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Abstract: Magnetron sputtering has been employed for several decades to produce protective and
multi-functional coatings, thanks to its versatility and ability to achieve homogeneous layers.
Moreover, it is suitable for depositing coatings with very high melting points and that are
thermodynamical unstable, which is difficult to accomplish by other techniques. Among these
types of coating, transition metal (Me) carbides/nitrides (MeC/N) and amorphous carbon (a-C)
films are particularly interesting because of the possibility of tailoring their properties by selecting
the correct amount of phase fractions, varying from pure MeN, MeC, MeCN to pure a-C phases.
This complex phase mixture can be even enhanced by adding a fourth element such Ag, Pt, W, Tj, Si,
etc., allowing the production of materials with a large diversity of properties. The mixture of phases,
resulting from the immiscibility of phases, allows increasing the number of applications, since each
phase can contribute with a specific property such as hardness, self-lubrication, antibacterial ability, to
create a multifunctional material. However, the existence of different phases, their fractions variation,
the type of transition metal and/or alloying element, can drastically alter the global electrochemical
behaviour of these films, with a strong impact on their stability. Consequently, it is imperative to
understand how the main features intrinsic to the production process, as well as induced by Me
and/or the alloying element, influence the characteristics and properties of the coatings and how these
affect their electrochemical behaviour. Therefore, this review will focus on the fundamental aspects of
the electrochemical behaviour of magnetron-sputtered films as well as of the substrate/film assembly.
Special emphasis will be given to the influence of simulated body fluids on the electrochemical
behaviour of coatings.

Keywords: electrochemical corrosion; magnetron sputtering; nitrides; carbides

1. Introduction

Magnetron sputtering (MS) is a very versatile technique that allows the production of a
variety of coatings with a large range of compositions, structures, and morphologies. Being an
environment-friendly process, magnetron sputtering can replace, with advantage, polluting coating
techniques such as electroplating, anodization, or chemical vapour deposition.

Surface modification with MS coatings is a well-established approach, which allows to improve
the lifetime of bulk materials and to add new functionalities. Coatings are usually produced to protect
base materials against wear or corrosion or to add functional properties to a system. For electrochemical
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corrosion protection, ceramic coatings have been used to fulfil these requirements. Within the vast
family of ceramic materials, transition metal (Me) nitrides, carbides, and carbonitrides have been widely
studied because of their potential multifunctionality, providing the system with good mechanical
performance as well as chemical inertness. Presently, different protective and multifunctional coatings
based on MeN and MeCN as well as carbon-based coatings such as diamond-like carbon (DLC),
amorphous carbon (a-C), etc., are found in the market and used for different applications in the
automotive, aerospace, food packaging, or biomedical industries. This review will be focused on the
electrochemical behaviour of MS-deposited coatings within the families of transition metal nitrides
(MeN), carbides (MeC), carbonitrides (MeCN), and carbon-based (C-based) films.

Although MeCN and carbon-based materials are chemically inert, when deposited by magnetron
sputtering, their stability decreases, since they are highly prone to form complex sub-stoichiometric
structures with different intrinsic properties. The crystalline arrangement and morphology of the
coatings change depending on film stoichiometry and on the deposition conditions of the process.
Thus, despite their general chemical inertness, these coatings fail because of the changes in their
properties upon sputtering. These changes include (i) a higher ability of the sputtered coatings to
form complex structures and phases arrangements, in comparison to the bulk materials; (ii) different
morphologies/microstructures from those of the bulk materials, depending on the deposition conditions;
(iii) appearance of defects determined by the coating thickness; (iv) presence of the substrate with,
typically, a more active electrochemical behaviour.

Besides, arc discharges, dust, and micro-impurities on the surface of the substrates lead to the
formation of macro defects, known as pinholes and droplets [1]. The presence of such defects exposes
the substrate to the electrolyte, activating several electrochemical reactions that decrease the coating
corrosion protection and induce metal ion release from the substrate, causing film delamination and
wear debris [2]. For those reasons, localized corrosion is one of the most critical forms of corrosion for
magnetron-sputtered coatings. The corrosion is potentiated by the difference in reduction potential
between the coatings and the substrate, creating galvanic corrosion in the pits, as will be later detailed.
In addition, the dissimilar ion concentration in these regions potentiates the growth of such localized
corrosion. In fact, even in substrates with generalized corrosion, the films seem to induce pitting
corrosion [3]. Then, it is possible to control the defects and the morphology of the coatings to avoid the
formation of pits, which is one of the challenges encountered when designing magnetron-sputtered
films with corrosion-resistant properties.

Among the most reported application of MeN, MeCN, and C-based films, which require
anticorrosion properties there are: the enhancement of mechanical steel parts [3,4], the improvement of
magnesium alloys [5,6] and aluminum alloys [7], the protection of magnetic materials [8,9], and the
improvement of biomedical devices [3,10-13], with the the last one being one of the key applications
for the analysis of electrochemical performance. A detailed summary of some of the electrochemical
studies developed on coatings deposited by magnetron sputtering, which emphasize the substrate, type
of coating, electrolyte, and tests utilized, can be found in the Supplementary Information (Table S1).

2. Chemical and Morphological Properties Influencing the Electrochemical Properties of
Magnetron-Sputtered Films

The chemical and morphological characteristics are the key parameters to control the
electrochemical behaviour of coatings and the main focus of study when analyzing the electrochemical
performance of coatings.

The intrinsic chemical inertness of these materials largely depends on the environment and on the
type of transition metal elements used. However, it is generally accepted that these compounds are
chemically resistant due to their ceramic nature. The electrochemical studies of the bulk phases of these
materials are scarce, but general behaviours can be elucidated on the basis of the chemistry of such
materials. For nitrides, for instance, two families of compounds have been mainly used in magnetron
sputtering. These are interstitial nitrides, i.e., transition metal from groups IIIB, IVB, and VB, which are
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chemically inert and are hydrolyzed, at very low rates, only in the presence of an acid medium [14].
The second group of nitrides deposited by magnetron sputtering is that of covalent nitrides, such
as BN, SizNy and AIN. These nitrides are supposed to undergo hydrolysis forming hydroxides [14],
which may lead to passivation due to the transformation of the hydroxide to oxides, such in AIN [15].
Transition metal carbides are also chemically inert, present low reactivity in several environments, and
show degradation only in concentrated acids or bases and in the presence of oxidizing agents [16].

Thus, for pure stoichiometric ceramic phases, the intrinsic behaviour of the material determines
the reactivity of the coatings. However, since the composition of these magnetron-sputtered films
can largely vary, slight deviations from the stoichiometric composition of the ceramic phase produce
changes in the electrochemical response, as will be further explored in the following section. The effects
of the morphology and defects of the films mainly determine the amount of electrolyte that contacts
the substrate, defining the diffusion paths and the area of the films and substrate in contact with the
electrolyte and also affecting the electrochemical corrosion response of the system.

All these features can be modified by simply altering the production conditions during magnetron
sputtering deposition. In the following sections, we attempt to summarize the effects of these changes
on the electrochemical response of the system substrate/coating/electrolyte.

2.1. Chemical Characteristics Affecting the Electrochemical Corrosion of the Coatings

Different compositions of the coatings influence the electrochemical behaviour of the coatings.
Depending on their stoichiometry and the surrounding environment, the films may be classified into (i)
intrinsically inert, (ii) passive coatings, and (iii) active coatings. The intrinsically inert films are mainly
composed of pure phases such as diamond-like carbon films in saline solutions, which do not react with
the electrolyte, and thus, their electrochemical response is due to the interaction between the electrolyte
and the substrate. The passive coatings, on the other hand, possess elements that form very stable thin
passive layers on the surface of the materials. For instance, coatings with transition metal in MeN,
MeCN, or even C-based films with embedded Me usually auto-passivate in different types of solutions,
providing chemical stability. Cr, Ti, Zr, and Nb, among other metals, create these types of passive
layers known to protect again corrosion. In CrN films, the passive layer has been reported to be mainly
formed by CrpOs3 [17], but some authors state that it may also contain Cr(OH)3 and CrOs [17]. TiN [18],
ZrN [19], and ZrCN have been reported to form graded passive layers containing the oxynitrides
MeON and MeOy. Also niobium passivates by forming Nb,Os, which protects against corrosion [20].
Finally, active coatings interact with the electrolyte, not only working as a protective layer but also
providing it with additional properties. In this group, MeCN and a-C films are incorporated with a
metallic element (Cu, Ag, Ti, etc.) which is released in the environment, thus inducing a controlled
reaction and specific properties, such as antibacterial, self-lubricant properties, etc.

However, in order to better differentiate the effect of the coatings composition on the electrochemical
performance, this analysis will consider two main groups, nitrides and carbonitrides on one hand, and
carbon-based films on the other, taking into account that similar tendencies can be underlined within
these groups for different compositions.

2.1.1. Nitrides and Carbonitrides (MeN and MeCN)

Transition metal (carbo)nitrides can be deposited in a large variety of conditions that allow
the production of sub-stoichiometric and stoichiometric films, in which the amounts of carbon and
nitrogen are controlled by the amount of reactive gas(es) (N, and CyH,) delivered to the sputtering
chamber or by applying different power/current densities to the transition metal target. When the films
possess sub-stoichiometric composition (MeNy with x < 1), the excess of Me promotes the existence
of two different phases, which in turns will behave differently electrochemically, because of the
tendency of Me to passivate or react, as previously explained, in contrast to inert MeNy. For example,
Pedrosa et al. [21] showed that free titanium in Ti-rich TiN samples led to lower corrosion potentials
and higher passivation currents due to the active behaviour of Ti.
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Nonetheless, it is difficult to separate the morphological and structural effects from the composition
of the films, since changes in the composition are usually attained by altering the deposition conditions
of the coatings, which, in turn, promotes variations in the morphology and structure, modifying the
electrochemical performance of the coatings. For instance, AIN [22] and CrN [23] studies demonstrated
that the increase of the nitrogen flux during film growth can decrease the current density in the
electrolyte as a result of the densification of the coating, also reducing the pitting potential of AIN [22].
On the contrary, TiN films with denser morphologies are produced with low percentages of N, while,
for near-stoichiometric films, the columnar structure increases the area in contact with the electrolyte,
which reduces the corrosion resistance properties of the films, because of the capacity of the electrolyte
to permeate the films [24-26].

Effect of Metals Incorporation on Me(C)N Electrochemical Response

Some researchers alter the composition of the coatings, aiming to improve their protection
capabilities or to add new functionalities, which in turns modify the electrochemical behaviour of
the coatings. By adding elements such as Al [27-29], Mg [30], Hf [31], Zr [31], Ag [32,33], W [34], the
columnar growth of the coatings is altered, creating more compact morphologies, as schematized in
Figure 1. This reduces the porosity of the coatings and prevents the penetration of the electrolyte.
Additionally, these elements react with the electrolyte forming corrosion products that remain trapped
in the coatings, blocking the diffusion paths of the electrolyte and avoiding the contact with the
substrate. TIAIN and CrAIN coatings, for instance, have been reported to present better corrosion
resistance as compared to TiN and CrN coatings, due to the formation of an Al,O3 layer that passivates
the films surface and to the modification of the columnar morphology of the coatings, which reduces
the porosity [27,29,35]. Fenker et al. [30] have also demonstrated that the addition of Mg in TiN films
reduces the appearance of pits to a greater extent than other approaches such as the addition of
hydrocarbons, the creation of multilayer systems, and etching processes. In fact, Mg can lead to a
decrease in the potential difference between the coating and the substrate, avoiding galvanic corrosion.

Particularly, when silver is incorporated in large quantities, the polarization resistance is reduced
as silver amount increases in TiN [33] and ZrCN [36,37], as a result of the higher electroctrochemical
activity of silver. Moreover, the addition of Si to Me-Si-N films can change and improve some properties
of the coatings, such as surface hardness and corrosion resistance [38]. Cui et al. [38] proved that Si
addition in low amounts increased the corrosion resistance of films. For a Si content around 8 at.%,
films achieved the best corrosion resistance. However, a further increase of Si amount deteriorated the
passive layer formed on the coatings’ surface, decreasing their corrosion resistance.
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Figure 1. Morphological changes due to processing and/or compositional changes.

More complex systems have been proposed to create a nanocomposite that modifies the
morphology of the coatings and provides a variety of phases. Amorphous phases are usually used
in order to create denser morphologies. Si3Ny, for instance, has been incorporated into TiN coatings
to improve the corrosion resistance of the coatings [39], also providing additional charge transfer
resistance due to its dielectric character.

Some reports have demonstrated that the incorporation of C into nitrides to form carbonitrides
such as TiCN [40] and BCN [4,41] films transforms the material in less electrochemically active films,
improving their corrosion resistance. This behaviour results from the increase of the non-metal/metal
ratio, which leads to the formation of an a-C phase. The formation of an a-C phase is responsible for the
densification of the microstructure as well as for the decrease in porosity and, hence, for the decrease of
the penetration paths of corrosive media, which enhances the corrosion resistance. However, special care
should be taken with these materials, since carbonitrides can also create nanocomposite films by
introducing large amounts of carbon into the films. The excess of carbon generates a competition
between MeCN and a-C and creates regions in which the mixture of phases can act as cathode and
anode in the reaction and accelerate the anodic process [42].

2.1.2. Carbon-Based Films (a-C and DLC)

Nowadays, C-based coatings are one of the most valuable engineering materials. Carbon is one of
the most common elements in the earth and it can be found in nature in different allotropic forms, such
as graphite or diamond. DLC coatings have a large variety of physical properties mainly related to the
different hybridization states present in carbon coatings (sp', sp?, and sp®), where the presence of sp®
bonds, characteristic of diamond, leads to high hardness and chemical and electrochemical inertness,
while the presence of sp? bonds, characteristic of graphite, allows obtaining low friction coefficients
and high electrical conductivity, just to mention a few characteristics. The different forms of DLC
coatings are displayed in a ternary phase diagram, developed by Jacob and Moller, where the amounts
of sp® and sp? bonds and hydrogen determine the type of structure [43].
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The main compositional characteristic of carbon films influencing the electrochemical performance
of coatings is the ratio between sp? and sp® carbon bonds, which can be modified using parameters
such as reactive gases (CyHy) and power in the C target. Some studies highlight that the increment of
sp? with respect to sp® bonds may lead to an easy dissolution of the films, due to the lower amount
of cross-linked bonds in the structure [44—46]. In the case of a-C:H, it has been also pointed out that
the reduction of the electrochemical conductivity may offer more protection, increasing the charge
transfer resistance and decreasing the galvanic corrosion between the substrate and the films [9,47,48].
Additionally, it is also mentioned that hydrogenated coatings showed denser morphologies and less
superficial defects, which prevented the electrolyte to penetrate through the coating, thus increasing
corrosion resistance [9,49].

Effect of Metals on Carbon-Based Films Electrochemical Response

In the case of carbon-based films (DLC and a-C coatings), the use of metals is mainly proposed
for enhancing the adhesion of the DLC coatings to the substrates, reducing the residual stress of the
coatings. Contrary to the nitrides, in carbon-based films, the incorporation of Ti [12], Cr [12,50], Ni [44],
Ag [51], among other metals, can: (i) Increase the electrochemical activity of the coatings, depending
on the amount incorporated, since these metals can work as active sites on the films surface, being
potentiated by the galvanic corrosion between C and the metals, as schematized in Figure 2, (ii) Promote
changes in the ratio between the sp? and sp® bonds, inducing a reduction or an increment in the charge
transfer resistance [12,51], depending on the metal used, (iii) Produce changes in the morphology of
the coatings. This last event is highly dependent on the used metal and its ability to form carbides.

Depending on the
electrolyte carbon can

act as the cathode or
m anode in the reaction
st

Figure 2. Schematic galvanic couples formed between carbon and metals embedded in the matrix.

Cross-Section

The amount of metallic species incorporated into the carbon-based films seems to be the key
parameter influencing the electrochemical performance of the coatings. Hong et al. [52] proposed
to deposit a-C films with less than 3.1 at.% of Ti, since they are stably passive in Hanks’ solution.
However, when Ti content increased up to 15.2 at.%, the a-C film exhibited dynamic passivation and
possible deoxidization due to the low sp> volume fraction, being susceptible to crevice pitting corrosion.
Wang et al. [12] compared Ti and Cr incorporation; both elements revealed an improved corrosion
performance due to the formation of Ti and Cr oxides onto the surface and to the blocking behaviour
that prevented the penetration of the electrolyte. However, at a certain point, the increase of Ti amount
(220 at.%) weakened the barrier effect as a consequence of the increase of the sp?/sp> ratio as well as of
conductivity. Yet, increasing Cr amount continued to increase the corrosion resistance of a-C coatings
through either Cr passivation or sp?/sp® ratio decrease. Liu et al. [53] showed that for low amounts of
Ti (2.7 at.%), compressive stress in a-CINy:Ti coatings was released due to the low sp3 volume fraction,
enhancing the adhesion strength between the film and the substrate, reducing the number of defects,
and subsequently blocking the electrolyte. However, further increasing the Ti content into the a-CNj
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matrix, increased the sp? volume fraction, which destroyed the nanocomposite compact structure and
thus boosted pitting corrosion.

Si has been demonstrated to improve the corrosion resistance [48,54] by reducing the internal stress,
which prevented the catastrophic failure of the films [54]. PtRu aggregates, on the other hand, have
also been incorporated into carbon films, blocking the ion diffusion paths and increasing the transfer
resistance of the films [55]. The authors suggested that Pt and Ru incorporation improves corrosion
resistance by cathodic protection, avoiding pitting corrosion without compromising adhesion strength,
thanks to the nobler electrochemical character of Pt and Ru when compared with C. The incorporation
of N to DLC coatings reduced the electrical resistivity, inducing galvanic corrosion between the films
and the substrate and thus deteriorating the corrosion resistance of the system [45,55,56]. Additionally,
it has been shown that N improved the adhesion strength of the films but increased sp? bonds [57].
With the increase of sp? bonds and subsequent decrease of sp® bonds, the cross-linked structure was
degraded, which caused a decrease of its density and an increase of its porosity. With the increase
of the coating’s porosity, the diffusion paths through the coating to the substrate interface increase,
causing the system deterioration.

2.2. Morphological Characteristics Effect on the Electrochemical Corrosion Performance

For pure capacitive films, which play only a protective role, the electrochemical response should
reflect the behaviour of a capacitor. However, the electrochemical response of magnetron-sputtered
films is usually far from that of a perfect capacitor and it is mainly due to the interaction of the
electrolyte and the substrate throughout the defects and morphological features of the films. In such
cases, pinholes, drops, columnar growth, among others, can allow the electrolyte to contact the
substrate and accelerate a localized corrosion of the coatings due to the potential difference between the
films and the substrate, as schematized in Figure 3. This section focuses on the influence of coating’s
growth, thickness, porosity, and defects on the corrosion behaviour, which governs the permeability of
the electrolyte through a coating.

Electrolyte

Higher OCP
P
_

Substrate ) ~ Lower OCP

Figure 3. Scheme of galvanic corrosion through the defect promoted by the higher open circuit potential
(OCP) of the film compared to that of the substrate.

2.2.1. Influence of Coating’s Growth

The columnar growth of magnetron-sputtered films has been known for a long time, and several
models have been developed to describe, in general, the growth of sputtered film. This morphology can
be modified by changing the deposition parameters, including power density, pressure, and temperature
of the deposition, and by applying bias voltage to the substrates [7,58,59], modifying the stoichiometry
of the coatings (as previously discussed), or even altering their architecture. The morphology is a
predominant feature that alters the electrochemical response of the coatings, since it controls the
permeability of the electrolyte, allowing it to contact the substrate and increasing the dissolution rate
of the system. Lui et at. [60], for example, presented a complete comparison between TiN and CrN,
showing that more equiaxed crystallites in CrN coatings could restrict the diffusion of oxygen (or of
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an electrolyte species) to the substrate, while columnar crystallites in TiN provided a straight path
for that diffusion, explaining the better corrosion resistance of CrN compared to TiN. Such results
demonstrate that, despite the intrinsic electrochemical behaviour of the coatings, the morphology of
the coatings plays a dominant role in the corrosion protection of the substrate. Therefore, to properly
create a protective coating, not only an inert material must be selected, but also the best conditions to
produce dense coatings, free of defects, must be chosen. This methodology is still being developed
within magnetron sputtering, since, despite the great efforts made to remove the defects in films, these
defetcs are still one of the main causes of failure. The principal effect of morphological growth can be
clearly deduced from Franco et al. [4], who demonstrated that TiN films produced by MS may present
lower corrosion resistance than plasma-nitrided Ti coatings, which possess a more granular, compact
morphology compared to MS TiN, characterized by a typical columnar growth.

MeCN and C-based films typically present denser morphologies when compared to films based
on transition metal nitrides, with lower porosity and improvement of the corrosion resistance [11,61].
For example, Madaoui et at. [61] studied the corrosion resistance of TiN and TiCN coatings, finding
that TiICN showed better corrosion resistance compared to TiN due to its smoother surface and more
compact morphology [61]. Nonetheless, it must be taken into consideration that the electrochemical
corrosion behaviour of MeCN largely depends on the stoichiometry of the compound. An excess of
carbon in the carbonitride may create a larger number of interfaces between the MeN(C) and carbon
phases, which can induce higher electrochemical porosity of the coatings [36,37].

2.2.2. Influence of Pores

Porosity in magnetron sputtering is usually observed in columnar or granular films or at the
interfaces between different phases growing in competition, where the boundary regions act as micro-
or nanopores that allow the diffusion of the electrolyte species and accelerate the substrate attack.
As the electrolyte penetrates the films throughout the pores, two scenarios can be foreseen, depending
on the nature of the films: (i) The electrolyte does not react with the film and penetrates to the substrate
or (ii) The electrolyte reacts with the coating, passivating the surface and blocking the pores with the
corrosion products [20]. Electrochemical porosity is usually calculated by comparing the polarization
resistance of the bare substrate and that of the coated substrate [10,11,27,62-66], making use of the
empirical equation deduced by Elsener et al. [67] (see Equation (1)):

Rs (1B
P==—10" Pa
R

p

)

where P is the total coating porosity, Rs is the polarization resistance of the bare substrate, Ry, is the
polarization resistance of the coating, (3, is the anodic Tafel slope of the bare stainless steel, and AE is
the difference in corrosion potential between the coated and the bare substrate. However, special care
must be taken when using this approach, since it is valid for pure capacitive/protective films, for which
the electrochemical signal is mainly due to the interaction between the substrate and the electrolyte,
which is determined by the porosity of the films.

2.2.3. Defects in Magnetron-Sputtered Coatings

As mentioned before, several studies have suggested that typically microscopic defects arising
from sputtering techniques expose the substrate to corrosive media, deteriorating the corrosion
protection of the coatings. The defects are perturbations in the growth of the coatings, which create
macropores or impurities in the films. These defects are usually formed by arc discharges during the
sputtering process or dust and micro-impurities present in the substrate surface, or are pre-existent
defects, such as cracks or rough surfaces [1,68].

These defects can be of several types, depending on their origin, and are divided in (i) flakes;
(ii) open voids, (iii) cone-like defects, (iv) pinholes, (v) droplets [1,68]. Macro defects are mainly
attributed to the substrate pre-treatment or to dust particles in the deposition chamber, which promote
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the formation of inclusions. Micro and sub-micro defects are generated during ion etching and
deposition and can have different origins, such as microparticle flaking generated during the deposition
process. Another source of defects is the occurrence of arc during the etching and deposition steps.
Some studies have evaluated the influence of the processing parameters on the densitiy of coatings
defect [1], namely, the influence of deposition time, deposition rate, substrate type, and substrate
location in the deposition chamber. They reported that the defect density is independent on the coating’s
thickness, whereas the increase in the deposition time enhances the defects density. The results pointed
out by these authors suggest that the substrate cleaning procedure and chamber cleaning state have a
strong influence on defects formation. Several indications for minimizing these defects are provided
by the authors, namely: (i) Fast drying of the substrates after rinsing in de-ionized water, with hot air
in order to avoid the sticking of dust particles, (ii) Periodical cleaning of all vacuum components, in
order to avoid the transfer of delaminated coating to the substrate promoted by, e.g., thermal stress,
(iii) Performing low venting and pumpdown to reduce turbulent airflow which promotes the sticking
of dust particles.

The effects of these defects on the electrochemical performance depend on the type of defects,
hampering a quick correlation between the evaluation of the distribution of defects, usually performed
by optical images, and the corrosion resistance of the coatings. For instance, when the defects penetrate
completely the films (Figure 4a), they produce fast diffusion paths that allow the electrolyte to contact
the substrate, increasing the electrochemical activity. In other cases (Figure 4b), their effect is not critical
for the corrosion of the substrate but only modifies the area of the films in contact with the electrolyte,
and thus, the electrochemical response remains the same.

7

a) b)

Figure 4. Magnetrons sputtering coatings cross-sectional images showing (a) throughout defect, (b)
interrupted defect.

The majority of the studies demonstrate and highlight the importance of the micro-defects of the
coatings as one of the most relevant characteristics influencing the electrochemical performance of the
coatings as protective films. In fact, catastrophic failure of the coatings [5,20,69] and localized corrosion
are the most reported consequences due to the penetration of an electrolyte through the defects, which
corrodes the substrate [6,34]. The size of the defects may determine the type of failure in the coatings,
since large pores (pinholes) can easily transport the corrosion products, which allows the detachment
of the films and produces catastrophic failure due to the increase in local stress [70], while small defects
can be easily blocked by the corrosion products, and then their effect is diminished, as schematized
in Figure 5.
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2.2.4. Multilayered Systems

Another widely studied possible solution to interrupt the creation of defects as well as block the
diffusion paths through the coating is the deposition of multilayered systems. Several architectures have
been suggested, among which those schematized in Figure 6, which are the most used. The multilayered
approaches promote re-nucleation in the coatings, create a large number of interfaces, and reduce the
porosity, hindering the propagation of micro-cracks and avoiding pinholes and pore continuity [71,72].
This methodology improves the polarization resistance of the coatings and reduces their electrochemical
porosity [8,64,65,71-74], clearly associated with a reduction of the permeation of the coatings.

d)

Figure 6. Schematic representation of multilayered systems used to prevent corrosion. (a)
Metal/nitride bilayer, (b) metal/nitride multilayer, (c) dissimilar metal/nitride multilayer, and (d)
carbon-based/nitride multilayer.

The simplest multilayer system is a bilayer system, consisting of an interlayer (usually metallic) to
increase the adhesion between the substrate and the protective coating, which creates an additional
interface and modifies the morphology of the coating. This approach has shown to be effective to
improve the corrosion resistance and reduce spilling in ZrN coatings [69]. A similar behaviour has
been reported for Nb/CrN [75], Ni/TiAIN [66], A/AIN [76], where the metallic interlayer enhances the
corrosion resistance of the coatings.

More complex multilayer systems are based on the combination of Me/MeN [71,77], of two MeNss,
i.e.,, CrN/NbN [30,75], TiN/NbN [72], Cx/CrN/CrAlIN [78], TIAIN/CrN [29,66], TiN/TiAIN [27], or of
MeN/a-C, e.g., CrN/a-C and TiN/a-C [48]. In these systems, the period of the layers is one of the
parameters that most dramatically affect the results, since when reducing the period (thickness of the
bilayers), the number of interfaces increases, restricting the diffusion path, slowing the diffusion of
the electrolyte, enhancing the corrosion resistance of the coatings [72,73] and reducing the localized
corrosion observed on the surface of the materials [71,72]. Flores and co-authors [71], for instance,
proved that Ti/TiN multilayers improved the corrosion performance of SS 304 steel, proportionally to
the number of layers deposited, performing better than TiN monolayers,. Additionally, Fenker et al. [30]
pointed out that in a multilayered system, the ending layer largely influences the corrosion behaviour
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of the coatings, due to the intrinsic behaviour of the material. For instance, better corrosion resistance
is observed when NbN is the topmost layer when compared to CrN in the CrN/NbN system.

3. Electrochemical Corrosion Behaviour of MeN, MeCN, and a-C-Based Coatings in
Biomedical Devices

The human body represents a very complex and demanding system; thus, the materials coming in
contact with it must be carefully selected. The requirements of each biomaterial are strongly determined
by their final application. For instance, ureteral stents require high resistance to encrustations, dental
implants require good osseointegration ability, cardiovascular biomaterials must be hemocompatible,
and joint prosthesis must resist wear and high loads. Besides the highly specific properties related
to each type of medical device, one common requirement is necessary: the ability to reduce the
release of metal ions which can interact with the human body and produce adverse reactions, leading
to biomaterial’s rejection. In other words, the ability to protect metallic implants from corrosion is
a demanding requirement in any indwelling biomedical device. Despite the issues related to the
corrosion of metallic biomaterials, this class of materials has an important role in the biomedical
field, and several materials have been proposed for use in biomedical devices, namely, SS316L [79],
cobalt—chromium-molybdenum alloys (Co-Cr-Mo) [80], nitinol (NiTi) memory-shape alloys [81],
commercially pure titanium grade 2 (CP Ti Grade 2) [82,83] and titanium-6aluminium—4vanadium
alloys (Ti6Al4V, Ti Grade 5) [84-86]. SS316L is a good biomaterial for bone replacement, commonly
used in trauma surgery. This material has good mechanical properties and is easily produced at
a very low cost [80]; however, generally, stainless steels are subject to localized corrosion, such as
pitting corrosion, in long-term applications due to the aggressive biological environment [87,88].
Moreover, its biocompatibility is limited because if the presence of nickel [80], since when corrosion
reactions occur, Ni ions are released and have high potential to cause allergic reaction. Co—-Cr-Mo
alloys may substitute in certain applications the use of SS316L thanks to their improved mechanical
properties and corrosion resistance [80]. Yet, there are some reports that claim Cr and Co metal ions
are released form such medical devices [89,90], which jeopardizes the long-term safety of Co-Cr-based
materials [91]. Several studies have paied attention to nearly equiatomic NiTi alloys because of their
unique shape memory and superelasticity properties. However, as mentioned above, Ni-based alloys
are biologically active [3], since they possess toxic, allergenic, and carcinogenic properties due to Ni
release [92,93]. Ni ions are released spontaneously from the bulk material into surrounding tissues as a
result of corrosion processes accelerated, for instance, by fretting wear [94]. CP Ti is used for biological
applications and may be produced in dense or porous forms to improve specific bulk properties [82,83].
However, Ti6Al4V is the most used Ti alloy because of its higher corrosion resistance [84,95]. Thanks to
their high strength-to-weight ratio, improved corrosion resistance, and high biocompatibility, Ti-based
materials have been the most widely used biomaterials in both orthopaedic devices and odontological
devices [96]. It is well known that a titanium oxide layer is spontaneously formed on the metal
surface, improving the biocompatibility of these materials. Still, this layer is often defective [97,98]
and, despite the broadly accepted biocompatibility of Ti, the release of Ti microparticles [99] due to
corrosion processes, as well as the long-term release of metal ions from metal implants, was reported
in in vivo experiments [91]. Hence, it is necessary to change the properties of materials’ surfaces, such
as chemical stability, to enhance their biological performance [87].
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The strategy of surface modification with inert MeN, MeCN, and a-C based coatings has been
widely adopted as a solution to improve the corrosion resistance of the different metallic materials
mentioned above. In addition, these coatings allow adding other functional properties, such as enhanced
osseointegration, which is highly desirable for dental implants, enhanced wear resistance of joint
prosthesis, or improved hemocompatibility of cardiovascular devices. Several reports have evaluated
the applicability of DLC [94], DLC containing different elements, namely, N [53,57], Pt:Ru [57], Ti [12,52],
Cr [12], compounds such as TiN [71,92,100], AIN [92], TIAIN [92,101], ZrN [19,102], silicon-containing
ZrN [38], CrN [103], ZrCN, and Ag-containing ZrCN [87,104], Hf-containing ZrCN [10] as coatings
for different biomedical applications. The main conclusions in relation to each of these coatings are
summarized in Table S1 (Suplementary information). In general, these coatings enhance the corrosion
resistance of the bare substrates and, thus, they represent a promising solution for medical applications.
In fact, these coatings have been proposed and tested for their corrosion resistance in other applications,
and the results suggest a favourable effect in delaying the corrosive degradation of metallic substrates,
as previously reviewed.

In addition to the influence of the materials’ properties on the corrosion behaviour, the body fluids
are very complex and, thus, simulated body fluids represent a more complex corrosive environment,
which can deteriorate the corrosion performance offered by coatings in neutral electrolytes. The next
section will be focused on the influence of simulated body fluids and their complex compounds on the
corrosion behaviour of MeN, MeCN, and a-C based coatings.

3.1. Corrosion Behaviour of Coatings in Simulated Body Fluids and the Influence of Bio-Components on the
Electrochemical Properties

In the electrochemical processes related to metal-coated systems for biomedical applications,
besides the interaction between different parameters already discussed in the previous sections, such as
substrate-coating assembly, substrate and coating chemistry, and film morphology, other factors, such
as electrolyte chemical composition and electrolyte temperature and pH, should be considered. In the
particular case of biomedical implants testing, the selection of the electrolyte represents a fundamental
issue, since the body fluids are not simple saline solutions but instead complex environments containing
a variety of anions and cations, large molecules, and cells, and each of them plays an important role
in the corrosion processes. In this sense, the chemical composition of the body fluid in contact with
the material to be used in each application, e.g., blood in the case of cardiovascular devices, urine in
the case of devices for the urinary system, saliva in the case of dental implants, and synovial fluid
in the case of synovial joints, like hip or knee implants, must be considered in the corrosion tests.
The main applications of metal-coated MeN, MeCN, and a-C coatings are related to knee and hip
prosthesis and dental implants; thus, in order to achieve a realistic understanding of the materials
to be applied in these applications, the chemical composition of synovial fluid and saliva must be
considered. Synovial fluid is composed of filtrate plasma, glycoproteins, and hyaluronans. Saliva is
mainly composed of water (99%) and solids (1%), which can be inorganic (Na*, C1~, K*, HCO3™)
and organic (ptyalin, lingual lipase, kallikrein, lysozyme, urea, uric acid, cholesterol, and mucin).
Figure 7 shows a statistical analysis of the electrolytes used in the reports related to MeN-, MeCN-, and
a-C-based coatings proposed for different biomedical applications.
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Figure 7. Main electrolytes used in corrosion testing of MeN-, MeCN- and a-C-based coatings for
biomedical applications.

As depicted in Figure 7 some of the papers used simple saline solutions containing NaCl, with
varying concentrations of the salt (from 0.9% [11,87,100,104], which resembles the physiological
concentration, up to 3% of NaCl [103]), while the other electrolytes were represented by more
complex saline solutions (phosphate buffer solution (PBS) [81,105], Hank’s balanced saline solution
(HBSS) [52,57], or simulated body fluid (SBF) [12,92,106,107]), which can contain some organic molecules
such as in Tyrode”s simulated body fluid and AFNOR S90-701 artificial saliva [19,102] and Fusayama
Mayer artificial saliva [101]. The addition of proteins to SBF was also performed. The influence of
proteins on the corrosion behaviour of metallic implants has been widely studied by several authors,
and it is claimed that the presence of proteins and other organic compounds influences the corrosion
rate of metallic implants. Several phenomena due to the presence of the organic surface layer can occur,
which influence the corrosion rate [108], namely:

(i) Biological molecules can consume the products of the anodic and cathodic reactions, e.g., through
the formation of metal-proteins following the binding with Me™ ions which are transported away
from the implant surface. This will change the equilibrium across the double layer and favour the
metal dissolution.

(ii) Biological molecules can interact with the charges formed at the interface and affect the electrode
potential, which will influence the stability of the passive oxide layer;

(iii) The presence of a surface layer will influence the availability of oxygen and hydrogen, thus
influencing the rate of the cathodic reaction, which can increase or decrease the rate of the
anodic reactions.

In addition to the presence of the common elements found in synovial fluid, bacteria can also be
present as well as phagocytic cells, which also play a specific role in the corrosion process.

The choice of more complex electrolytes, resembling the body fluids, allows obtaining a more
realistic understanding of the behaviour of materials in the final applications; nevertheless, it limits
the interpretation of the components’ influence on the corrosion behaviour of the materials. Thus,
the choice of adequate electrolytes is a complex issue.
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All these features can determine the electrochemical performance of a biomaterial. In the following
sections, the effect of complex saline solutions with/without proteins and/or organic compounds on the
electrochemical characteristics of different biomedical devices is summarized.

3.1.1. Dental Implants

The number of reports that propose the use of MeN-, MeCN-, or a-C-based coatings for dental
implant applications is scarce. In fact, the application of sputtered coatings focuses mainly on the
use of MeO- and MeON-based coatings, since, despite the corrosion protection provided by these
coatings, they are found to be bioactive, thus enhancing the osseointegration process. Yet, Krishnan and
co-workers [101] investigated the corrosion properties of a 3-Ti alloy coated with TIAIN and WC:C in
artificial saliva, without and with a fluoride immersion cycle before the corrosion studies. It was noticed
that, even though both coatings improved the corrosion performance of the 3-Ti alloy, all materials
had reduced ability to resist corrosion when subjected to fluoride exposure. The exposure to fluorides
dissolved the passive layer as a consequence of the high number of defects/imperfections, as well as of
their high grain boundary defects, exposing the substrate to corrosion. Still, the reduction of corrosion
protection was lower for both tested coatings (TIAIN and WC:C) when compared with uncoated
{3-Ti substrate, showing the best behaviour for TIAIN and revealing its nobler character. As it can be
seen in Figure 8, after fluoride immersion, both uncoated 3-Ti and WC:C surfaces were exposed and
deteriorated by fluoride-induced corrosion, while TiAIN continued to exhibit a corrosion-free surface.

As-produced After fluoride immersion cycle

Uncoated B-Ti

WC:C coating

Figure 8. Surface analysis of (a,b) uncoated 3-Ti alloy, (¢,d)TiAIN, and (e,f) WC:C coatings (a,c,e) before
and (b,d,f)after a fluoride immersion cycle. Adapted from [101].
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3.1.2. Orthopaedic Implants

As depicted in the graph of Figure 7, most of the studies related to the evaluation of the
electrochemical properties of MeN-, MeCN-, and a-C-based coatings for orthopaedic implant
applications used different saline solutions. Hang et al. [109] evaluated the electrochemical behaviour
of DLC-coated NiTi in PBS solutions containing bovine serum albumin (BSA) and fibrous proteins
(Fib). The authors found that the proteins enhanced the corrosion resistance of DLC coatings, being
this effect more pronounced in the case of BSA. The adsorption and formation of a protein layer at the
substrate/electrolyte interface, in the micro-pores, and on micro-pore walls can cover the DLC surface
and inhibit the mass transportation of the corrosion products. The better improvements obtained
with BSA were attributed to the higher coverage of micro-pores, which was reported to be about 48%
for BSA and 43% for Fib. Hauert et al. [110] evaluated the adhesive failure of DLC-coated Ti6Al4V
by performing Rockwell C indentations followed by immersion in PBS and Hyclone wear test fluid,
which contains salts and proteins. The effect of both electrolytes on the coatings delamination rate,
promoted by the corrosive environment, was evaluated. Coating delamination promoted by the
dissolution of the silicon interlayer occurred in Hyclone test fluid at a rate of 145 um per year, while no
or only little delamination was observed in PBS. The authors postulated that the presence of proteins in
Hyclone may be responsible for the buildup of crevices. The proteins hinder liquid exchange and thus
support the buildup of crevice corrosion conditions, which leads to coatings delamination, promoted
by corrosion mechanisms. The final conclusions were contradictory; nevertheless, it should be pointed
out that the test methodologies in both studies were completely different.

3.2. Commercial Applications of MeN- and a-C-Based Coatings and Major Limitations Caused by
Corrosion-Induced Failure

Surface modification of different biomaterials has been adopted as a strategy for the improvement
of different indwelling devices, allowing the enhancement of their lifetime. Table 1 summarizes the
main commercial coatings found in the market, as well as the advantages provided by these coatings
in each application.

Table 1. Commercial coatings already in the market.

Application Coating Properties Producer Companies
Reduction in the release of ions Tonbond, Balzers
Orthopedic Implants TiN, CrN, ZrN, TiNbN Wear Reduction Qerlikon, Ceramed,
Low Friction Endotek

Improved screw adjustability

TiN, AITiN, Reduction of torque at the

TiAIN, application of the screws .

Dental Implants a-CH. Cost savings due to easier and Balzers Oerlikon
a-C:H:W, CrN faster exchange of the abutment
screws and implants

. Ton release reduction, .

Cardiovascular Implants DLC Low friction, Hemocompatibility Balzers Oerlikon
Reduced friction
Ureteral Enables smooth introduction .
Stents DLC Reduced risk of infection Optimed

and encrustations

A large number of pre-clinical reports can be found in the literature, which points out the excellent
results achieved with the above-mentioned coatings for the different applications indicated in Table 1.
These results are nicely reviewed in references [111,112]. Among the different applications, the use of
these coatings in joint prosthesis has attracted a lot of efforts. In fact, this is one of the most common
applications of MeN-based coatings in the biomedical industry. Despite a large number of laboratory and
preclinical studies on these coatings and their long-date use, the number of clinical case studies is still
scarce, and controversial findings are reported in the existing ones. According to the reported clinical
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studies, the main cause of failure of these coatings is related to adhesive failure, which is promoted by
the occurrence of electrochemical corrosion processes. These reports are summarized in this section,
which focuses on the analysis of TiN- and DLC-coated retrieved orthopaedic joint prostheses.

Regarding TiN coatings, several reports indicate a survival rate above 90% [113-117],
nevertheless other reports indicate lower survival rates and worse performance in relation to uncoated
materials [114,118]. A more detailed analysis of retrieved TiN coatings is given in [118-120]. In all these
reports, the failure of the coating is attributed to delamination promoted by a combination of corrosion
and mechanical damage. Harman et al. [119] reported a case study regarding the wear performance of
TiN coating on a retrieved hip implant obtained postmortem from a low-demand patient one year after
total hip arthroplasty. The hip implant components consisted of a polyethylene liner in the Ti6A14V
acetabular cup with TiN coating, a TiN-coated Ti6AI4V femoral stem, and a modular TiN-coated Ti6Al4V
head (Buechel-Pappas System, Endotec). Gross examination showed a dull grey discolouration of the
gold-coloured TiN coating localized to the post superior region of the femoral head. A more detailed
analysis revealed the presence of smooth coating with 1-2 um voids uniformly dispersed on the surface
of the coating. In the discoloured areas, larger voids with sizes up to 10 um were observed, and the
presence of pure Ti droplets was detected in some voids. Evidence of pure Ti and Ti6Al4V debris
adherent to the TiN coating was found. The retrieval analysis showed that wear debris originated from
a TiN -oated femoral head as delaminated surface asperities and manifested as adhesive wear on the
articular surface. Moreover, Raimondi et al [61] evaluated the in-vivo wear performance of prosthetic
femoral heads with TiN coating in a study focused on the analysis of four TiN-coated prosthetic
femoral heads collected at revision surgery together with patient data. The analyses were performed
18 to 96 months after hip arthroplasty in femoral stems built with a Ti6Al4V alloy and implanted
with modular TiN-coated femoral heads articulating on ultra-high molecular weight polyethylene
(UHMWPE) counterfaces. Two of the four examined components showed a macroscopically intact
TiN coating 6 to 8 years after implant, while TiN fretting and coating breakthrough occurred in two
of the four examined components. The main cause of this coatings failure was related to coatings
delamination, which resulted in the following events, all proved to adversely affect the implant clinical
outcome: (i) release of TiN fragments in the periprosthetic tissues; (ii) release of metallic particulate
from the titanium substrate; (iii) increase of the head surface roughness affecting the counterface debris
production rate. Further, Lapaj et al. [120] performed a retrieval analysis of 11 femoral heads made of a
TiN-coated TiAl6V4 alloy (articulating in vivo for 1-56 months) against the UHMWPE counterparts.
No gross failure of the TiN coating was observed; nevertheless, all implants had defects typical of
physical vapor deposition (PVD) coatings, such as pinholes, small titanium droplets, and blisters with
delaminated coating. The authors found that the most common defects were small pinholes (diameter
of 1-2 um) which were scattered over the entire surface of all samples. A smaller number of uniformly
distributed, round (diameter 5-10 um) defects containing droplets of titanium were also present in all
implants. On both weight-bearing and non-weight-bearing parts of the heads, film cracking adjacent to
pinholes and titanium droplets was observed, as well as the presence of larger (diameter 15-40 um)
irregular defects, with coating delaminated from the substrate material. The SEM and energy dispersive
spectroscopy (EDS) analyses reported by the author are depicted in Figure 9.
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Figure 9. SEM micrographs of defects observed in TiN-coated Ti6Al4V. (a) Titanium droplet embedded
into the coating; the arrows indicate missing coating adjacent to the droplet; (b) EDX analysis of the

droplet; (c) cracking of coating adjacent to pinholes (in circles); (d) EDX analysis of cracked coating;

(e) blister with debonded coating, formed adjacent to a pinhole (in the circle) and a titanium droplet

(arrow); (f) EDX analysis of the bottom of a blister demonstrating the composition of the TiAl6V4

substrate alloy. Reproduced from [120].

Taeger et al. [121] reported a comparative study of DLC and Al,O3 femoral heads articulating
against polyethylene in total hip-joint arthroplasties (THA). In this study, 101 THA with DLC-coated
Ti6Al4V femoral heads and 101 Al,O3 heads were compared. Survivorship analysis for aseptic
loosening 8.5 years following implantation resulted in a significant difference between the groups,
with a 54% survival for DLC/PE compared to 88% for Al,O3/PE bearings. The main cause of failure of
the DLC coatings was attributed to the delamination of the carbon layer, which led to excessive debris
of polyethylene and, in some cases, of the metallic substrate of the heads. The retrieval analysis of the
implants revealed the presence of small pits (see Figure 10a), visible with the naked eye. In few cases



Coatings 2019, 9, 682 18 of 28

(6/19), disastrous abrasion of polyethylene caused by delaminated DLC coating particles, which also
caused excessive wear of the metallic substrate of the head, was visible (see Figure 10b).

Figure 10. (a) Retrieved DLC-coated head: Lateral and cranial aspect articulated with the acetabular

component (polyethylene). Numerous pits in the formerly articulating surfaces, revealing metallic
substrate underneath. (b) DLC-coated head and corresponding acetabular surface. Substantial defects
in the spherical deformed polyethylene caused by DLC particles. Consecutive abrasion of the metallic
substrate (head) and metal backing of the socket. Adapted from [121].

Several of these Ti6Al4V-coated femoral heads were studied by Hauert et al. [110,122] in order
to investigate the reasons of the failure. The authors evaluated the coatings chemical composition
by XPS analysis and found a multilayer structure, being the coating composed of a DLC amorphous
carbon layer, several Si-doped layers, and an adhesion-promoting Si interlayer. The focused ion beam
transverse cross sections revealed that the delamination of the coatings was caused by the dissolution
of the silicon adhesion interlayer. Such common coatings defects, such as pinholes, droplets, or blisters,
as discussed before, act as diffusion paths for the penetration of body fluids, exposing the lower nobler
adhesion interlayer and, thus, allowing its corrosion dissolution and compromising the long-term
viability of the devices.

Joyce et al. [123] also evaluated a failed ex vivo metal-on-metal metatarsophalangeal joint which
was composed of CoCr for both the metatarsal and the phalangeal components, coated with DLC
coatings; the stems were covered with hydroxyapatite to encourage bone ingrowth. The joint prosthesis
was removed 4 years after implantation, and at this time, there was a black staining of the surrounding
joint synovium and osteolysis of the bone ends. These implants were also studied by Hauert et al. [124]
who evaluated the coatings in-depth chemical composition, reporting that the coating was composed
of a 180 nm-thick DLC film and a circa 120 nm-thick silicon-based adhesion-promoting interlayer on
a CoCrMo base material. SEM analysis revealed, again, the corrosion dissolution of the Si adhesion
interlayer through the coatings defects, as the main mechanism of the coating’s adhesive failure.

Despite the scarce number of clinical studies on ceramic coatings’ performance, several conclusions
can be withdrawn: (i) The main cause of failure of TiN and DLC coatings is related to coatings
delamination, which results in an increased wear of polymeric counterparts and (ii) The delamination
of the coating occurs mainly in regions were defects are present, namely, pinholes and droplets, which
allows fluids penetration favouring the corrosion of the interlayers. In the retrieval analysis performed
by Lapaj et al. [120], the adhesion of the coating was previously tested by the manufacturer following
the VDI 3824 guidelines, being the adhesive strength classified as HF1 and HF2, which indicates
a good adhesive strength. Nevertheless, the main issues in the retrieved implants were related to
coatings delamination, which suggests that other mechanisms were involved in coatings” adhesive
failure, which were not predicted either in the above-mentioned adhesion tests nor in the evaluation of
coatings’ reliability in hip simulators.
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The clinical studies previously reviewed point at the occurrence of coatings’ adhesive failure, with
a consequent loss of the promising functionality of the coatings. The above-mentioned results indicate
that the delamination of the coating is promoted by corrosion mechanisms which occur at sites where
defects are present. Most of the reports dealing with ceramic coatings corrosion behaviour evaluate
the coatings corrosion behaviour, and some of them provide an analysis of coatings” defects after
electrochemical tests, in order to determine the main corrosion mechanisms. Nevertheless, this analysis
is only provided in few papers, and the delamination of coatings after corrosion tests has not received
much attention. In fact, in the starting point, this adhesive failure is only local and occurs mainly
in points where defects are present, being the size of these defects and delamination zones in the
micrometric range. However, these small defetcs assume great importance in biomedical applications,
namely, in joint prosthesis, since the evolution of these microscopic defects leads to visible delamination
of large areas on the implant surface. Coatings’ delamination originated from corrosion processes
has been reported in few papers, and different mechanisms have been reported. Komotori et al. [125]
evaluated the corrosion response of SP700 (Ti—4.5A1-3V-2Fe-2Mo) and Ti6Al4V alloys with and
without surface treatments by thermal oxidation and deposition of TiN coatings. In this work, the effect
of prior mechanical surface damage on the corrosion behaviour (in 0.89 wt.% of NaCl) was simulated
by scratching the samples with a diamond Rockwell C indenter. The TiN coatings surface after the
corrosion tests were analyzed by SEM, and three types of corrosion were detected: (i) adhesive coatings
failure at sites of prior abrasion damage, (ii) pitting originating from droplets produced during coating
deposition, and (iii) pin-hole defects which led to blistering and localized loss of TiN, being the last
one the most frequent type of observed failure. Coatings” adhesive failure was explained through a
model where pitting and galvanic corrosion took place. A schematic representation of the model is
depicted in Figure 11.

Pit initiation
Electrolyte penetration

0 1 U

Substrate

Substrate Substrate
Film failure Film detachment Pit growth
Substrate Substrate Substrate

Figure 11. Coatings’ delamination promoted by corrosion processes.

The evaluation of coatings” delamination in DLC coatings has been an extensive research focus
of Hauert and co-workers [110,122,124]. The group started the research on DLC coatings failure
by analyzing the joint implants reported by Taeger et al. [121] and Joyce et al. [123], previously
reviewed. Besides the analysis of these retrieved implants, the authors researched DLC coatings
failure mechanisms promoted by interface dissolution, which was found as the main mechanism of
coatings in vivo failure in the retrieved implants. Falub et al. [126] reported a quantitative in vitro
method to predict the lifetime of DLC coatings adhesion to CoCrMo substrate, which is typically
used in biomedical implants immersed in PBS solution at 37 °C. These tests are used to evaluate the
coatings after deposition in order to determine the interface fracture toughness and the effects of
environmental conditions, such as exposure to varying humidity and ion concentrations or human
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body natural potential changes are not considered. Yet, Falub et al. [126] showed that the even static
environmental conditions play an important role in the evolution of coatings adhesion around the
Rockwell indentation. The time evolution of the 2 um DLC coating on a CoCrMo alloy immersed in
PBS solution is shown in Figure 12.

Figure 12. Delamination area evolution of 2 um-thick DLC coating on CoCrMo around Rockwell
indentation using a load of 1500 N: (a) t = 0, (b) t = 15 min, (c) = 65 min, (d) f=4h 25min, (e) t =16 h
50 min, (f) t = 160 h 40 min. Between immersions, the coating was immersed in PBS at 37 °C. Reproduced
from [126].

The optical micrographs shown in Figure 12 clearly show that the delamination area around
the indentation increased with time, thus suggesting that the delamination of the coating is a result
of combined applied load and corrosion process induced by the PBS electrolyte. The corrosion
mechanism was attributed to stress—corrosion cracking. Cracks resulting from residual or applied
stress cause corrosion reactions at the interface, which leads to coating adhesion decrease and
subsequently delamination.

3.3. Conclusion

In summary, the electrochemical corrosion behaviour of films deposited by magnetron
sputtering is mainly affected by three characteristics: (i) composition, (ii) morphology, and (iii)
architecture. These characteristics are, in turn, affected by intrinsic and extrinsic features of the
system substrate-film-electrolyte, such as the type of film growth, defects, density, phases, resistivity,
film-substrate adhesion, among others, as summarized in Figure 13. As a result, the great difficulty of
controlling the electrochemical corrosion of magnetron-sputtered films lays on the fact that some of
these features are interconnected, and thus, by changing one, the others will be modified. For example,
the composition of the films (together with the deposition conditions) can largely alter their columnar
or granular growth, as well as the porosity and boundaries density in the materials. Changing the
architecture of the coatings by creating bi-layers or multilayers may alter the porosity and defects
of the system, also affecting the electrochemical corrosion. Moreover, the type of substrate not only
modifies the growth of the films, but also activates galvanic processes within the films and/or alters
their adhesion strength. These relations make crucial the study of the effects of small changes in the
production process of MS coatings on their electrochemical corrosion behaviour.
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ELECTROCHEMICAL CORROSION IN MAGNETRON SPUTTERED FILMS
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Figure 13. Characteristics of magnetron.sputtered films affecting the electrochemical corrosion.

When considering biomedical applications, since the human body represents a very complex and
demanding system, the materials must be carefully selected, and the protection of metallic implants
from corrosion is a demanding requirement. In spite of the dependence of the corrosion behavior on
intrinsic and extrinsic features of the biomaterial, the body fluids are very complex and, thus, simulated
body fluids, comprising organic compounds, proteins and/or cells, represent a very complex corrosive
environment, which can deteriorate the corrosion performance offered by coatings in neutral electrolytes.
Despite a large number of laboratory and preclinical studies on these coatings and their long-date use,
the number of clinical case studies is still scarce, and controversial findings are reported in the existing
ones. Still, some conclusions can be withdrawn: (i) The main cause of failure in coatings is related
to coating delamination; (ii) The delamination of the coatings occurs mainly as a result of adhesive
failure due to the occurrence of electrochemical corrosion processes, where permeation of the coating is
promoted either by the coating’s properties (morphology, architecture, and defects) or by wear.
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supplementary materials.
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