dissolved material has been transferred through the small channels around the nodular defect.

Figure 11. SEM top view of a pinhole and shallow crater (a) and FIB section across the crater (b) and
pinhole center (c).
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Figure 12. SEM top view (a) and FIB images of pinhole (b) where weak pitting corrosion occurs.
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Figure 13. SEM top view of crater-like dimple (a) in sputter deposited D2 hard coating where extremly
intensive pitting corrosion occured (b).
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4. Conclusions

All PVD hard coatings contain some degree of microporosity (i.e., open pores, pinholes, void
zones around the nodular defects or droplets, microcracks, and pores between the columns). In this
study, we confirmed the deleterious effect of through-thickness growth defects on corrosion resistance
of sputter-deposited TiAIN hard coating. We performed a systematic overview of all the mechanisms
that lead to the creation of such defects. There are many possible causes of such defects: pits on
the substrate surface formed during its pretreatment, different nonmetallic inclusions in the tool
steels, foreign and flake particles which arrived on the substrate surface before the deposition process,
localized delamination of coating, and microcracks. To prove the existence of such defects in the hard
coating, we used the FIB technique. After the corrosion test performed in chlorine solution using
electrochemical impedance spectroscopy, selected growth defects were analyzed by the SEM/FIB. Using
FIB, we made serial cross-sections through individual selected defects in order to obtain an insight into
the corrosion process at different kinds of growth defects.

We confirmed that pitting corrosion is closely related to the through-thickness growth defects.
We found that the intensity of the pitting corrosion of different through-thickness growth defects is
very different. On the same sample, exposed to corrosive medium, the effects of pitting corrosion at
the sites of some defects are hardly visible, while at others, catastrophic corrosion attacks occurred. It
all depends on how very open the path to the substrate is. We also found that in the case of nodular
defects, the intensity of corrosion depends on the shape of the seed. The shape of the seed determines
whether the crevice down to the substrate will occur or not.
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Abstract: We present the results of one year observation of wetting and corrosion properties
of nanosecond fiber laser-textured stainless steel, uncoated and coated with epoxy or FAS
(fluoroalkylsilane)-TiO,/epoxy. A comparative study was performed on samples kept under ambient
conditions and in reduced air pressure and humidity. The results show the ability to induce wettability
conversion from initially superhydrophilic to final superhydrophobic state either indirectly by ageing
the uncoated laser-textured surface or directly by application of FAS-TiO,/epoxy coating. The storage
conditions significantly influenced the wettability development of uncoated laser-textured steel, i.e.,
the process of ageing was slowed down in reduced air pressure and humidity. Detailed surface
chemical analysis revealed that adsorption of the organic matters from the surrounding media
influences the wettability conversion and ageing. However, the ageing of the coated surfaces was
not affected by the storage conditions. Corrosion stability of uncoated laser-textured surfaces was
enhanced over time due to the wettability transition, depending on their morphology. Coatings
represent a superior barrier over the texture and wettability with the stable long-term surface
protection against aggressive media.

Keywords: stainless steel; laser surface engineering; wettability conversion; surface chemistry;
polymer coatings

1. Introduction

Austenitic stainless steel is known as one of the most important engineering materials due to
its high corrosion resistance combined with favorable mechanical properties, such as high tensile
strength [1,2]. Itis widely used in several applications in medicine, the food industry, and environmental
or construction engineering. However, for applications in aquatic media or in other aggressive
environments, such as a chloride ion-rich environment, it is extremely important to adjust the wetting
properties of the steel surface to ensure its optimal performance. This prolongs the lifetime of the
material, prevents corrosion, and consequently reduces the additional costs if the material cannot fulfil
the demands of the operating conditions. Manipulation of surface wettability of metallic surfaces,
therefore, still represents a scientific challenge in view of optimization of surface properties for specific
end uses within economically acceptable limitations.

Generally, metals are covered with an oxide layer that tends to be (super)hydrophilic due to
high surface energy of metallic oxides [3]. Therefore, to turn a surface (super)hydrophobic, the
surface energy of metallic oxide surface has to be lowered. In this respect, one of the most addressed
procedures is surface chemical modification by surface coatings [4,5]. Research has been focused
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mostly on synthesis of multifunctional superhydrophobic coatings for water-repellent and self-cleaning
applications [6-8], where (super)hydrophobicity is regulated through multiscale roughness structures
formed by various nanoparticles, i.e., silica, TiO,, ZnO, etc. [9-11]. Polymer coatings, on the other hand,
present an effective physical barrier between the metal and the environment containing aggressive
species, and serve as a reservoir for corrosion inhibitors that help the steel surface to resist attacks from
aggressive species [12].

Recently, laser texturing has been addressed as one of the most promising approaches, in view
of its flexibility, accuracy, chemical-free production, lack of tool wear, and negligible effect on the
properties of bulk material. Several studies report on micro-, nano- or picosecond laser-structured
metallic surfaces which are initially (super)hydrophilic and turn (super)hydrophobic in ambient
conditions with time due to the adsorption of organic matters from the surrounding atmosphere over
time [3,5,13-19].

The wettability conversion is strongly correlated to enhancing corrosion protective performance
of surfaces [20,21]. It has been shown that the most effective and durable protection against
corrosion in aggressive media is provided by superhydrophobic surfaces/coatings in combination
with pre-existing oxide layers typical for specific metallic substrates [20]. Although several studies
have been devoted to the examination of how processing parameters influence metallic-surface
wettability and corrosion behavior, most of them were performed only within a short-term (two month)
period [17,18,21,22]. In our previous work [19], we have shown that solely the short-term evaluation
of superhydrophilic-to-hydrophobic transition after the laser texturing of metallic surface may lead to
wrong conclusions. However, there is still a lack of analysis about how the transition of wettability
influences the electrochemical properties and corrosion stability of uncoated or coated laser textured
surfaces within the long-term (one year) period.

In this paper, we studied short- and long-term wettability evolution and corrosion resistance of
uncoated laser-textured surfaces and laser-textured surfaces coated with epoxy and FAS-TiO,/epoxy
composite coating. We compared the ageing of surface properties of samples stored in two atmospheres:
in ambient conditions and in a chamber with reduced air pressure and humidity. By monitoring the
static water contact angles and detailed surface chemical analysis we evaluated the time-dependence of
the wettability transition from a superhydrophilic to superhydrophobic state of uncoated laser-textured
surfaces, as well as hydrophobic to superhydrophobic transition of coated laser-textured surfaces.
Short- and long-term protective performance of uncoated and coated surfaces in chloride ion-rich
environments were analyzed with potentiodynamic measurements.

2. Materials and Methods

Materials—Austenitic stainless steel AISI 316L (17% Cr, 10% Ni, 2.1% Mo, 1.4% Mn, 0.38% Si,
0.041% P, 0.021% C, <0.005% S in mass fraction) was used as a substrate. The steel sheet with a thickness
of 1.5 mm was cut into discs of 25 mm diameter, which were cleaned with ethanol in ultrasonic bath.

A two-component USP Class VI biocompatible epoxy EPO-TEK 302-3M (EPOXY TECHNOLOGY,
Inc., Billerica, MA, USA) was mixed in the wt.% ratio 100:45 and used as a coating. TiO, nanoparticles
with mean diameters of 30 nm were provided by Degussa, Wilmington USA. Prior to coating preparation,
nanoparticles were functionalized in 1 vol % ethanolic fluoroalkylsilane (Sigma-Aldrich, Darmstadst,
Germany) or FAS (C1¢H19F170551) solution to induce hydrophobic effect.

Laser Texturing of the Surfaces—The surfaces were laser-textured by using a fiber laser (SPI Lasers,
Ltd., G4, SP-020P-A-HS-5-A-Y, Southampton, UK) with a wavelength of 1060 nm, pulse duration of
28 ns, and pulse energy of 0.2 mJ. The laser beam was led through a scanning head (Raylase, SS-IIE-10,
Wessling, Germany) and an F-theta lens by a focal distance of 163 mm. Since the beam expander to
attain a beam diameter on the lens of 7.5 mm was used, the beam spot size on the sample, placed
in a focal position, equals 38 m (considering the beam quality parameter M? = 1.3). The beam was
led over the surface, first in y (90°) and then in x direction (0°), by scanning velocity of 270 mm/s.
The pulse repetition rate equaled 90 kHz. Thus, the two consecutive pulses were separated by 3 m
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(92% overlapping). The scanning line separations were equal for x and y direction. The following
different scanning line separations were used: x =y = 25, 50, 100 m.

Coatings Preparation—Two types of coatings were spin-coated on laser-textured steel surfaces:
epoxy coating (E) and FAS-TiO, nanoparticle epoxy coating (FAS-TiO,/E). FAS-TiO,/E coatings were
prepared by first spin coating 2 wt % ethanolic solution of FAS-TiO, nanoparticles, which were covered
with epoxy layer. All the coatings were cured in an oven for 3 h at 65 °C.

Surface Characterization—Scanning electron microscopy (SEM) analysis using field emission SEM
JEOL JSM-6500F (JEOL, Tokyo, Japan) was employed to investigate the morphology of the laser-textured
surfaces and the laser-textured surfaces coated with E and FAS-TiO,/E coating.

The X-ray photoelectron spectroscopy (XPS) analyses were carried out on the PHI-TFA XPS
spectrometer produced by Physical Electronics Inc (Chanhassen, MN, USA). The analyzed area was
0.4 mm in diameter and the analyzed depth was about 3-5 nm. Sample surfaces were excited by X-ray
radiation from monochromatic Al source at photon energy of 1486.6 eV. The survey wide energy spectra
were taken with pass energy of analyzer of 187 eV in order to identify and quantify present elements
on the surface. The high-energy resolution spectra were acquired with energy analyzer operating at
resolution of about 0.6 eV and pass energy of 29 eV. Casa XPS® software (version 2.3.15) [23] was used
for the detailed data processing.

The surface wettability was evaluated with static water contact angles (6) on laser-textured,
epoxy-coated, and FAS-TiO,/epoxy-coated laser-textured surfaces by using a surface energy evaluation
system (Advex Instruments s.r.o., Brno, Czech Republic). Water drops of 5 uL. were deposited on at
least three different spots of the substrates to avoid the influence of roughness and gravity on the shape
of the drop. The drop contour was analyzed from the image of the deposited liquid drop on the surface
and the contact angle was determined by using Young-Laplace fitting. To minimize the errors due
to roughness and heterogeneity, the average values of the contact angles of the drop were measured
approximately 20 s after the deposition. All the contact angle measurements were carried out at 22 °C
and ambient humidity.

Optical 3D metrology system, model Alicona Infinite Focus (Alicona Imaging GmbH, Graz,
Austria), was used for the laser-textured surface topography analysis. The 3D surface roughness
parameters, including the average height of the selected area, S,, were evaluated and calculated from
the Alicona Infinite Focus using IF-MeasureSuite Version 5.1. At least three measurements per sample
were performed at magnification 200X, with a lateral resolution of 0.9 um and a vertical resolution of
50 nm. The size of the analyzed area was 1335 X 997 pm?.

Electrochemical Measurements—Electrochemical measurements were carried out in a simulated
physiological Hank’s solution, containing 8 g/L. NaCl, 0.40 g/L KCl, 0.35 g/L. NaHCOj3, 0.25 g/L
NaH,;PO, x 2H,0, 0.06 g/L NapHPO, x 2H,0, 0.19 g/L CaCl, x 2H,0, 0.41 g/L MgCl, x 6H,0,
0.06 g/L MgSO,4 x 7H,0, and 1 g/L glucose, at pH = 7.8 and room temperature. The solution
was chosen for possible biomedical applications. We used three-electrode flat corrosion cells.
The investigated specimen was employed as working electrode (WE), a saturated calomel electrode
(SCE, 0.242 V vs. SHE, standard hydrogen electrode) as reference electrode (RE), and a platinum
net as counter electrode (CE). The measurements were performed by using BioLogic Modular
Research Grade Potentiostat/Galvanostat/FRA Model SP-300 with an EC-Lab Software (version 11.27).
The potentiodynamic curves were recorded after 1 h sample stabilization at the open-circuit potential
(OCP), starting the measurement at 250 mV vs. SCE more negative than the OCP. The potential was
then increased, using a scan rate of 1 mV s~!. All the measurements were repeated three times.

3. Results and Discussion

3.1. Surface Morphology

The modification of as-received stainless steel surface morphology after laser-texturing with
different scanning line separations Ax and Ay (0°/90°) is shown in Figure 1. The 0°/90° scanning
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strategy was used to obtain the same morphology in x and y direction and to ensure that the results
are comparable to our previous work [21]. It is clearly visible that for scanning line separation
Ax = Ay = 100 pm well-defined p-channels with approximate size of the directly laser ablated area of
40-um width were formed (Figure 1 a,b). For Ax = Ay = 50 um, the p-channels start to overlap but we
can still recognize the x-y p-channel pattern (Figure 1c,d). As already shown [19], the samples with the
smallest scanning line separation, Ax = Ay = 25 pum, result in a rough surface with no characteristic
p-channel pattern (Figure le,f). A similar effect was observed also in the case of 0° scanning strategy
with small scanning line separations [24].

Figure 1. SEM micrographs of the laser-textured surfaces with different scanning line separations:
(a,b) Ax = Ay =100 pm, (c,d) Ax = Ay = 50 pm, (e,f) Ax = Ay =25 pm.

After laser-texturing, some of the surfaces were additionally coated with pure epoxy coating (E)
and some with epoxy coating enriched with FAS-functionalized 30 nm TiO, nanoparticles (FAS-TiO,/E).

The average surface roughness parameter, S,, and the rough surface areas were measured with
Alicona Imaging System to evaluate the topographical differences between the laser-textured steel
surfaces. As revealed in Table 1, the average surface roughness for the surfaces with Ax = Ay = 100
and 50 um is of the same order of magnitude, S; = 10.8 £ 0.1 um. S,, however, drops for a factor of
two for the surface with the smallest scanning line separation Ax = Ay = 25 um. This indicates the
increase of the laser-textured surface porosity, which is a consequence of the overlapped p-channels [24].
The average surface roughness is, on the other hand, not affected by the application of epoxy and
FAS-TiO,/E coatings.
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Table 1. Average surface roughness parameter S, and the ratio between the rough and the smooth
surface area, Ar/A( of uncoated and coated laser-textured surfaces.

Scan Line Separation

Ax = Ay [pm] Sa [um] Ar/Ao

100 um 10.8 + 0.1 20+03

100 um, E 10.9 + 0.1 1.7+ 04

100 um, FAS-TiO,/E 11.2+0.1 1.8+0.2
50 um 10.7 + 0.1 43 +0.1

50 um, E 104 +0.2 43+0.2

50 um, FAS-TiO,/E 10.7 £ 0.2 41+02
25 um 52+0.1 1.5+0.1

25 um, E 53+0.2 14+0.2

25 um, FAS-TiO,/E 56+02 1.6 £0.2

The rough surface area was estimated through the ratio Agr/Ay between the area of the rough,
laser-textured surface, Agr and the smooth (unprocessed) surface, Ag. For the polished surface, the
ratio Agr/Ag = 1 and is increased due to laser ablation after laser texturing. This increase is important in
characterization of the correlation between the developed rough surface and corrosion. The largest
surface area results in a surface processed with Ax = Ay = 50 um, while the surfaces processed with
Ax = Ay = 100 and 25 um have two to three times smaller surface, compared to Ax = Ay = 50 pm
surface (Table 1).

3.2. Surface Wettability and Aging

We evaluated short-term (within three months) and long-term (after one year) development of
the static water contact angles on uncoated, epoxy-coated and FAS-TiO,/E-coated surfaces processed
with scanning line separation x = y = 100, 50, and 25 m. The wettability evolution was compared
for samples stored in two different media, in ambient conditions and in a chamber with reduced air
pressure and humidity.

3.2.1. Uncoated Laser-Textured Surfaces

Similarly as in Ref. [15], the static water contact angle measurement immediately after the laser
texturing showed that the surfaces were superhydrophilic in a saturated Wenzel regime (6 = 0°) [18,25]
for all scanning line separations. This means that the water droplets spilled into a thin film and
completely wet the laser-textured surface. As shown in Figure 2, after initial superhydrophilicity, the
surface wettability eventually starts to decrease, which is reflected in the increase of the contact angle.
The surface first turns hydrophilic, then hydrophobic, until long-term stability of the superhydrophobicity
is achieved for all scanning line separations in both storage media. This suggests a transition from
Wenzel to Cassie-Baxter state due to the incomplete surface wetting after the static water contact angles
saturate in a steady state [17]. Each measurement point in the graph represents the average of at least
three individual measurements.

The contact angle evolution for all the samples can be well-fitted with exponential growth function,
as shown in Figure 2, similar to Ref. [18]: 9% = 1-e7/7. Here, 0 and 7 are steady state contact angle
and time constant, respectively, and are listed in Figure 2 and Table 2. The points were fitted from the
day when the contact angle was above 0°.

Even though we observed a similar trend in wettability development for all the surfaces, there was
a clear difference in the progress of (super)hydrophobicity, depending upon scanning line separation
as well as different storage media. The surface processed with Ax = Ay = 100 um and stored in
ambient conditions started to turn hydrophobic (measured non-zero contact angle) two days after
laser texturing. Afterwards, we observed a characteristic 16-day transition period of hydrophobicity
development with increasing contact angles of typically irregularly shaped droplets. An example of
such irregularly shaped droplet development is shown in Figure 3; however it will be discussed in
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detail in an independent study. Finally, the surface turned hydrophobic with observed spherically
shaped droplets until reaching an equilibrium steady state superhydrophobicity.
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Figure 2. Short- and long-term development of static water contact angles with characteristic exponential
growth fits and corresponding time constants of uncoated laser-textured steel surfaces with different
scanning line separations (Ax = Ay = 100, 50, 25 um), stored in ambient conditions and in a chamber
with reduced air pressure and humidity.

Table 2. Comparison of wettability development with corresponding time constants on samples stored
in ambient conditions and in a chamber with reduced air pressure and humidity: time evaluation of
complete wetting regime and transition period.

Scan Line Separations [um] Complete Wetting Regime Transition Period Time Constant, T
100, ambient 4 days 16 days 10.6 days
100, chamber 15 days 31 days 20.8 days
50, ambient 8 days 13 days 6.5 days
50, chamber 21 days 59 days 29.4 days
25, ambient 21 days 14 days 4.1 days
25, chamber 35 days 122 days 74.1 days

41.0° - 69.6°

Day 42
63.4°- 77.2° 112.2° 139.3° | 140.7° I 144.9° 145.1°
Day 49 Day 56 Day 63 Day 70 Day 77 Day 84 Day 91

Figure 3. A typical example of droplet evolution from superhydrophilic to superhydrophobic state,
through a phase with characteristic irregularly shaped droplets, on uncoated laser-textured surface
with Ax = Ay = 50 um.
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Surfaces stored in ambient conditions and processed with Ax = Ay = 50 and 25 pm started to turn
hydrophobic after 8 and 21 days, respectively. On both samples, hydrophobicity was developing for
approximately two weeks, similarly as described above, until the contact angle gradually reached a
steady state contact angle of 146.3° + 2.1° on a surface with Ax = Ay = 50 pm, whereas surface with
Ax = Ay = 25 um became superhydrophobic with a contact angle of 150.7° + 2.3°. The two week
transition period is also for surfaces with Ax = Ay = 50 and 25 pum, characterized with irregularly
shaped droplets (Figure 3).

In a chamber with reduced air pressure and humidity, we observed that the process of
hydrophobicity development of uncoated laser-textured surfaces for all scanning line separations was
significantly slowed down, which is reflected also in larger time constants. As shown in Figure 2 and
Table 2, hydrophobicity starts to develop with, approximately, a two week delay for all the samples
stored in a chamber compared to the corresponding samples stored in ambient conditions. Afterwards,
the hydrophobicity on samples stored in a chamber starts to increase, similarly as on samples stored in
the ambient conditions. However, the time needed to achieve the saturated contact angle (the transition
period) was prolonged (Table 2).

These results suggest that scanning line separation, together with the reduced air pressure and
humidity, slow down surface ageing and the wettability conversion. In ambient conditions, the decrease
of the scanning line separation postponed the start of the hydrophobicity development. However, the
transition period before reaching saturation of the contact angle values was approximately the same for
all the samples, i.e., 2 weeks (Table 2). Besides that, the smaller the scanning line separation, the steeper
the increase of the contact angle to the steady state. In a chamber, the start of the hydrophobicity
development is postponed with the decrease of the scanning line separation in the same manner as in
ambient conditions.

To understand the mechanism of the ageing of uncoated laser-textured steel surfaces with
time-dependent wettability conversion from superhydrophilic to superhydrophobic state, comparison
of XPS surface chemical analysis of samples immediately after the preparation and after one year
was evaluated. We performed deconvolution of C 1s, O 1s, Fe 2p3p, Cr 2p3/2, Mo 3d, and Ni 2p
peaks to analyze the surface state and the amount of carbon and other elements in the top layer.
Deconvolution of all C peaks was performed by using fitting procedure after subtraction of a Shirley’s
background correction. The shape of all peaks was kept to be Gaussian/Lorentzian 60/30 ratio. C 1s
peak was fitted with three species. The main peak around 284.7 eV was attributed to the hydrocarbon
chains (C-C/C-H). The C-O represented the carbon bonded to one oxygen and C=0 represented the
double bond between carbon and oxygen, at 1.4-1.5 and 2.8-3.1 eV from the C—-C/C-H components,
respectively [26,27]. Figure 4 presents the examples of the deconvoluted XPS spectra of C 1s, O 1s, Fe
2p3p, and Cr 2p3 laser-textured AISI 316L surface with Ax = Ay = 50 um stored in ambient conditions
immediately after preparation.

As shown in Figure 5, the composition of surface functional groups of laser-textured surfaces
(Ax = Ay = 25, 50, and 100 pm) changed considerably on aged samples after one year, compared
to samples immediately after preparation. To see these changes, the relative amounts of nonpolar
C-C/C-H groups and metal oxides (M-O) were evaluated. The results show significantly higher
amount of C-C/C-H groups on aged samples (Figure 5a). Due to their nonpolar nature, they serve
as hydrophobic regions on the surface and therefore influence the wettability greatly. We should
however stress that in spite of the presence of minor polar peak attributed to C-O and C=0O groups on
laser-textured surface immediately after the preparation, as well as after one year (Figure 5c), which
serve as hydrophilic regions, wettability conversion from the initial superhydrophilicity to the final
superhydrophobicity was observed on all uncoated laser-textured samples. Initial superhydrophilicity
of laser-textured steel surfaces can be explained by a large number of polar sites originating from
the presence of surface metal oxides, the amount of which decreases after one year (Figure 5b) [5,18].
The detected amount of nonpolar carbon immediately after the preparation is too small to shield the
hydrophilicity of the surface oxides. Therefore, the intrinsic hydrophilicity of the polar metal oxides is
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amplified by the laser-induced surface roughness according to Wenzel’s theory. The conversion of
surface wettability, on the other hand, is known to be caused by the adsorption of organic matters
from the surrounding atmosphere over time [5,28]. This was confirmed by evaluating the atomic
ratio between carbon and metal species (C/M), which is governed by the amount of adsorbed organic
matters (Figure 5b). Finally, higher amount of C-C/C—H groups, lower amount of metal oxides, and
higher C/M ratio on aged samples lead to more nonpolar (super)hydrophobic surface (Figure 5a,d).
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Figure 4. Deconvoluted XPS spectra of C 1s (a), O 1s (b), Fe 2p3; (c), Cr 2p3)» (d) laser-textured AISI
316L surface Ax = Ay = 50 pm stored in ambient conditions immediately after preparation.
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Figure 5. Relative amount of C—C/C-H functional groups (at.%) (a), relative amount of metal oxides
M-O (b), relative amount of C=0/C-O (c), and the ratio of C/M obtained from the high-resolution XPS
spectra (d) for laser-textured surfaces with Ax = Ay = 25, 50, and 100 um.
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3.2.2. Coated Laser Textured Surfaces

On coated laser-textured steel surfaces, no wettability conversion was observed. Depending
on the scan line separation, the laser-textured surfaces coated with epoxy were immediately after
preparation poorly (for Ax = Ay = 100 um, 97.5° + 1.4°) to moderately hydrophobic (for Ax = Ay = 50
and 25 pm; 112.1° + 1.9° and 108.3° + 2.3°, respectively). FAS-TiO,/E-coated laser-textured surfaces
were, however, strongly hydrophobic for Ax = Ay = 100 um (143.4° + 3.1°) and superhydrophobic for
Ax = Ay =50 and 25 pm (151.1° £+ 2.1° and 151.9° + 0.7°, respectively).

Short- and long-term contact angle development on epoxy-coated and FAS-TiO,/E-coated
laser-textured steel surfaces in ambient conditions and in a chamber with reduced air pressure
and humidity is presented in Figure 6. Epoxy-coated samples stored in air and in a chamber remained
poorly hydrophobic with a measured slight increase (few degrees, <10°) of contact angles on a short-
and long-term basis for all scanning line separations (Table 3). FAS-TiO,/E-coated surfaces in both
media and for all scanning line separations turned or remained superhydrophobic on a short- and
long-term basis again with a slight increase of contact angles (<5°) after a one year measurement
period (Table 3). These results, therefore, indicate the long-term stability of coatings with stable and
predictable wettability.
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Figure 6. Time development of static water contact angles of epoxy-coated and FAS-TiO,/E-coated
laser-textured steel surfaces for different scan line separations (Ax = Ay = 100, 50, 25 pm) stored in
ambient conditions and in a chamber with reduced air pressure and humidity.
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Table 3. Comparison of static water contact angles of uncoated, epoxy-, and FAS-TiO,/E-coated samples
with different scan line separations (Ax = Ay = 100, 50, 25 pm) measured immediately after preparation,
after 3 months, and after 1 year, when stored in ambient conditions and in a chamber with reduced air
pressure and humidity.

Uncoated E FAS-TiO,/E

Scan Line Separation [um] Contact angle [°] Contact Angle [°] Contact Angle [°]

Immediately after preparation

100, ambient 0 975+ 14 143.4 + 3.1
50, ambient 0 1121+ 19 151.1 +2.1
25, ambient 0 108.3 +2.3 1519 + 0.7
3 months after preparation
100, ambient 130.5 £ 0.6 104.3 £2.6 140.5 £2.2
100, chamber 138.6 + 3.2 1002 £ 1.7 1473 £1.2
50, ambient 146.3 + 1.6 115.0 +2.2 151.1 + 0.9
50, chamber 1451+ 1.6 108.8 +1.5 151.5+1.0
25, ambient 150.7 + 1.1 115.0 £ 1.2 153.7 £ 1.3
25, chamber 56.5+7.8 107.3 +2.2 152.0 + 1.1
1 year after preparation
100, ambient 1545+ 15 105.8 £2.2 149.8 £1.9
100, chamber 1553 +1.8 103.0 +2.1 154.3 + 0.9
50, ambient 155.1+2.1 1173 £ 1.6 1542 £ 1.6
50, chamber 1542 +2.1 110.8 +2.2 155.1 +1.2
25, ambient 155.8 +1.8 1184+ 1.9 156.3 + 1.8
25, chamber 156.3 £ 1.6 1125+ 1.8 156.1 £ 1.5

3.3. Electrochemical Measurements

We evaluated potentiodynamic behavior of laser-textured uncoated, epoxy-, and FAS-TiO,/
epoxy-coated stainless steel processed with scan line separation x = y = 100, 50, and 25 m in a simulated
physiological Hank’s solution measured immediately after preparation, after three months, and one
year when stored in ambient conditions (Figure 7). The polarization and the passivation behavior of
the tested materials were significantly affected by the surface modification.

As shown in Figure 7a,d,g, immediately after preparation, the epoxy-, and FAS-TiO,/epoxy-coated
surfaces exhibited improved corrosion resistance with considerably broader range of passivation,
which was also shifted to the lower corrosion—current densities, compared to uncoated surfaces.
The observed shift was most pronounced for surfaces processed with x = y = 25 m. The corrosion
parameters calculated from the potentiodynamic measurements indicated that the corrosion stability
of coated specimens significantly increased, including lower corrosion—current densities (icorr), lower
corrosion rates (Ucorr), and higher polarization resistances (Ry,), compared to uncoated specimens
(Table 4). The ratio between the smooth and the rough surface area, Ayp/Ag listed in Table 1 was
implemented in calculation of icorr and veorr. The electrochemical evaluation of surfaces exposed to the
ambient conditions showed the enhanced short- and long-term corrosion stability of uncoated and
coated laser-textured surfaces prepared under the same experimental conditions (Figure 7b,c,e,f h,i).

Uncoated laser-textured surfaces, immediately after the laser texturing, that exhibited
superhydrophilic nature (Table 4) showed similar corrosion resistance for all scanning line separations
(x = y = 100, 50, and 25 m) (Table 4). This indicates that wetting properties dominate over the
surface texture. After ageing, when the surfaces became (super)hydrophobic, we observed surface
texture-dependent corrosion behavior. After three months, surfaces processed with scanning line
separation x = y = 50 m showed better corrosion resistance compared to x = y = 100 m and 25 m.
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As shown in Figure 1, surfaces processed with x = y = 100 m have a well-defined structure with a partly
unprocessed steel surface, which is more susceptible to corrosion. On the other hand, the surfaces
processed with x = y = 25 m were highly porous, which enabled the penetration of the aggressive
ions, leading to the increased corrosion. This suggests that the surfaces processed with x =y =50 m
offer the best compromise between the laser texturing and, consequently, porosity. After one year,
the corrosion resistance was further increased, since the increased long-term static contact angles
reach superhydrophobic values on all the investigated uncoated laser-textured surfaces (Table 4).
As the contact angles converge to similar values, we would expect similar corrosion resistance for
all the aged uncoated laser-textured surfaces. However, corrosion resistance of x = y = 25 m surface
remained lower due to high porosity, compared to well defined x = y = 50 and 100 m surfaces,
which exhibited comparable corrosion stability. Observed long-term corrosion resistance of uncoated
laser-textured surfaces is, therefore, effected not only by wetting properties of the surfaces but also by
their morphology and imperfections, as reported by Boinovich et al. [20].

~100 pm —100 pm
L4 " —100pum, E a) —100 pm, E
—100 pm, FAS-TiO2/E —100 pm, FAS-TiO2/E

~—100 pm
b) —100 um, E
—100 pm, FAS-TiO2/E

0,9
04
0,1
,0'6 L

—50 um ~50 pm —50 pm
L4 " _sopum,E ) —50 um, E (e)| | —50 um, E (f)
—50 pm, FAS-TIO2/E

—50 pm, FAS-TIO2/E —50 um, FAS-TIO2/E

09 -

0,4

E (V/SCE)

01 |

-0,6

=25 — =
2 | [, ] [z
—25 um, FAS-TIO2/E

14 —25um, E

| —25pum, E
—25 um, FAS-TiO2/E

—25 pm, FAS-TIO2/E Lt

09 |
04 |
//
0,1
0,6
7 s 3 1 T 5 3 1 i 5 3 1 1
lg (i{lmA/cm?))

Figure 7. Potentiodynamic curves for uncoated, epoxy-coated, and FAS-TiO,/epoxy-coated
laser-textured stainless steel with different scan line separations (Ax = Ay = 100, 50, 25 um) in a simulated
physiological Hank’s solution measured (a,d,g) immediately after laser-texturing, (b,e h) after 3 months,
and (c f,i) after 1 year storage in ambient conditions.
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Table 4. Corrosion characteristics of uncoated, epoxy-coated and FAS-TiO,/epoxy-coated laser-textured

steel surfaces with different scan line separations (Ax = Ay = 100, 50, 25 um) calculated from the

electrochemical measurements in a simulated physiological Hank’s solution and corresponding static

water contact angles immediately after laser-texturing, after 3 months, and 1 year, when stored in

ambient conditions.

Scan Line
Separation [um]

Ecorr [mV]

icorr [LA/ sz]

Ucorr [Hm/yeal']

Contact Angle [°]

Immediately after preparation

100 pm —86.6 + 0.5 4.345 + 0.008 16.25 + 0.07 0
100 um, E -1729 + 0.6 2.500 + 0.006 3.45+0.05 975+1.4
. gg_OTi“(r;;’/E ~70.7 + 0.4 0.010 + 0.001 0.25 + 0.04 1434 +3.1
50 um -59.7+0.3 2.402 £ 0.005 20.51 £ 0.08 0
50 um, E -127.7 + 0.5 0.209 + 0.004 0.58 +0.03 1121+ 19
50 um, FAS-TiO,/E -230.4 +0.9 0.007 £ 0.001 0.07 £ 0.01 1511+ 2.1
25 um -108.8 + 0.5 5.540 + 0.009 39.73 £ 0.07 0
25 um, E 55.9 £ 0.2 0.013 + 0.001 0.13 £ 0.01 108.3 +2.3
25 um, FAS-TiO,/E -17.6 £ 0.1 0.002 + 0.001 0.07 £ 0.01 151.9 £ 0.7
3 months after preparation
100 pm -30.6 £0.2 0.130 + 0.007 0.70 £ 0.03 130.5 + 0.6
100 pm, E 0.6 £0.1 0.155 + 0.008 1.20 £ 0.04 104.3 + 2.6
FAlg?ng;//E 4.6 £0.1 0.005 + 0.001 0.15 £ 0.01 140.5 +2.2
50 um 1.6 £0.1 0.040 + 0.004 0.42 +£0.02 146.3 + 1.6
50 um, E -11.1+0.1 0.005 £ 0.001 0.12 £ 0.01 115.0 £ 2.2
50 pm, FAS-TiO,/E -121.4+ 09 0.005 + 0.001 0.05 £ 0.01 151.1 £ 0.9
25 um -35.7+0.2 0.367 + 0.006 2.60 + 0.05 150.7 + 1.1
25 um, E -120.3 £ 0.7 0.067 + 0.003 0.40 + 0.02 115.0+ 1.2
25 pum, FAS-TiO,/E -20.4 +£0.1 0.013 + 0.002 0.27 £ 0.03 153.7+1.3
1 year after preparation
100 pm -105.0 + 0.9 0.015 + 0.002 0.15 £ 0.01 1553 +1.8
100 pm, E -49+0.8 0.005 + 0.001 0.05 £ 0.01 103.0 + 2.1
FAlgf)TilOn;//E -210.7 £ 0.9 0.035 + 0.004 0.15 £ 0.01 154.3 + 0.9
50 um -84 +0.1 0.009 + 0.001 0.09 £ 0.01 1542 +2.1
50 pm, E -298.8 + 0.3 0.009 + 0.001 0.12 £ 0.01 110.8 £ 2.2
50 um, FAS-TiO,/E -96.6 £ 0.5 0.002 + 0.001 0.02 £ 0.01 155.1+1.2
25 pm -1225+ 0.6 0.127 + 0.009 1.47 £ 0.02 156.3 £ 1.6
25 um, E -50.8 +0.9 0.007 + 0.001 0.07 £ 0.01 1125+ 1.8
25 pum, FAS-TiO,/E —-366.4 = 0.3 0.060 + 0.005 0.53 £ 0.05 156.1 £ 1.5

Corrosion resistance of coated surfaces immediately after preparation was, on the other hand,
a combination of both wettability and surface morphology. We observed increased corrosion
stability with decreased scanning line separation and the highest corrosion resistance was observed
for FAS-TiO,/epoxy-coated surface with x = y = 25 and 50 m, which coincides with increased
superhydrophobicity. After three months and one year, surfaces processed with x = y = 100 m and 50 m
and coated with E and FAS-TiO,/E showed improved corrosion resistance compared to the samples
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immediately after the preparation. This suggests the superior role of protective coatings over the laser
texturing and wettability. The contact angles of E-coated surfaces were slightly increased with time
and remained moderately hydrophobic, whereas the wettability of FAS-TiO,/E remained practically
unchanged, i.e., superhydrophobic. The corrosion resistance for coated x = y = 25 m surfaces was,
however, mainly decreased. This indicates that its highly porous structure leads to possible penetration
of chloride ions to the metal surface under the coating, which increases the corrosion. Due to very
stable wettability on a short- and long-term basis (Table 4), stable, long-term corrosion resistance can
be, in general, attributed to long-term durability of coatings, which maintain high barrier properties.
However, in some cases discrepancies from this trend were observed due to the coatings” imperfections.

4. Conclusions

Nanosecond laser texturing of austenitic stainless steel surfaces followed by surface modification
with organic coating was used to fabricate surfaces with different surface characteristics, morphology,
and wettability. Surface morphology was regulated by variation of the scanning line separation, whereas
short-term and long-term wettability and corrosion resistance was evaluated and compared for uncoated
laser-textured steel surfaces, epoxy-coated, and FAS-TiO,/epoxy-coated textured steel surfaces in two
storage media, i.e., in ambient conditions and in a chamber with reduced air pressure and humidity.
With wettability evolution, we have shown two successful ways of creating a superhydrophobic
surface: (i) indirectly by controllable ageing of the uncoated laser-textured steel surfaces in two
different atmospheres, ambient conditions, and in a chamber with reduced air pressure and humidity;
and (ii) directly by application of epoxy/FAS-TiO, coatings on laser-textured steel surfaces in both
storage media. Storage conditions, air vs. reduced air pressure, and humidity strongly influence the
wetting characteristics and wettability development of uncoated laser-textured steel. Reduced air
pressure and humidity slow down the ageing process and superhydrophilic to superhydrophobic
wettability transition. XPS analysis revealed the nature of the wettability conversion of uncoated
laser-textured steel by adsorption of organic matters from surrounding media. Coated laser-textured
samples, on the other hand, retained wetting properties over time in both media, leading to long-term
stability of coatings with predictable wettability. Corrosion stability of uncoated laser-textured surfaces
became laser pattern-regulated after wettability conversion. In general, stability was enhanced over
time due to surfaces’ superhydrophobicity. However, it was regulated also by their morphology
and imperfections. The results show that coatings present a stable and effective long-term barrier in
aggressive media and have a superior role over texture and wettability.
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Abstract: In recent years, extensive studies have been continuously undertaken on the design of
bioactive and biomimetic dental implant surfaces due to the need for improvement of the implant-bone
interface properties. In this paper, the titanium dental implant surface was modified by bioactive
vitamin D3 molecules by a self-assembly process in order to form an improved anticorrosion coating.
Surface characterization of the modified implant was performed by field emission scanning electron
microscopy (FE-SEM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR),
and contact angle measurements (CA). The implant’s electrochemical stability during exposure to an
artificial saliva solution was monitored in situ by electrochemical impedance spectroscopy (EIS). The
experimental results obtained were corroborated by means of quantum chemical calculations at the
density functional theory level (DFT). The formation mechanism of the coating onto the titanium
implant surface was proposed. During a prolonged immersion period, the bioactive coating effectively
prevented a corrosive attack on the underlying titanium (polarization resistance in order of 107 ()
cm?) with ~95% protection effectiveness.

Keywords: titanium dental implant; vitamin D3; bioactive coating; anticorrosion protection;
electrochemical impedance spectroscopy (EIS); density functional theory level (DFT)

1. Introduction

Titanium and its alloys are the most commonly used implant materials, which represent gold
standards for dental implant fabrication due to their exceptional combination of high corrosion
resistivity, favourable mechanical properties, and biocompatibility [1-3]. Although the implantation
success of titanium dental implants is high, complications still occur. There is an increasing number
of papers regarding titanium hypersensitivity, skin allergies such as contact dermatitis, eczema, and
immune reactions appearing after implant fixation [4-7]. It is also known that osseointegration
problems in patients suffering from osteoporosis or other bone-related problems are one of reasons for
unsuccessful implantation of dental implants [8]. Therefore, there is a need for continuous improvement
of dental implant material characteristics as well as their design to ensure long-term integration of
implants into the jaw.

Coatings 2019, 9, 612; d0i:10.3390/coatings9100612 www.mdpi.com/journal/coatings
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Surface modification, which in recent years has been in the focus of extensive research, is
one of strategies for improving corrosion resistivity, biocompatibility, and bioactivity of dental
implants [3,8-10]. It has been reported that the presence of inorganic coatings such as calcium
phosphates [11] or hydroxyapatite [12,13] promotes and accelerates bone formation in implant
surroundings. Nano-hydroxyapatite is used as a single coating or in a combination with collagen, bio
glass, or titanium dioxide in a composite coating to imitate the bio-environment of native bones [14].
Functionalization of the implant surfaces with organic or bioactive molecules promotes the adhesion
of various cells [3]. Coatings based on bisphoshonates—drugs for bone disease treatments—act
osseoinductively and improve bone-implant connections [8,15,16].

According to currently available data, there is a great interest among dental surgeons and
implantologists in analyzing relationships between vitamin D3 and the osseointegration process [17,18].
Besides a known role of vitamin D3 in bone metabolism, D3 is also very relevant for the normal
functioning of the immune system, which is of particular importance for a successful integration of a
dental implant in surrounding bone tissue [17]. Therefore, in this study, the titanium dental implant
surface was modified by a bioactive vitamin D3 coating prepared by a self-assembly process. The
main goal was (i) to make the dental implant surface more osseoinductive and simultaneously (ii)
more corrosion resistant during exposure to aggressive media (oral cavity fluids). Based on the results
of a combined electrochemical-theoretical study, the bioactive coating formation mechanism was
clarified as well as the coating’s influence on electrochemical behavior of the titanium implant during
immersion in an artificial saliva solution. To the best of our knowledge, the present study shows
for the first time the results of an integrated theoretical-experimental approach, which contribute
to a fundamental understanding of bioactive and protective coating formation and predict overall
electrochemical stability of modified dental implants in oral cavity fluids.

2. Materials and Methods

2.1. Material and Chemicals

The Ankylos® C/X training implant A11 (length: 11 mm, diameter: 3.5 mm, Dentsply Friadent
GmbH, Mannheim, Germany), denoted as Ti-implant, was the object of the study and it was used
as-received. According to manufacturer’s data, the implant is made of pure titanium grade 2, ISO
5832-2:2018 [19], and its chemical composition is presented in Table 1 [20].

Table 1. Chemical composition (wt %) of titanium c.p. grade 2 [20].

Element N C O Fe H Ti Other
wt % 0.03 0.10 0.25 0.30 0.0155  Balance 0.4

Vitamin D3 drops (ChildLife®, Los Angeles, CA, USA) were used as-received. 122 umol dm=3
cholecalciferol (vitamin D3) in aqueous glycerol solution was used for modification of the Ti-implant
surface. The chemical structure of the vitamin D3, Cp7Hy4O, is presented in Figure 1.
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Figure 1. The chemical structure of the vitamin D3.

2.2. Formation of Bioactive Coating

Before modification, the surface of as-received Ti-implant was ultrasonically cleaned with acetone
(p.a., Gram-Mol, Zagreb, Croatia) and redistilled water, degreased in absolute ethanol (p.a., Gram-Mol,
Croatia), and dried in a stream of nitrogen (99.999%, Messer, Bad Soden, Germany). The D3 vitamin
layer onto the Ti-implant surface was prepared by a self-assembly method. The Ti-implant was
immersed in an aqueous glycerol solution of vitamin D3 at 24 + 2 °C during 24 h. Afterwards, the
coated Ti-implant was dried in a regular air-convection oven (Instrumentaria, Sesvete, Croatia) at 70 °C
for 5 h. That well-known procedure [21,22] enhanced the adhesion and stability of the coating due to
the conversion of the hydrogen-bonded intermediate into the stable coating with a chemical Ti-O bond
by an acid-base condensation mechanism. The formation mechanism as well as the type of interactions
were accurately corroborated by DFT (Section 3.3). Finally, the modified sample was rinsed with
absolute ethanol, redistilled water, and dried in a stream of nitrogen. The prepared modified sample,
denoted in the text as the Ti-implant/bioactive coating, was used for further characterization.

2.3. Characterisation Methods

The morphology characteristics of unmodified and modified Ti-implant surfaces were examined
by a thermal field emission scanning electron microscope (model JSM-7000F, Jeol Ltd., Tokyo, Japan) at
15 kV.

The contact angles on investigated Ti-implant surfaces were measured with a drop of 1 pL
Milli—Q® water (Milli—Q® Direct 8 Water Purification System, Merck, Darmstadt, Germany) at ambient
atmospheric conditions using a contact angle system OCA 20 (Dataphysics Instruments GmbH,
Filderstadt, Germany). Values reported are the average of three measurements taken at smooth upper
part of the implant (without threads) after initial period of 10 s stabilization.

The ATR-FTIR measurements were performed by a Tensor II spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) over the range of 4000-340 at 4 cm~! scan step and total 16 scans per measurement.

Electrochemical characterization of unmodified and modified Ti-implant samples was assessed
by electrochemical impedance spectroscopy (EIS). A standard three-electrode cell (Corrosion Cell
6.1415.250, volume 50-150 mL, Metrohm Autolab B.V., Utrecht, Netherlands) was utilized with the
Ti-implant material as a working electrode (an area of 0.98 cm? exposed to the electrolyte solution). A
large-area Pt electrode served as a counter electrode and a reference electrode, to which all potentials
in the paper are referred, was an Ag|AgCl, 3.0 mol dm=3 KClI (E = 0.210 V vs. standard hydrogen
electrode, SHE). Barrier properties of unmodified and modified Ti-implants were evaluated in solution
based on Fusayama artificial saliva (0.4 g dm~> NaCl, 0.4 g dm ™2 KCl, 0.6 g dm™> CaCl,-2H,0, 0.58
g dm~3 Nap,HPO,-2H,0, and 1 g dm~3 urea), pH 6.8 [23], prepared from p.a. grade chemicals and
redistilled water. Prior to EIS measurements, the Ti-implant electrode was stabilized for 1 h, 1, and 7
days at the open circuit potential, Eqc, in the electrolyte solution.

EIS measurements were performed subsequently in the frequency range from 10° to 107> Hz at
Eoc with an ac voltage amplitude of +5 mV using Solartron 1287 potentiostat/galvanostat with Solartron
FRA 1260 (Solartron Analytical, Farnborough, UK) controlled by ZPlot® software (v. 3.5, Southern
Pines, Moore, NC, USA). The complex non-linear least squares (CNLS) fit analysis software [24] was
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employed to model the experimental data obtained. The values of the elements of the proposed electric
equivalent circuit (EEC) were derived with x? values less than 5 x 1073 (errors in parameter values of
1-3%) using ZView® software (v. 3.5¢, Southern Pines, USA).

2.4. Computational Details

All calculations were performed by means of quantum chemical calculations at the density
functional theory (DFT) level using the Gaussian 09 program (revision D1) [25]. The small (TiO5)19
nanocluster served as a credible model for all possible molecular surface/bioactive molecule interaction
predictions [26,27]. The M06 functional designed by Truhlar’s group was selected [28-30]. For the
geometry optimization the 6-31+G(d,p) + LANL2DZ basis set was utilized, which means that the
Pople’s 6-31+G(d,p) double-¢ basis set was chosen for O, H, C atoms and the LANL2DZ basis for the
transition-metal (Ti) atoms [31]. Frequency calculations were done under the harmonic approximation
on all the optimized structures at the same level of theory, with no scaling in order to confirm
the true minima of the structures. The final single point energies were obtained using a highly
flexible 6-311++G(2df,2pd) basis set for the O, H, C atoms, while the same LANL2DZ ECP type
basis set for titanium atoms was employed. To evaluate the bulk solvent effects (1,2-ethandiol as a
glycerol approximation, € = 40.245), the implicit SMD polarizable continuum solvation model [32]
was employed.

The Gibbs free energy interactions, AG NT Were computed as the difference between the total free
energy (G ap) of the resulting (AB) structure and the sum of the total free energies (G'A + G'p) of the
associating units A and B (Tables S1-54 in Supplementary Materials).

The topological analysis of the charge density distribution was performed by employing AIMALL
software package [33] using Bader’s quantum theory of atoms in molecules (QTAIM) [34] with
SMD/M06/6-31+G(d,p) + LANL2DZ wave function derived from the optimization. A detailed
description of the computational modelling is given in the Supplementary Material.

3. Results and Discussion

3.1. Surface Characterization of the Unmodified and Modified Ti-Implant Samples

The surface morphology of both unmodified (as-received Ti-implant) and modified
(Ti-implant/bioactive coating) samples was investigated by using FE-SEM and is presented in Figure 2.
SEM images of the Ti-implant surface present a inhomogeneous microstructured surface layer exhibiting
different size cavities and defects and is characterized by overall microroughness (Figure 2a,b).
According to the manufacturer’s data, the implant surface was grit-blasted and high-temperature
etched and this microstructure is commercially known as Friadent® plus microstructure. The resulting
surface favors the highly rapid apposition of bone-inducing cells on the implant [19]. Observed
morphology is in accordance with SEM results reported by R. Smeets et al. [8], F. Rupp et al. [35], and
T.J. Webster et al. [36]. The surface morphology did not change significantly upon the bioactive coating
on the Ti-implant surface preparation. Since the D3 layer thickness was about 0.6 nm, according to the
DEFT results, the level of possible morphology differentiation by SEM was very low.
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Figure 2. SEM images of the unmodified Ti-implant surface at: (a) 50x; (b) 3000x and (c) of the
Ti-implant/bioactive coating surface at 3000x magnification.

The surface chemistry of the unmodified (Ti-implant) and modified (Ti-implant/bioactive coating)
samples was examined by ATR-FTIR and recorded spectra are presented in Figure 3a. The spectrum of
the Ti-implant/bioactive coating sample was recorded immediately after the final step of the coating
formation (see Section 2.2). A confirmation of a successful formation of the bioactive coating on
the Ti-implant surface was deduced based on the presence of vitamin D3 functional group bands in
investigated samples spectra, which indicates chemisorption on the Ti-implant surface, as will be
given below.

a)

Tiimplant
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TiHmplantbicactive coating

Relative transmitance / a.u.

4000 3000 2000 1000
b) Wavenumber / cm’

Glycerol

3288

D3 drops =3
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40;)0 ‘ 3000 ‘ 2000 1000
Wavenumber / cm™
Figure 3. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra of (a)
the unmodified and modified Ti-implant surfaces and (b) D3 drops and glycerol.

In the Ti-implant sample ATR-FTIR spectrum, a broad band observed at 3305 cm™! is characteristic
to the stretching vibration of adsorbed water on the Ti-implant surface. A vibration band characteristic
for the Ti-OH appeared at 1029 cm~!. A band at 1421 cm™! arising from TiO, lattice vibration and the
bands located in the range from 350-1000 cm~! were related to the Ti-O stretching vibrations [37,38].
According to the described bands, the Ti-implant surface is covered by a TiO, layer.

In Figure 3a a spectrum of the Ti-implant/bioactive coating sample is presented. ATR-FTIR spectra
of vitamin D3 and glycerol were also recorded since vitamin D3 drops used for the bioactive coating
formation contained glycerol as a solvent (Figure 3b). As can be seen, spectra of both compounds
are very similar and are in accordance with the literature data [39]. A clear difference is a peak at
1643 cm™! that is assigned to the H-C=CH stretching vibrations characteristic to vitamin D3.
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A spectrum of the Ti-implant/bioactive coating (Figure 3a) contains observed distinctive bands
for vitamin D3 and glycerol. A presence of broader band at 1627 cm™!, characteristic for vitamin D3
molecule, confirms a successful formation of the vitamin D3 layer on the Ti-implant surface. Shifts of
all bands to lower wavenumbers also indicate an attachment (chemisorption) of vitamin D3 molecules
to the Ti-implant surface. A peak at 351 cm~! of TiO; is visible due to relatively low D3 layer thickness,
according to the DFT results.

Since the ATR-FTIR spectra of D3 and glycerol molecules exhibited high degree of resemblance and
intermolecular interactions exist between both molecules (DFT results, Section 3.3), there is a possibility
that both compounds are simultaneously bonded to the implant surface as a two layer-structured
coating, as will be discussed later (Section 3.3). Therefore, it is impossible to accurately determine the
interaction nature and type between vitamin D3 molecules and Ti-implant substrates only from the
observed band shifts. Further experimental characterization as well as theoretical DFT calculations
were carried out to accurately determine the structure of the bioactive coating formed onto the
Ti-implant surface.

A study of the wetting properties of implant surfaces is very important for the understanding of a
complex reaction series occurring during the initial contact between implant and body fluids [8,35]. In
this study, wettability measurements were conducted in order to evaluate level of a bioactive coating
formation success. A static contact angle of water, 6, was measured on the unmodified (Ti-implant)
and modified Ti-implant (Ti-implant/bioactive coating) surfaces. Measurements were carried out at
upper smooth part of the implant body and corresponding micrographs are presented in Figure 4.

a) o)

Ti-implant/H,0 Ti-implant/coating/H,0

Figure 4. Optical micrographs of a water drop on (a) the Ti-implant surface and (b) the
Ti-implant/bioactive coating surface.

The higher value of contact angle, 8 = 87.5 + 2.2°, was obtained on the Ti-implant surface in
comparison to the value obtained on the Ti-implant/bioactive coating surface, 6 = 60.4 + 1.5°. Wetting
properties of the Ti-implant surface were changed by a presence of a coating and these results were
confirmation of a successful formation of the bioactive coating on the implant surface. The surface
modification induced a change from a hydrophobic (Ti-implant) to hydrophilic surface character
(Ti-implant/bioactive coating). Therefore, the wetting properties of the modified Ti-implant surface are
predominantly affected by the hydrophilic -OH functional groups oriented in the upper part of the
coating, possibly originating from glycerol molecules, as will be discussed on the basis of DFT results
(see Section 3.3).

3.2. Electrochemical Characterization of the Unmodified and Modified Ti-Implant Samples

The electrochemical behavior of the unmodified and D3 vitamin modified Ti-implant surfaces, as
one of prerequisite factors for dental implant biocompatibility in contact with aggressive oral cavity
fluids and hence successful implantation process, was studied under in vitro conditions of real dental
implant application. Employing a non-destructive method of electrochemical impedance spectroscopy
(EIS), electrochemical stability of investigated samples during different immersion times (shown in
Figure 5) was monitored in situ in an artificial saliva electrolyte solution at Eoc over the wide frequency
range and the obtained impedance spectra are given in the form of Bode magnitude and phase angle
plots in Figure 5a,b. The impedance data were analyzed in terms of the electric equivalent circuits

149



Coatings 2019, 9, 612

(EECs) that are presented in Figure 5c,d and the impedance parameter values are provided in Tables 2
and 3.
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Figure 5. The Bode plots of (a) the unmodified Ti-implant and (b) the modified Ti-implant recorded
at Egc in the artificial saliva electrolyte solution, pH 6.8 after various immersion times denoted.
Symbols—the experimental data; solid lines—the modeled data. The schematic presentation of the
electric equivalent circuits (EECs) used to fit the spectra of (c) the unmodified Ti-implant and (d) the

modified Ti-implant.

Table 2. Impedance parameters calculated for electrochemical impedance spectroscopy (EIS) data of
the Ti-implant/oxide film/artificial saliva interface (Figure 5a) recorded at Eqc after various exposure

times denoted.

100 x 10° x
Exposure Rq/Q) 1 Cq/uF R{/Q 1 C,/uF Ry/MQ
Time cm? Qi/Q) " cm—2 cm? Q./0) "2 cm—2 cm?
cm—2 " cm—2 s”
1h 111 9.98 0.853 3.02 760 5.16 0.850 1.38 9.90
1 day 123 2.88 0.997 2.88 174 12.1 0.788 2.10 0.79
7 days 123 3.26 0.978 2.71 307 9.21 0.810 1.88 0.44

Table 3. Impedance parameters and protection effectiveness values calculated for EIS data of the
Ti-implant/oxide film/D3 layer/artificial saliva interface (Figure 5b) recorded at Eqoc after various

exposure times denoted.

106 x
Exp.osure Ra/Q cm? Q/01 n C/uFem=2 R /MQ cm? n/%
Time 2.
cm~2s
1h 157 7.97 0.851 2.52 51.7 80.9
1 day 157 6.95 0.862 2.54 17.4 95.5
7 days 157 8.14 0.846 2.47 17.6 97.5

In the EECs employed, the constant-phase element, CPE, was used to describe a non-ideal
capacitance behavior in order to compensate non-homogeneity in the system (inhomogeneous current
flow, capacitance dispersion, etc.) [40—-42]. The impedance of CPE can be expressed as Zcpg = [Q(jw)"]_1
where Q and # are parameters associated with CPE. For CPE exponent 1 = 1, the frequency—independent
CPE parameter Q represents the capacity of the interface. For n # 1, the system shows behavior that has
been attributed to surface heterogeneity, the presence of surface films, or to continuously distributed
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time constants for charge—transfer reactions [40]. The corresponding interface capacitance values were
calculated according to Brug’s relation [41]:

Q=C"(Ra™ +R7H! " (1)

The EIS data of the unmodified Ti-implant (Ti-implant/oxide film/artificial saliva interface) were
fitted to the EEC with two time constants (Figure 5c) and the parameter values are presented in Table 2.
The EEC used is commonly applied to analyze impedance results of Ti and Ti-alloys covered with
a bi-layer structure of oxide film [22,43—48]. The high/middle frequency time constant (R;-CPE)
describes the characteristics of the outer porous layer of the oxide film. R; represents the resistance
and CPE; the capacitance of the outer layer. The low frequency time constant (Rp-CPE) is related to
the inner barrier layer of the oxide film, predominately containing titanium(IV) oxide [1,44,49]. R,
represents the resistance and CPE, the capacitance of the barrier layer. Rq is the ohmic (electrolyte)
resistance. The polarization (corrosion) resistance, Ry, is the sum of Ry and R; resistance contributions
and determines the overall corrosion resistance of the oxide-covered Ti-implant [50].

As can be seen from Figure 5a and Table 2, the electrochemical stability of the Ti-implant sample
was significantly decreased during an exposure to an artificial saliva solution, which was particularly
reflected in Ry and R; values. During the initial short immersion period, an oxide film on the Ti-implant
surface possessed high protective properties (high Ry, value). Since the artificial saliva solution
represents an aggressive medium, a high amount of chloride ions affects the oxide film properties and
accelerates the titanium corrosion (degradation) process during a prolonged immersion period [51].
Calculated parameters, especially R; values, indicate that the contribution of the outer layer of the
oxide film to the electrochemical behaviour is rather imperceptible, and the overall EIS response is
dominated by the inner barrier layer of the oxide film, which is in accordance with previously reported
results [43,44].

The Bode plots of the Ti-implant/bioactive coating sample measured after specified artificial saliva
exposure times are presented in Figure 5b. The brief inspection of the spectra points to the different
impedance behavior of vitamin D3 modified Ti-implant surface in comparison to the unmodified
Ti-implant surface. Hence, EEC with only one time constant was employed to analyze the EIS data
(Figure 5d), with R and C. attributing as the resistance and capacitance of the bioactive coating
formed. The bioactive coating structure is very compact and well-ordered due to the presence of
vitamin D3 layer over the oxide covered Ti-implant surface, as was confirmed by the DFT calculation
results (Section 3.3) and both of layers contribute to the overall corrosion resistance of the underlying
Ti-implant. The resistance R, represents the polarization resistance, Ry, of the investigated system. The
titted values are presented in Table 3.

As can be seen, the dependence of phase angle versus log f points to a capacitive behavior of the
coated Ti-implant sample over the wider frequency range in comparison to the unmodified Ti-implant
sample. Besides, higher low frequency magnitude values that remain almost unchanged during the
investigated period of 7 days indicate improved electrochemical stability and corrosion protection of
the Ti-implant upon bioactive coating formation.

However, deep insight into phase angle versus log f dependence, as a structural sensitive parameter,
reflects possible structural changes inside the bioactive coating during first day of sample immersion
into the artificial saliva solution. This rearrangement/reorganization inside the bioactive coating
induced a slight deterioration of protective properties, as can be seen from R, values (Table 3). After a
prolonged immersion period (from 1st to 7th day), EIS responses did not change significantly. Obviously,
observed coating rearrangement/reorganization was induced by an initial contact between modified
Ti-implant surface and electrolyte solution. According to the literature, structural reorganization that
modulates electrical properties is known for self-assembled surface layers and can be stimulated by
potential or by polarity and wettability of the terminal functional group of the layer molecules [52,53].
On the basis of DFT calculations (Section 3.3), weak intermolecular interactions between glycerol and
D3 molecules are present and they result in glycerol molecules orientation in the outer part of the
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bioactive coating. Thus, glycerol-OH terminal functional groups affect the polarity and wettability of
the coating formed on the Ti-implant surface, which was observed in the contact angle value (Figure 4).
Probably, there is a possibility of stronger interaction between the glycerol -OH group and electrolyte
components that caused a glycerol withdrawal from the Ti-implant surface and simultaneous structural
changes inside the bioactive coating, as was confirmed by DFT (Section 3.3). The coated Ti-implant
surface was perturbed and small defects in the coating’s structure probably occurred. Consequently,
ions/water molecules could penetrate into the coating, hence causing a decrease in R. values after
a one-day immersion. During this first day, the coating structure again achieved the most stable
conformation resulting in unchanged R. values. It should be stressed that, albeit the R, value decrease
was observed due to the structural organization occurrence, the overall coating resistance (the sum of
oxide film + D3 layer resistances) inversely proportional to the corrosion rate, remained in order of 107
Q) cm? and imparted sufficient corrosion protection to the underlying Ti-implant material.

The corrosion protection effectiveness, 1, of the bioactive coating formed on the Ti-implant surface
was calculated using the relation:

n= (Rp (modified) — Rp (umodified))/ Rp (modified) (2)

where Ry, unmodified) and Rp (modified) are the polarization resistances of unmodified and modified
Ti-implants. The protection effectiveness values are presented in Table 3.

According to EIS results, protective properties of the unmodified, as-received Ti-implant
(Ti-implant/oxide film) were significantly deteriorated during its immersion into an artificial saliva
solution. On the other hand, the D3 layer, prepared by self-assembly process on the oxide-covered
Ti-implant surface (Ti-implant/bioactive coating), behaved as an excellent barrier to the transport
of corrosive ions/molecules from the bulk electrolyte to the Ti-implant surface during a prolonged
exposure. Additionally, vitamin D3 molecules are bioactive molecules that can promote and accelerate
an osseointegration process. Thus this bioactive, and at the same time, highly protective coating can
serve as a good candidate for biocompatible Ti dental implants, enabling a pivotal role in the successful
implantation process.

3.3. Formation Mechanism of Bioactive Implant Coating

Notwithstanding the part of the formation mechanism that has been discussed above in considering
experimental results, a more detailed theoretical study of Ti-implant surface/bioactive molecule
interactions is still needed to fully clarify the coating formation mechanism. The experimental findings
were corroborated by means of DFT calculations based on effects of cholecalciferol (D3 vitamin)
as well as glycerol as its alcoholic solvent in pharmaceutical composition of vitamin D3 solution.
The small (TiO,)19 nanocluster served as a credible model for all possible molecular Ti-implant
surface/bioactive molecule interaction predictions [26,27]. There is a possibility that the presence of
other kinds of Ti-implant surface/molecule interactions (due to the presence of glycerol solvent) except
the (TiO;)jp—cholecalciferol interaction could be responsible for influencing the coating formation
mechanism. Hence, the implant surface/bioactive molecule interactions were investigated considering
the results obtained from a computational study of Gibbs free energies of (TiO,)g—cholecalciferol,
(TiOy)19—cholecalciferol-glycerol, as well as (TiO,)19—glycerol molecular interactions (AG'InT)- One
should mention that only the most thermodynamically stable structures are discussed here.

Different binding interactions were established, involving the processes of the
(TiOy)19—cholecalciferol interaction. The interactions, which involve Ti-O bonding and C-H:-O
hydrogen bonding, are shown in Figure 6. When Ti-O and hydrogen bonds are formed, the free
energies of (TiO,);g—cholecalciferol molecular interactions are released (AG [T = —6.64 kcal mol ™).
The (TiO,);9—cholecalciferol interaction has been found to be a spontaneous exergonic process. The
formation of such a completely enclosed structure of (TiO;)jp—cholecalciferol, with a high coverage
level of the (TiOy)q¢ surface, is likely a consequence of the synergistic effect of all the interactions
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mentioned above. Namely, the most stable structure of (TiO,);9—cholecalciferol possesses a Ti-O bond
(d1ico =2.252 A, Etiio = —14.68 keal mol~1) which is stabilized by eleven weaker C-H:--O hydrogen
bonds (Eo..y ranges from —0.61 to —2.99 kcal mol™}; do..pg ranges from 3.295 to 2.358 A). The Ti-O
bond is attributed to an ionic (polar coordinate) type of interacting, according to A%p (r.) > 0 and H(rc)
> 0.

Figure 6. The most stable structure of the (TiO,)g—cholecalciferol (vitamin D3) predicted by DFT;
selected values of bond distances in A and bond energies in kcal mol L.

The possible formation of the (TiO;);9—cholecalciferol-glycerol structure involves different
binding interactions in relation to the (TiO,)1p—cholecalciferol formation mechanism. That difference
is probably a consequence of higher steric as well as energetic requirements needed for the
(TiOy)19—cholecalciferol-glycerol molecular interactions. These interactions require an additional
step of releasing a few C-H:--O hydrogen bonds in stable (TiO,);o—cholecalciferol structure (Figure 6)
due of the access of one or more glycerol molecules. Namely, when the (TiO,)p—cholecalciferol-glycerol
was formed, the cholecalciferol could have be attached to the (TiO;);¢ cluster in different way related
to (TiOy)1p—cholecalciferol structure, as shown in Figures 6 and 7. It is important to note the large
capacity of the cholecalciferol in the (TiO;)1p—cholecalciferol structure to attract glycerol molecules due
to stronger O-H:--O hydrogen and weaker C-H:--O hydrogen bonds (Eg...;y ranges from —0.82 kcal to
-1.86 kcal mol™; do..;g ranges from 2.963 to 2.524 A), as shown in Figure 7. However, the formation
of the (TiO,)qp-cholecalciferol-glycerol structure is slightly endergonic process (AG T = 5.51 kcal
mol™!) indicating that it could act only as a “coating intermediate”, which is in a good agreement with
FT-IR spectroscopy and contact angle measurement results (Figures 3 and 4). The most probably, as
can be seen from the EIS response after one-day immersion of the modified Ti-implant (Figure 5b),
this “coating intermediate” was responsible for temporal coating structural rearrangement that was
reflected in the coating resistance value (R, value, Table 3).

Figure 7. The most stable structure of the (TiO;)1p—cholecalciferol (vitamin D3)-glycerol, predicted by
DFT; selected values of bond distances in A and bond energies in kcal mol~ 1,
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Based on experimental findings and DFT calculations, it seems that is not possible to predict
the mechanism responsible for bioactive coating formation in the presence of solvent molecules
solely based on the aspect of thermodynamic stability of the coating intermediate. For a more
detailed/accurate coating formation mechanism, additional species present in the artificial saliva
solution (simulated oral cavity physiological solution) should be taken into consideration due to
their possible stronger coordination ability, which could replace the weaker hydrogen bonds between
cholecalciferol and glycerol.

Taking into account the calculated energy values of common bonding (Ti-O) and eleven weaker
C-H--O hydrogen bonds, as well as AG T, it can be concluded that cholecalciferol (D3 vitamin)
molecules bond to the oxide-covered Ti implant surface displaying a high coverage level. Consequently,
the bioactive coating on the Ti dental implant surface is very stable and resistant to the aggressive
environment of artificial saliva, according to the EIS findings. Because of well-known bioactivity and,
in this study, the proven protective effectiveness of D3 vitamin as a coating, a described strategy can be
applied for a design of real dental implants of improved biocompatibility and osseointegrity.

4. Conclusions

In this study, the titanium dental implant was functionalized with bioactive molecules of vitamin
D3 (cholecalciferol) to make its surface more corrosion resistant to aggressive oral cavity fluids and at
the same time more attractive for bone cell adhesion. An integrated experimental-theoretical approach
for the characterization of the Ti dental implant/bioactive coating interface was applied.

ATR-FTIR spectroscopy and contact angle measurement results confirmed the presence of the D3
layer onto the oxide covered Ti-implant surface.

Coating’s formation mechanism was proposed, considering the DFT calculation results. D3
molecules possess an affinity to the titanium surface covered by the TiO, layer and are bonded to the
surface through a Ti-O bond (Eti_o = —14.68 kcal mol ™), which is stabilized by eleven weaker C-H:---O
hydrogen bonds (Eo..; ranges from —0.61 to —2.99 kcal mol™!). This type of interactions resulted in a
formation of the enclosed Ti-implant surface-vitamin D3 structure with high surface coverage level.

The bioactive coating influence on protective properties of the Ti-implant was investigated in situ
by using EIS during different exposure times to an artificial saliva solution. The presence of the D3
layer on the oxide covered Ti-implant surface significantly changed the structure of the electrified
Ti-implant surface/bioactive coating/artificial saliva interface compared to the Ti-implant surface/oxide
film/artificial saliva interface.

During a prolonged immersion period, the stable bioactive coating effectively prevented the
Ti-implant surface from contacting aggressive ions present in the artificial saliva solution. After a 7 day
immersion period, the protection effectiveness amounted 97.5%.

Dental implant design that simultaneously stimulates an implant-bone connection creation
(osseointegration) and enables good anticorrosion protection during an exposure to oral cavity fluids
is desirable from a real application point of view.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/10/
612/s1, Computational modelling, Table S1: Formation of the most stable (TiO5)19—cholecalciferol®,
(TiO,)10—cholecalciferol—glycerol ®) and (TiOy)19—glycerol species(c). Standard state (1M) free energies of
interaction A.G NT computed by using the SMD solvation model at the M06/6-311++G(2df,2pd) + LANL2DZ//
MO06/6-31+G(d,p) + LANL2DZ level of theory, Table S2: Bond lengths (d), energies (E) and QTAIM properties of the
selected bonds in the most stable (TiO;)1p—cholecalciferol, (TiO;)19—cholecalciferol—glycerol and (TiO;);g—glycerol

structures, Table S3: Total electronic energy, ETOtsoln, obtained at the SMD/MO06/6-311++G(2df,2pd) +
LANL2DZ//SMD/MO06/6-31+G(d,p) + LANL2DZ level of theory, thermal correction to the Gibbs free energy,

AG*VRT,soln, obtained at the SMD/MO06/6-31+G(d,p) + LANL2DZ level of theory, and total free energy, G'x, (G'x

= E™t o+ AG*VRT,soln) in 1,2-ethandiol media of the investigated species (all energies in hartree), Table S4:
Optimized Cartesian coordinates of the calculated systems (given as XYZ format).
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