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Coatings are one of the forms of surface modifications of several parts produced in many branches
of industry and daily life. Coatings may be applied for the protection of carbon steels, aluminum
alloys, and even wood and concrete against environmental influence. The hard coatings decrease the
wear resistance. However, even though painting is the most popular method of deposition of coatings
on buildings, bridges, ships, etc., several functional coatings are being intensively developed. Such
examples include the gas-barrier thin films protecting food [1], the coatings against excessive wear
of different parts [2,3], textile coatings, e.g., by nanosilver [4], super-hydrophobic coatings [5], and
ceramic–metal coatings for protection against erosion [6]. The coatings are often applied in medicine
to make the healing time of load-bearing implants with bone faster, to enhance the antibacterial
properties, to make steel implants bioinert and easy to remove, and many others. The examples are
numerous [7–12].

This Special Issue is aimed at reviewing the newest achievements, particularly in biocoatings.
They may be obtained through many techniques, such as direct electrocathodic deposition, pulse
electrocathodic deposition, electrophoretic deposition, micro-arc oxidation, chemical and plasma vapor
deposition, magnetron sputtering, pulsed laser deposition, electropolymerization, and the sol–gel
method, further described in [13–22]. The biocoatings may be made of ceramics, polymeric, metals, or
be composite coatings, all so far proposed in the literature.

The electrodeposition coating is among the most plausible techniques, because it makes it possible
to design and obtain coatings with different microstructure, thickness, adhesion, and mechanical,
physical, chemical, and biological properties. In this Special Issue, composed of nine papers, such
examples are shown. One of them shows the deposition of metallic coatings, four papers consider
oxidation processes of titanium alloy, three papers are devoted to composite coatings, and the last is
review paper on the materials and methods.

Vainoris et al. [23] focused on metallic copper coatings deposited on a flat surface and 3D foams
of Cu substrate. The copper deposition occurred much faster on copper foams than on a flat surface,
making the metal foams highly suitable for electrowinning. The mechanism of copper deposition was
determined, and the capacities of the double electric layer (DL) were calculated. In particular, the DL
capacity was much higher and the charge transfer resistance slightly lower for the Cu foam electrodes.
As a consequence of this research, the metal foam electrodes were recommended for use in several
electrochemical processes.

Ossowska and Zieliński [24] investigated the behavior of new and already used dental implants
and the role of oxide layers. In particular, the possible mechanisms of oxide degradation and its
influence on titanium corrosion at inflammation states were considered. The extremely low dissolution
of rutile, slightly increasing along with pH, was measured. The diffusion of titanium ions through the
oxide layer was shown as negligible. The single important mechanism of corrosion was demonstrated
as initiated by the oxide layer damage at the defects caused by either the manufacturing process or
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implantation surgery. Therefore, a stepwise appearance and development of cracks through the oxide
layers could be observed and enhance titanium corrosion.

Ossowska et al. [25] focused on the development of sandwich oxide coatings on a titanium
base. Two-stage oxidation resulted in the inner solid layer and the outer nanotubular layer of oxides.
Such structure of the coating significantly improved mechanical (hardness) and chemical (corrosion
resistance) properties. This new technique may be used to substantially improve the surface of titanium
load-bearing implants.

Jażdżewska and Bartmański [26] aimed at increasing the corrosion resistance and improving
the biocompatibility by oxidation of a model screw dental implant made of the Ti–13Nb–13Zr alloy.
The obtained nanotubular layers were of thickness 30–80 nm. The important difference in roughness
was noticed between the top of the helix and its bottom. Uneven oxidation of screw model implants
resulted in higher corrosion current and less noble corrosion, also known as pitting.

Dziaduszewska et al. [27] studied the micro-arc oxidation in some Ca- and P-containing electrolytes
of the selective laser-melted Ti–13Nb–13Zr alloy to obtain ceramic–ceramic composite coatings. The
study showed the voltage as the most significant process parameter influencing the coating characteristic.
They obtained the coatings with a high Ca:P ratio, hydrophilicity, early-stage bioactivity, Young’s
modulus, and hardness close to those of bone, and appropriate adhesion of the coating to the titanium
surface preventing delamination. Such coatings are especially suitable for dental implants.

Majkowska et al. [28] investigated deposition by the electrophoretic method of ceramic–ceramic
coatings composed of hydroxyapatite and carbon nanotubes achieved as bilayers (subsequent
deposition) and hybrid coatings (simultaneous deposition). It was shown that the pure multi-wall
carbon nanotubes (CNTs) layer showed the best mechanical and biological properties. Both bilayers
and hybrid coatings demonstrated insufficient properties attributed to the presence of soft, porous
hydroxyapatite and the agglomeration of CNTs.

Pawłowski et al. [29] studied the ceramic–polymer coatings obtained by electrophoretic deposition
and composed of chitosan and Eudragit compounds. The best process parameters were estimated.
The Young’s modulus of coatings was close to that of human cortical bone. The doping of Eudragit
significantly reduced the degradation of coatings in artificial saliva at neutral pH, while maintaining
high sensitivity to pH changes. The composite coatings showed a slightly lower corrosion resistance
compared to the chitosan coating, and comparable hydrophilicity.

Zhang et al. [30] studied metallic (Fe)–ceramic coatings obtained by micro-arc oxidation on Mg
alloys. The deposition of such coatings substantially increased the degradation resistance and in vitro
cytocompatibility. The developed coatings exhibited potential in clinical applications.

In their paper, Zieliński and Bartmański [31] reviewed the state of the art in electrodeposition
coatings. The developments of metallic, ceramic, polymer, and composite electrodeposited coatings
were investigated. The direct cathodic electrodeposition, pulse cathodic deposition, electrophoretic
deposition, micro-arc oxidation in electrolytes rich in P and Ca ions, electro-spark, and electro-discharge
methods were characterized. The most popular were the direct and pulse cathodic electrodeposition,
and electrophoretic deposition. The justification of the development of different coatings was an
expected increase in bioactivity, mechanical strength, adhesion of coatings, and antibacterial properties.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The geometry of porous materials is complex, and the determination of the true surface
area is important because it affects current density, how certain reactions will progress, their rates,
etc. In this work, we have investigated the dependence of the electrochemical deposition of copper
coatings on the geometry of the copper substrate (flat plates or 3D foams). Chronoamperometric
measurements show that copper deposition occurs 3 times faster on copper foams than on a flat
electrode with the same geometric area in the same potential range, making metal foams great
electrodes for electrowinning. Using electrochemical impedance spectroscopy (EIS), the mechanism
of copper deposition was determined at various concentrations and potentials, and the capacities of
the double electric layer (DL) for both types of electrodes were calculated. The DL capacity on the
foam electrodes is up to 14 times higher than that on the plates. From EIS data, it was determined
that the charge transfer resistance on the Cu foam electrode is 1.5–1.7 times lower than that on the Cu
plate electrode. Therefore, metal foam electrodes are great candidates to be used for processes that are
controlled by activation polarization or by the adsorption of intermediate compounds (heterogeneous
catalysis) and processes occurring on the entire surface of the electrode.

Keywords: metal foam; surface area; electrowinning; Cu electrodeposition; EIS; double electric
layer capacitance

1. Introduction

The ever-increasing need for electronics, especially, handheld and portable electronics, and the
need to reduce their size and increase their efficiency, generates a lot of various electronics waste
all over the globe [1–3]. There are many ways to reclaim used metals in electronic waste; however,
electrowinning is a very efficient and quite selective process allowing the recovery of high amounts
of various pure metals [4–6]. Metallic foams and porous electrodes have an outstanding potential
to be used as a cathode to collect deposited metals because of the functionality of their combined
material properties resulting from their specific morphology. There already is great interest in the
synthesis of various porous materials such as metal foams, nanowires, porous coatings, thin porous
films, etc. [7–15]. Depending on the materials, type of pores (open or closed cells), the porosity and size
of pores, such materials have broad application capabilities, from simple ones such as heat transfer or
electrodes to more complicated cases of various redox reactions, catalysis, sensing, supercapacitors, or
even gas storage because of the high surface area and low density available [9,16–29].

Any solid metal surface that acts as a substrate for electrochemical reactions possesses a certain
roughness that can affect in different ways the values of the limiting diffusion current and the exchange
current density. On the other hand, if the surface coarseness is relatively small, the limiting diffusion
current density does not depend on the surface roughness, and it can be only correlated to the apparent

Coatings 2020, 10, 822; doi:10.3390/coatings10090822 www.mdpi.com/journal/coatings5
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surface of the electrodes. If the surface roughness of electrodes increases, the effective values of the
exchange current density are also increased for the process under consideration, which is standardized
to the apparent electrode surface area. At the same time, the limiting diffusion current density depends
on the surface coarseness due to the decrease of the effective value of the diffusion layer thickness. If the
level of the electrode surface coarseness remains low, the change of the limiting diffusion current density
can be neglected [30]. In addition, it has been shown that when the metal deposition is controlled by
diffusion (particularly silver), the surface with the highest surface roughness had a lower number
of active sites but higher deposition efficiency and a higher efficiency of charge transfer [31]. The
dependence between surface roughness and deposition efficiency is non-linear; the surface roughness
needs to be quite high to affect the deposition efficiency [31,32]. It was proven that when the deposition
reaction is controlled by the diffusion, the geometry of the electrode has no significant influence on the
reaction [33]. Using very porous or surfaces with high roughness, one can eliminate activation and
diffusion overpotentials, making the reaction process controlled by Ohmic effects and thus making
the reaction much faster [30,31]. All these effects make porous metal electrodes with pore diameters
higher than 50 μm high-performance cathodes for deposition reactions under diffusion control.

The estimation of the active surface area of highly porous conducting materials is also very
important. Thus, various in situ or ex situ techniques can be used for these purposes. In situ techniques
are preferred, since drying the sample can cause changes in the surface area and/or oxidation of
the surface, changing its characteristics. Depending on the material and its porosity, one can use
techniques for double electric layer estimations (cyclic voltammetry, initial charge-up dependencies,
electrochemical impedance spectroscopy (EIS)), or adapt various adsorption/redox reactions that
occur on the surface (underpotential depositions, adsorption measurements, reduction of various
dyes, etc.) [29,34–39]. The classical techniques for surface area estimation—liquid permeability, gas
adsorption (Brunauer–Emmett–Teller technique)—in some cases can also be used [34,35,39]. However,
these techniques require higher amounts of materials and can have quite large error margins, depending
on the geometry of the pores and the sample itself. For porous materials that are quite level, and
with ordered pores, more sophisticated techniques could be used for porosity estimation such as
atomic force microscopy (AFM) or spectroscopic ellipsometry; the latter requires a rather complex
modeling [40–42].

EIS is a very powerful and versatile in situ technique that allows not only estimating the true
surface area of conducting materials but also investigating the surface and the processes happening at
the surface [9,20,23,27,29]. Using the EIS technique, one can investigate both Faradaic and non-Faradaic
processes on the surface simultaneously [27,29,34,35,43–47]. Even the size and distribution of the pores
can be characterized by employing the EIS technique [45,46]. However, the surface area determined by
EIS or any other electrochemical method is not the true surface area, but rather the electrochemically
active surface area, which can be much more useful when trying to determine the activity of porous
materials for a hydrogen evolution reaction (HER) or other electrochemical reaction [39–47].

In this work, we investigated the deposition of copper on the plate (2D) and foam (3D) copper
substrates using voltammetry and EIS. The comparison of 2D and 3D electrodes has been carried out
to determine differences in double electric layer formation, charge transfer, diffusion, and deposition
rates. These results are important for trying to enhance the potential application of foam electrodes in
industry, and particularly for the electrowinning of copper from electronics waste.

2. Materials and Methods

2.1. Materials and Sample Preparation

All of the chemicals used for analysis were of analytical grade (Carl Roth, Karlsruhe,
Germany). Solutions have been prepared using deionized water (DI). Solution compositions used for
electrochemical experiments are shown in Table 1. The pH of solutions was adjusted using sulfuric acid
and controlled by a benchtop pH-meter ProLine Plus (Prosence B.V., Oosterhout, The Netherlands).

6
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Cu plates and Cu foam electrodes served as working electrodes. The Cu foam sheets used to fabricate
electrodes were purchased from Alfa Aesar. To characterize commercially available copper foams, we
have done some experiments trying to determine the basic characteristics of this foam. Foam density
has been determined as gravimetrically being equal to 0.748 g/cm3, making the porosity of the foam to
be around 90.5%. The copper foam has a 3D interconnected porous structure, which can be observed in
SEM images (Figure 1). The pore size varies from 1 to 0.1 mm. The surface of the foam is very uneven,
making the true surface area of the already porous copper foam even larger.

Figure 1. SEM images at low (a) and high (b) magnification of 3D copper foam.

Working electrodes (copper plates and copper foams) have been washed and degreased using
acetone, ethanol, and water in succession and in combination with ultrasonic bath. Both flat and porous
samples were 1 cm × 1 cm in geometrical size with both sides conducting. To ensure that the working
surface was that of the desired size, other parts of the samples were isolated using insulating plastic
spray (PRF 202, Taerosol Oy, Kangasala, Finland). Just before measurements, the native copper oxide
layer has been removed by dipping copper samples into 2 M H2SO4 solution for 2 s and afterward
rinsing with DI water.

Table 1. Composition of solutions used for electrochemical measurements.

c(CuSO4), M c(Na2SO4), M pH

0.01 0.49 3.6
0.05 0.45 3.6
0.1 0.4 3.7
0.2 0.3 4.1

2.2. Instrumentation and Methodology

Morphology: The morphology of copper foams has been investigated using a scanning electron
microscope (SEM, Hitachi’s Tabletop Microscope TM-3000, Tokyo, Japan).

Electrochemical Measurements: Electrochemical measurements (voltammetry, EIS,
chronoamperometry, etc.) have been performed using programmable potentiostat/galvanostat
AUTOLAB PGSTAT 302N (Metrohm, Utrecht, The Netherlands). The software used for controlling the
hardware was Nova 1.11.2.

Conditions of Electrochemical Measurements: A three-electrode system was used for all the
electrochemical experiments, where Cu plates or Cu foams were used as working electrodes, circular
platinized titanium mesh (Alfa Aesar, Ward Hill, MA, USA) was used as a counter electrode, and
Ag/AgCl filled with saturated KCl solution (Sigma-Aldrich, St. Louis, MO, USA) was used as a
reference electrode. The distance between the counter and working electrode was fixed at 2.5 cm. All
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electrochemical experiments have been performed at room temperature. Voltammetry measurements
were done using the potential sweep voltammetry technique on Cu plates and Cu foams as working
electrodes, starting at open circuit potential and going up to −1.2 V versus Ag/AgCl at a 2 mV/s scan
rate. Voltammetry measurements have been performed using all the solutions shown in Table 1.
Chronoamperometry experiments were performed at 4 distinct potentials (−0.1, −0.2, −0.4 and −0.6 V
versus Ag/AgCl) using different substrates as working electrodes (Cu plates or foams) in 0.1 M CuSO4

and 0.4 M Na2SO4 solution. The same amount of electric charge was used to deposit coatings, i.e., 30 C.
The current efficiency was calculated using chronoamperometry data and change in substrate mass
after deposition.

Electrochemical Impedance Spectroscopy (EIS): Electrochemical impedance spectroscopy (EIS)
measurements have been done using a standard three-electrode system, carried out in a frequency
range of 10 kHz to 0.1 Hz, using perturbation amplitude of 10 mV. Obtained data were fitted to the
equivalent electric circuit model (EEC) using ZView 2.8d software.

3. Results and Discussion

3.1. Copper Foam Characterization

In order to determine how the behavior of copper foams differs from flat surfaces in solutions,
voltammetry experiments with different copper sulfate concentrations were carried out; the
compositions of the solutions are shown in Table 1. The concentration of the sulfate anion was
kept at 0.5 M to maintain the same buffering power in all of the solutions. The obtained polarization
curves for the plate and foam electrode are shown in Figure 2, where the ordinate axis is displayed in a
logarithmic scale because of a big difference in the current values between tested concentrations. To
estimate the influence of porosity on the copper deposition, the geometrical sample size was the same
for both Cu plates and Cu foams (1 cm × 1 cm). As can be seen from Figure 2, Cu deposition starts
somewhere around −0.075 V versus Ag/AgCl and did not depend on the substrate used. After the peak
representing the Cu2+ reduction to Cu0, the current on both surfaces and all the concentrations turns
into an almost constant one. The reason for this could be the mass transport limitations because the
leveling off of the current depends on the concentration of Cu(II) in the solution. This is also supported
by the slight increase of the current with the rise of polarization at higher concentrations (50 mM to
0.2 M), showing that with higher potential, the positive ions are attracted from further away, and the
deposition rate increases.

In addition, voltammetry tests also showed that independently of the substrate used, the hydrogen
evolution reaction (HER) started in the range of −1.0 to −1.1 V versus Ag/AgCl in the solutions
containing 10 and 50 mM of CuSO4. This fact could be attributed to the governing role of pH change in
the pre-electrode layer during electrodeposition, and this change seems to be similar for both solutions.
However, in the solution containing 0.2 M CuSO4, the HER started around −0.75 V versus Ag/AgCl
on both surfaces. It can be linked to the higher rate of copper electrodeposition, and in turn, the pH
decrease near the working electrode. Thus, the major difference between the two surfaces can be
noted from voltammetry experiments: there was an approximately 3 times higher current on the foam
substrate at all potentials in comparison to the flat surface. This difference can be explained by the
better hydrodynamic conditions of copper foams substrate: the porous surface allows for faster mass
transport and exchange.

For further investigation, the solution containing a similar amount of Cu(II) as in solutions used
for the metals recovery from the electronic waste was chosen. Regarding the influence of the surface
type on the Cu electrochemical deposition, chronoamperometric measurements have been done in
0.1 M CuSO4 and 0.4 M Na2SO4 solution at four fixed potentials: −0.1, −0.2, −0.4, and −0.6 V versus,
Ag/AgCl, and at a fixed amount of charge passed through the cell (30 C). The results have been
summarized and are shown in Table 2.
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(a)

10 mM 50 mM 0.1 M 0.2 M

(b)

10 mM 50 mM
0.1 M 0.2 M

Figure 2. Cathodic voltammograms on Cu plate (a) and foam (b) obtained in the electrolytes with
various concentrations of CuSO4 (the compositions of solutions are shown in Table 1), potential scan
rate 2 mV/s.

Table 2. Cu deposition rates on 2D and 3D electrodes in the solution containing 0.1 M CuSO4 and 0.4
M Na2SO4.

Cu Plate Cu Foam

E, V versus
Ag/AgCl

Deposition
Time (s)

Cu Deposition
Rate (mg/min)

E, V versus
Ag/AgCl

Deposition
Time (s)

Cu Deposition
Rate (mg/min)

−0.1 1763 0.33 −0.1 643 0.94
−0.2 1681 0.35 −0.2 574 1.1
−0.4 1603 0.36 −0.4 593 1.0
−0.6 1571 0.37 −0.6 518 1.2

Chronoamperometric measurements (Table 2) clearly show an approximately 3 times faster copper
deposition rate on the foam at all tested potentials. In this case, there was no hydrogen evolution,
and the deposition efficiency was almost 100% on both substrates. A considerably higher deposition
rate on the cooper foam substrate supports the idea that the deposition is controlled by diffusion to
the electrode having a higher specific surface area. In addition, a higher metal deposition rate on the
foam electrodes makes them an attractive substrate for the electrowinning of metals compared to other
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materials having a similar geometric area. The morphology of deposits is influenced by the potential
and type of substrate, as it is shown in the SEM images in Figure 3.

E, V vs 
Ag/AgCl Cu Plate Cu Foam 

  

 

Figure 3. SEM images of potentiostatically electrodeposited Cu coatings at different cathodic potentials
on flat and foam copper substrates after 30 C passed charge. The bath was 0.1 M CuSO4 and 0.4 M
Na2SO4.

The copper deposits have globules shapes on the flat electrodes, and the morphology did not
differ at these two potentials. This is related to the very similar electrochemical deposition rates at
these potentials, and as it can be seen from the voltammetry data (Figure 2) and efficiency of deposition,
there were no side reactions, and the current was similar at these two potentials. Another case is
the deposition on the porous substrate. At −0.2 V versus Ag/AgCl, copper forms cauliflower-like
crystalline agglomerates with well-defined edges. At higher potential, the copper forms smoother
surfaces that are still cauliflower-like structures. The coverage of both surface geometries was good
even without external agitation, even at low potentials.

3.2. Surface Area and Diffusion Rate Estimations

To characterize copper foams and estimate the active surface areas for the charge and mass transfer
processes that occur during the electrochemical deposition of copper, we utilized the EIS technique.
EIS measurements have been done for all the solutions listed in Table 1. EIS measurements were
performed at cathodic potentials of −0.125, −0.15, −0.175, and −0.2 V versus Ag/AgCl on flat and
porous copper substrates. These potentials were chosen based on chronoamperometric data. At such
low potentials, the change of surface morphology during deposition is still minimal and can be ignored
in this case. Typical EIS scans on the copper plate at various potentials are shown in Figure 4. From the
EIS data plots, we can see that at investigated potentials, the data plot can be divided into two zones:
the high-frequency semicircle and the low-frequency (starting around 75–100 Hz) 45◦ angle line. The
high-frequency semicircle can be attributed to charge up of the double layer and charge transfer to the
copper ions, whilst the low-frequency line is attributed to the formation of the concentration gradient
of the copper ions. To better evaluate ongoing processes, EIS data were fitted to the equivalent electric
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circuit (EEC) that is shown as an inset in Figure 4 of the Nyquist plot (a). The elements of applied EEC
have the following physical meaning: R0 is resistance at the electrode/electrolyte interface, CPE(DL) is
a double-layer capacitance modeled via the constant phase element (CPE), R(CT) is a charge transfer
resistance, CPE(W) stands for the capacitance caused by the concentration gradient, and R(Diff) is a
resistance caused by the concentration gradient. The element CPE(W) is attributed to the diffusion
because of the signature 45◦ angle seen in the Nyquist plots at low frequencies (Figure 4), and the value
n in this CPE element was very close to 0.5 in all the experiments. This constant phase element acting
only in the low-frequency region represents diffusion, and it can be used as a Warburg element when
n = 0.5 [48,49]. The values of the constant phase element CPE(DL) have been recalculated into true
capacitance using Hsu and Mansfeld’s equation [50]. All values of components of the fitted EEC are
indicated in Table 3.

 

°

Figure 4. Cont.
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°

Figure 4. Nyquist (a,d) and Bode plots (b–c,e–f) on Cu plate (a–c) and foam (d–f) registered at various
potentials (indicated on graphs) in 0.1 M CuSO4 + 0.4 M Na2SO4 solution at 20 ◦C. Points—experimental
data, solid lines—results of fitting to equivalent electric circuit (EEC) shown in the inset (a).

As it is seen, the proposed EEC describes well experimental EIS data on both substrates in a
whole investigated potential range. The values of the capacitance of the double electric layer on both
substrates might be used to estimate differences in real areas between the plate and foam electrodes, i.e.,
to estimate the roughness factor as a ratio of C(DL) on foam and plates that have the same geometric
area (1 cm × 1 cm). Notably, the double-layer capacitance (C(DL)) extracted from the EIS data is 50 μF
(see Figure 5), and it is in good agreement with the theoretical values assigned to 1 cm2 of copper [49].
The capacitance of the double layer of a commercial foam, that has the same geometric area as a plate,
is 7 to 14 times higher in comparison with a plate electrode. The thickness of the double electric layer is
very small and is in tens of nanometers; therefore, this layer replicates the surface morphology on the
nano-level, and the ratio with the value obtained on the plate electrode can represent the roughness
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factor, and it matches the ratio of C(DL) of both surfaces –(C(DLfoam); C(DL plate) is 7–14:1). However,
the increase of double-layer capacitances with the increase of applied cathodic potential on both flat
and porous surfaces is different. On the porous electrode, the C(DL) increase is much higher when
compared to the change in capacitances of the flat electrode. This increase is related to the much higher
surface area, and the distribution of current on the surface of the foam. With higher potential, the
current distributes more evenly on the whole foam surface, and the edge effect is less apparent, which
also influences the surface area estimations [51,52].

When looking at the effect that the concentration of copper ions has on the EIS parameters (Table 3),
we can divide the results into three sections: high concentration (0.2 M), mid-level concentrations (0.1
and 0.05 M), and low concentrations (0.01 M). The double electric layer (DL) capacitance values do not
differ that much with the change of the concentration on both surface geometries. However, when
looking at charge transfer resistance, the differences between concentrations are significant. At low
concentrations, the charge transfer resistance is very high; this is caused by the lack of copper ions. In
contrast, this resistance at mid-level concentrations is around 6–9 Ω, which depends on the surface
geometry as well as applied potential (Figure 5). At high concentrations (0.2 M and higher), the charge
transfer resistance values decrease approximately 3 times on both surfaces, because of an abundance of
conducting particles. Nevertheless, this charge transfer resistance is lower at all investigated potentials
and all concentrations on the foam electrode, showing that the reduction reaction occurs faster on the
copper foams.

When taking a look at the charge transfer resistance dependence on potential (Figure 5) with both
types of electrodes, it is clear that the 3D electrode displays approximately 1.5–1.7 times lower charge
transfer resistance than the 2D electrode, agreeing with the results of voltammetry (see Figure 2). The
differences in the charge transfer resistance on plate and foam electrodes are lower than the differences
in the capacitances of DL, because the reaction layer is thicker than the DL, and in some areas of
the foam electrode, it overlaps. As it can be seen from Figure 5, the difference between 2D and 3D
electrodes in charge transfer resistance is higher at low potentials; thus, the charge transfer reaction on
the foam occurs easier, and it partially explains the higher Cu deposition rate (see Table 2). However,
lowering the charge transfer resistance, or in turn, the increase of the rate of the charge transfer reaction
by approximately 2 times, does not result in increases in the Cu deposition rate by approximately
3 times.

 
Figure 5. Dependence of double-layer capacitance (ordinate at the right) and charge transfer resistance
(ordinate at the left) on potential applied for Cu plate and foam electrodes in 0.1 M CuSO4 + 0.4 M
Na2SO4 solution.

To further characterize the difference in copper deposition reactions on flat and porous copper
surfaces, the components of EEC related to diffusion have been investigated in detail (Figure 6). The
foam has lower charge transfer resistance, meaning faster reactions and better hydrodynamic qualities,
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allowing for faster diffusion and in turn the much faster deposition, even with a larger surface and in
turn, lower current density.

 
Figure 6. Dependence of diffusion-related elements of EEC on the potential applied. Measurements
performed using a copper plate and copper foam as working electrodes in 0.1 M CuSO4 + 0.4 M
Na2SO4 solution.

Table 3. Values of electrochemical impedance spectroscopy (EIS) parameters obtained by fitting
data obtained on copper foam and copper plates at −0.175 V versus Ag/AgCl at different copper
concentrations. EC used for modeling shown in Figure 3 inset. CPE(DL): a double-layer (DL) capacitance
modeled via the constant phase element (CPE), CPE(W): the capacitance caused by the concentration
gradient, R(CT): charge transfer resistance, R(Diff): resistance caused by the concentration gradient.

Cu Plate
0.2 M CuSO4 + 0.3

M Na2SO4

0.1 M CuSO4 + 0.4
M Na2SO4

0.05 M CuSO4 +
0.45 M Na2SO4

0.01 M CuSO4 +
0.49 M Na2SO4

C(DL), μF 40.5 49.3 41.9 56.4
R(CT), Ω 2.98 8.76 7.44 54.66
CPE(W) 0.0696 0.0260 0.0285 0.00247

R(Diff), Ω 233.4 319.3 199.6 663.7

Cu Foam –

C(DL), μF 299.2 513.5 456.6 754.1
R(CT), Ω 2.39 6.65 6.74 122.20
CPE(W) 0.2033 0.0748 0.0668 0.0039

R(Diff), Ω 14.9 74.9 83.3 1551.0

The parameter related to diffusion CPE(W) at low concentrations is almost equal on both surface
geometries, showing that the diffusion effect is similar, but the resistance at low concentration is about
2.5 times higher. It means that the diffusion layer is much thicker on the copper foams surface because
of the porosity effect. Therefore, it causes a higher rate of copper electrodeposition. The overall trend
in mid-level and high concentrations is that with the increase of Cu2+ concentration, the CPE(W) value
increases, and the R(Diff) decreases. As it is seen from Table 3, the difference between R(Diff) values at
0.2 and 0.05 M concentrations on the flat surface is only around 14%, whereas on the foam electrode,
the values of R(Diff) are lower, but all values are sensitive to the concentration of Cu(II) in the solution.
The highest value of R(Diff) is obtained on the foam electrode at a relatively low concentration of
Cu(II), i.e., 0.01 M, which is probably due to the faster depletion of copper ion concentration in the
3D diffusion layer and the necessity of a longer time to supply Cu(II) ions into the pores. Since the
deposition rate on the foam electrode at a higher concentration of Cu(II) is 3 times faster than on the
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flat electrode, this is mirrored by the behavior of CPE(W), showing that the diffusion occurs 3 times
faster on the foam. The efficiency of charge transfer on the porous surfaces is higher as well, which is
in good agreement with other studies of metal depositions on porous surfaces [31].

To even better understand the diffusion peculiarities on 2D and 3D electrodes, the diffusion
impedance using extracted values from total impedance data (presented in Table 4) was calculated.
As it is shown in Figure 4, the copper deposition occurs under diffusion control at low frequencies
(below 100 Hz) on both foam and plate electrodes, and diffusion is modeled by a parallel connection of
CPE(W) and R(Diff) elements (see Figure 4). In this case, diffusion impedance, Zdiff, as a function of
frequency is calculated by the equation:

Zdi f f (ω) =
RDi f f

1 + ( jω)αQRDi f f
(1)

where Q and α are parameters of CPE(W), R(Diff) is resistance caused by diffusion, and ω is the phase
angle (ω = 2πf ). However, when α = 1 − Q is pure capacitance, in our case, α = 0.5, and the CPE
represents diffusion [53].

The calculated diffusion impedance data are presented in Figure 7. As it is seen, the diffusion
impedance on the plate Cu electrode is 2–4 times higher than that on the foam Cu electrodes, which is
dependent on the frequency and potential applied.

(a)

(b)

Figure 7. Bode plots of extracted diffusion impedance at various potentials on flat Cu substrate (a); and
Cu foam substrate (b).

These results once again confirm the chronopotentiometric data obtained on both 2D and 3D Cu
electrodes. For chronopotentiometry experiments, current values have been chosen higher than the
limiting current values seen in Figure 8. In this case, the transition time at which the concentration
of metal ions on the electrode becomes equal to zero is visual on the chronopotentiograms, and the
effective diffusion coefficient can be calculated by the Sand equation:

i
√
τ =

nFAC0
√
πDe f f

2
(2)

15



Coatings 2020, 10, 822

where τ is a transition time (s), i is a current (A), C0 is the concentration of Cu(II) ions (mol/cm3), Deff

is the effective diffusion coefficient (cm2·s−1), F is Faraday’s constant, n is the number of electrons
participating in the electrochemical reaction; and A is a geometrical surface area.

Figure 8. Chronopotentiograms on flat (continuous lines) and porous (dashed lines) electrodes at
various current densities in 50 mM CuSO4 and 0.45 M Na2SO4 solution. All the densities have been
calculated for the geometrical area of the substrate of 1 cm2.

In our case i
√
τ ∼ const, so the maximal deposition rate is controlled by the mass transfer. The

values of the effective diffusion coefficient of Cu2+ ions on both plate and foam Cu electrodes were
calculated by Equation (2), and the data are shown in Table 4. The effective diffusion coefficient on the
plate electrode is almost three times lower than on the foam electrode, and it is in good agreement with
EIS data.

Table 4. Effects of electrode geometry on effective Cu(II) ions diffusion coefficient.

Applied Current
Effective Diffusion Coefficient

Plate Foam

I, mA 106 D, cm2·s−1 106 D, cm2·s−1

−10 6.79 18.06
−12 6.72 19.70
−14 6.73 20.16
−16 6.62 20.77

Average Deff 6.72 19.67

So, copper foams are great substrates for reactions that are either limited by the mass transfer
(electrochemical depositions, etc.) or the ones that are restricted by adsorption or activation (HER
and similar), making them great candidates to reduce the size of electrodes, but not to lose out on the
efficiency and activity of electrodes.

4. Conclusions

A comprehensive investigation of the electrochemical deposition of copper onto 2D (plate) and
3D (foam) Cu substrates has been done. Using various electrochemical methods, it was determined
that the rate-determining step in a copper deposition is diffusion. The main processes occurring on
the electrode are the charge-up of double electric layer, charge transfer, and diffusion. The specific
electrochemically active area of Cu foam was estimated from EIS data, and based on the values of the
double electric layer, it was determined to be 7–14 times higher than that for the plate electrode. Based
on the EIS data, it was determined that the charge transfer resistance on the Cu foam electrode is 1.5–1.7
times lower than that on the Cu plate electrode, which results in an increase in a charge transfer rate of
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approximately 2 times. Based on the analysis of the diffusion impedance and chronopotentiometry
data, it was found that Cu2+ mass transfer and the copper deposition rate is up to 3 times faster on the
foam surface in comparison with a flat surface having the same geometric area in the same potential
range. In addition, effective diffusion coefficients have been calculated from chronopotentiometry data
using Sand’s equation. These findings make Cu foam an attractive material for metal electrowinning
processes as well as for processes controlled by adsorption (e.g., hydrogen evolution reaction).
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Abstract: Titanium dental implants show very good properties, unfortunately there are still issues
regarding material wear due to corrosion, implant loosening, as well as biological factors—allergic
reactions and inflammation leading to rejection of the implanted material. In order to avoid performing
reimplantation operations, changes in the chemical composition and/or modifications of the surface
layer of the materials are used. This research is aimed at explaining the possible mechanisms of
titanium dissolution and the role of oxide coating, and its damage, in the enhancement of the corrosion
process. The studies of new and used implants were made by scanning electron microscopy and
computer tomography. The long-term chemical dissolution of rutile was studied in Ringer’s solution
and artificial saliva at various pH levels and room temperature. Inductively coupled plasma mass
spectrometry (ICP-MS) conjugated plasma ion spectrometry was used to determine the number
of dissolved titanium ions in the solutions. The obtained results demonstrated the extremely low
dissolution rate of rutile, slightly increasing along with pH. The diffusion calculations showed that the
diffusion of titanium through the oxide layer at human body temperature is negligible. The obtained
results indicate that the surface damage followed by titanium dissolution is initiated at the defects
caused by either the manufacturing process or implantation surgery. At a low thickness of titanium
oxide coating, there is a stepwise appearance and development of cracks that forms corrosion tunnels
within the oxide coating.

Keywords: dental implants; corrosion; ringer’s solution; artificial saliva; titanium oxide layers;
inductively coupled plasma mass spectrometry (ICP-MS)

1. Introduction

Titanium alloys possess good strength properties and high resistance to the most aggressive
environments such as hydrochloric acid or sulfuric acid [1–3]. The compact, stable oxide layer [4]
is responsible for corrosion resistance and biotolerance, effectively stopping the anodic pickling of
the substrate [5–7]. Another important function is to chemically stabilize the implant in the living
organism [4,8–10]. The more compact and bonded the passive layer is to the substrate, the better the
corrosion resistance. In the case of thick oxide layers, an improvement in tribological properties may
also be observed [7]. According to Hanawa et al. [11], the top sublayer of the titanium oxide layer
inhibits metal ion release [12,13] and its transformation in vitro. Additionally, the oxide layer promotes
osseointegration and bone adhesion [14–16].

It is known that each implant inserted into the body is treated as a foreign body and can cause
allergic reactions, inflammations, even the rejection of the implant. The human body is a very specific
environment as the body fluids—extracellular fluids and blood—contain aqueous solutions of certain
organic substances, dissolved oxygen, various inorganic anions (Cl−, HPO4

2−, HCO3−), and cations
(Na+, K+, Ca2+, Mg2+), which together represent a highly aggressive environment [17]. The presence

Coatings 2020, 10, 836; doi:10.3390/coatings10090836 www.mdpi.com/journal/coatings21



Coatings 2020, 10, 836

of amino acids and proteins accelerates the corrosion processes [18]. Besides, in the case of dental
implants, the composition of the saliva is highly complex, containing both inorganic salts and organic
components. This composition depends on many factors such as food, age, and diseases and the
pH of saliva can vary around dental implants. The ingestion of acidic beverages can decrease the
buccal pH, and the infections can also acidify the pH of saliva, contributing to the corrosion of dental
implants. On the other hand, titanium and its alloys are sensitive to tribocorrosion [19]. The oxidation
is performed mainly to prevent corrosion of titanium and its alloys in severe conditions. For dental
implants, such oral environments include varying pH, acid attack and the presence of chemical
compounds such as cetylpyridinium chloride, sodium fluoride and hydrogen peroxide [20].

The action of media containing fluoride ions causes degradation of the continuity of the oxide
film followed by damage to the titanium as a result of the ingestion of fluoride ions into the oxide layer,
thereby reducing its protective properties [21,22].

Corrosion processes influence changes in the structure of the implanted material, weakening
its integrity, which can result in material discontinuities and cracks. Cells in direct contact with the
exposed surface of the material are stimulated for the intensive secretion of inflammatory mediators,
mainly neutrophils and macrophages [23]. In vitro studies [24] show that corrosion products are
harmful to cell differentiation and proliferation processes.

The dissolution of the titanium oxide layer is due to the process of ion diffusion into the layer.
In titanium, the oxygen atoms migrate via the interstitial diffusion mechanism, occupying the free,
octahedral interstitial positions in the titanium hexagonal lattice. Studies conducted by Wu and
Trinkle [25] showed that for oxygen atoms not only interstitial but also axial positions are available,
i.e., all arrangements of oxygen atoms in the titanium matrix are possible.

The oxidation of titanium is faster when the material is subjected to high temperatures and the
influence of an oxygenated environment. The overall oxidation reaction includes the formation of
oxide followed by the diffusion of oxygen into the bulk of the titanium. Oxygen diffusion creates an
oxygen-enriched layer due to the high solubility of oxygen in the titanium and the oxygen stabilizing
effect in the crystalline titanium structure [26]. In solids, the most likely atomic diffusion mechanism is
a vacancy or interstitial mechanism, i.e., the motion of atoms occurs as the consequence of the presence
of imperfections [27]. The interstitial diffusion mechanism is typical for low atomic radius atoms such
as hydrogen, oxygen, carbon, and nitrogen.

The great advantage of the oxide layers produced on titanium and its alloys is their capability of
repassivation, and some released ions depend on regeneration. Hanawa et al. [11], while measuring
repassivation potentials, estimated the recovery rate of the oxide layer in 0.9% physiological saline:
for 316L steel as 35.3 min, for Ti6Al4V as 8.2 min, and Co28Cr6Mo as 12.7 min. The research conducted
by Hanawa et al. [28] showed that in Hanks’ solution, the rate of repassivation was lower than in 0.9%
saline solution.

Metallic elements have a different tendency to release ions, and even trace amounts of elements in
the alloy composition should not be neglected [11]. There are data on the significant contents of some
alloying elements of Ti6Al4V within the tissue around the implanted alloy. So far [29] reports on the
consequences of ion release into the body have focused on the importance of the possible impact of
released ions on biomolecules and the initiation of adverse biological reactions as the titanium ions
could quickly react with water molecules or inorganic anions, easily binding with body fluids.

Osseointegration involves a series of biological events influenced by multiple factors. Among
them, the porous-structured Ti alloys have shown to allow rapid bone ingrowth and improved
osseointegration by increasing the bone-implant interface area [30,31]. Such conditions are achieved for
dental implants by micro-arc oxidation, which brings out the rough surface [19,32–35]. The bioactivitity
is usually increased by anodic oxidation in an electrolyte containing calcium phosphates [36,37],
and wear resistance by incorporation of tough nanoparticles [35].

We have put a hypothesis that the damage of oxide coating can be sometimes or often, the main
cause for the degradation of material and removal of the implant. The purpose of the study was to
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characterize the processes which allow for titanium dissolution from dental implants. To achieve that,
surface examinations of new and applied dental implants were carried out. The dissolution rates
of titanium dioxide (rutile) into two simulating body fluids at different pH values were performed.
The titanium transport through the oxide coating was also calculated.

2. Materials and Methods

2.1. Microstructural Characterization of Surfaces of Implants

The first stage of research was the qualitative analysis of the surface as well as of the cross-sections
for new and used (removed) dental implants. The tests were carried out on groups of samples:

• new dental implants in number of four, made of the Ti6Al4V alloy by four different companies
(called as A, B, C, and D);

• used dental implants in number of fourteen, removed at the Warsaw Medical Academy, from the
patients, no more than half a year after implantation, made of the Ti6Al4V alloy by four different
companies (called as above).

The examinations of the surfaces and cross-sections of new and used dental implants were
carried out at the Gdansk University of Technology using a scanning electron microscope (SEM; JEOL
JSM-7600F, JEOL Ltd., Tokyo, Japan). Before observation the new and used surfaces of dental implants
were cleaned in methanol. The cross-section samples were cut from the implants and were ground
with abrasive papers (No. 2500 as the last, Struers Inc., Cleveland, OH, USA).

To obtain detailed information on the geometry and presence of cracks or delaminations of the
coatings on the dental implants, a computer microtomography (CT) technique was used. The CT
examinations were made with the μCT (General Electric, Lewistown, PA, USA) phoenix v-tome-x s
using an X-ray “direct tube” with a set power of 17 W (70 kV, 100 μA). One thousand radiographs
(2D X-rays) for each tomogram were made with 360◦ rotation and an exposure time of 333 ms
(for a single radiogram). 3D tomograms were reconstructed from radiographs using the phoenix
datos-x2 reconstruction program and a standard reconstruction algorithm. The reconstructed samples
had a resolution of 2.413 μm/Voxel and were analyzed using the commercial VGStudio Max package.

2.2. Investigation of Dissolution Rate of Oxide Coatings

In the second stage, the tests of the dissolution rate of rutile (titanium oxide) were performed
in two simulated body fluids (SBF). The starting material was the titanium oxide powder (purity of
98.0%–100%) delivered by Acros Organics (Morris Plains, NJ, USA). Cylindrical samples, of dimensions
6 mm × 3 mm (diameter × length), were prepared using the classical powder metallurgy method
without a filler. The material was formed in a single-axis pressing process using a force of 2 kN acting
on the stamp for 60 s at the position shown in Figure 1.

 

Figure 1. The cold pressing scheme for manufacturing the titanium dioxide specimens by
powder metallurgy.
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The sintering process was carried out in a chamber oven (Type 22 MRT/1300, Conbest Ltd., Kraków,
Poland) at 1300 ◦C for 2 h in an air atmosphere. The samples were heated at a rate 0.5 ◦C/min up to
100 ◦C and then at a rate 3 ◦C/min. Such two-stage heating significantly limited the appearance of
cracks and delaminations were not observed.

Two simulated body fluids were used. Ringer’s solution was prepared based on commercial
tablets (Ringer’s tablet, Merck, Germany) and artificial saliva according to the composition shown in
Table 1. Hydrochloric acid (4M) (HCl) was used to prepare solutions of the appropriate pH values of 3,
5, and 7. The Elmetron CPI-505 pH meter was used to measure the pH values.

Table 1. Chemical composition of the artificial saliva.

Compound Content (g/L)

(NH2)2CO 0.13
NaCl 0.7

NaHCO3 1.5
Na3HPO4 0.26
K2HPO4 0.2

KSCN 0.33
KCl 1.2

The samples were cleaned in an ultrasonic washer and immersed in the prepared solutions
for 3 and 12 months. After this time the test solution samples were analyzed for total titanium
content at the Centre of Biological and Chemical Sciences, the University of Warsaw (Warsaw, Poland).
The inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer, Inc., Waltham, MA, USA)
was carried out by the norm E2371-13 to determine the titanium content in the solutions. The ions
were separated using a special mass analyzer, distributing the ions according to the value of their
mass-to-charge ratio. The ICP-MS was calibrated using an external calibration curve, which was
prepared using 1% nitric acid and a titanium pattern. The quadrupole mass spectrometer, Elan 9000
Perkin Elmer ICP-MS, with conjugated plasma induction excitation was used for the study.

The solutions were mineralized before measurements in a closed microwave system.
Approximately 1 g of the solution and 1 mL of 30% nitric acid were used for mineralization. The samples
were then diluted to 15 mL.

2.3. Calculations of Diffusion of Titanium Ions through Oxide Coatings

The last stage was the calculations of the theoretical diffusion rate of titanium atoms through the
rutile crystalline structure. The calculations were based on Arrhenius and Fick’s laws [38] and the
earlier high-temperature measurements [39,40].

3. Results

3.1. Examinations of Implants

Figure 2 presents the surfaces of different three new implants, produced by two companies,
A and B. The layer discontinuities, material defects appearing in the layer, unevenness, numerous
rolling scratches, and material allowances resulting from the surface treatment processes are visible
before implantation.

The used implants were obtained from surgeons from the Warsaw Medical University.
Only removed implants, among all, which demonstrated clear signs of damage, were selected.
When examinations of the used implants (Figure 3) were made, two areas of surfaces could be
distinguished. The first was the top of the threads, with characteristic flattened, rubbed bumps,
with clearly visible pits on the surface. The second type was the bottom of the threads, in which
there is a detachment of the material of the layer from the ground, and numerous deep cracks
are visible likely arisen as a result of stress concentration, which are potential places of corrosion
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initiation and development of corrosion processes in the environment of body fluids and particularly
aggressive saliva.

Figure 2. Surfaces of new dental implants: (a) A company; (b) B company; (c) C company; (d) D
company. SEM.
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Figure 3. Surfaces of used dental implants: (a) A company; (b) B company; (c) C company; (d) D
company. SEM.

The surfaces of the used implants were subjected to purification or sterilization processes, thanks
to which we can observe traces of organic residues on the surface—bacteria and tissues. Surprisingly,
the largest clusters of bacterial colonies are located between the tip and the bottom of the thread, on the
lateral surfaces. Perhaps this phenomenon is caused by adverse conditions at the tops and bottoms of
the threads. Pits are visible on the surface of the thread tops, numerous and deep cracks in the thread
cavities, which may indicate a significant impact of the environment and continuous operation of the
implant—the influence of tensile forces and friction forces that affect the implant placed in the bone.
On the implant surfaces, discontinuities of bone formation (Figure 4a,c) and bacterial colony residues
(Figure 4b,d) can be observed, which tightly cover the material.
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Figure 4. Organic remains on the surfaces of used dental implants: (a) A company; (b) B company;
(c) C company; (d) D company. SEM.

The implant cross-sections (Figure 5) illustrate surface unevenness, numerous discontinuities
characterizing the layers produced, material stratification, a significant number of cracks of varying
lengths, and arrangement occurring in the coating. They can be ideal for corrosion progress.

 
Figure 5. Cross-sections of used dental implants: (a) A company; (b) B company; (c) C company;
(d) D company. SEM.
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Using computed tomography, the layer thickness distribution on dental implants was depicted
(Figure 6). The analysis shows that the thickness of the layers formed on the surface of the implants is
diverse and does not evenly distribute. The surfaces of the vertices and thread cavities are characterized
by a larger thickness of the coating. The images of the layer thickness distributions on the surface of
the dental implants were very similar.

 

Figure 6. Images obtained by the computed tomography study of the sections: —longitudinal:
(a) D company; (b) A company; —transverse dental implants: (c) D company; (d) A company.

3.2. The Dissolution of Rutile

Knowing the characteristics and defects occurring in the layers covering dental implants, in the
second stage of research, the determination of the rate of penetration of titanium ions into the solution
was undertaken. Titanium oxide powder samples were prepared using powder metallurgy processes,
which were immersed in Ringer’s solution and artificial saliva for a period of 3 and 12 months.

The surface of the samples produced, featuring a slight degree of porosity, is shown in Figure 7.
The samples vary in grain size from 1.429 to 8.184 μm.
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Figure 7. SEM microstructures of the sample surface after pressing with a force of 2 kN.

The analyses of the titanium ions carried out three months after their exposure to both SBFs at pH
3, 5, and 7 (Table 2), showed negligible solubility of the titanium dioxide, below the 0.080 mg/kg limit
of determination. In solution adjusted to pH 3, titanium dissolution was distinctly higher, but only
after 12 months, 0.093 mg/kg.

Table 2. Titanium content according to ICP-MS analysis at different pH (mg/kg).

Time pH Ringer’s Solution Artificial Saliva

3 months
3 <GO * <GO *
5 <GO * <GO *
7 <GO * <GO *

12 months
3 0.093 0.136
5 <GO * 0.107
7 <GO * 0.107

* GO—Limit of identification of titanium 0.080 mg/kg.
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Slightly different results were achieved for the artificial saliva solution. The contents of titanium
ions for artificial saliva of different pH were higher than those for Ringer’s solution and about
0.107 mg/kg for pH 5 and 7, while for pH 3 the titanium ion level exceeded 0.137 mg/kg.

These experiments show the importance of the pH value of body fluids and the possible dissolution
and penetration of titanium ions into the human body. The increasing dissolutions of ferrous oxides [41]
and copper oxides [42] with decreasing pH, and rutenium–titanium oxide coating at pH 2 [43] are
in accordance with obtained results showing the important effect at the lowest pH value. The more
distinct dissolution of rutile in artificial saliva is likely due to the higher chloride concentration in saliva
than in blood, and the susceptibility of the oxides to the pitting. It is worth noting that the solutions
used only simulated natural human body fluids and did not contain various biological substances
such as enzymes, which can create an even more aggressive environment. The important conclusion,
however, is that a titanium dental implant in the mouth is more susceptible to dissolution than in
other tissues. The drastic lowering of the pH value of the solution accelerates the process of removal
of titanium ions from rutile, always present on the titanium surface. Thus, changes in the pH value,
occurring during some inflammatory reactions in the living organism, may significantly influence the
condition of the oxide layer, and consequently the status of the implant.

In these long-term, expensive tests, we have analyzed the trends: the effect of decreasing pH and
test solution on the dissolution rate. Taking into account the extremely low values of dissolubility,
the precision of the spectrometric measurements, and the use of slightly porous materials, we have
concluded that a significant number of specimens should be applied to obtain the homogenous sample
and low standard deviations. Taking this into account, our purpose has been only to recognize at least
the row of the magnitude of dissolubility and how the pH effects what has been reached. The results
clearly show that the rutile ceramics dissolubility is extremely low and it decreases with decreasing
pH, as it is for metallic substances.

3.3. Diffusion of Titanium Ions in The Oxide Layer

To calculate the distance of the diffusion of titanium ions in rutile lattice, data of two references were
taken into account. In [40], the random tetravalent titanium atoms were assumed to be the predominant
defects evident from self-diffusion. The enthalpy of motion was determined as ΔHm = 57.03% ± 4.9%
kcal/mole. In another report [39], for diffusing the radio-isotope titanium-44 into single crystal rutile at
temperatures in the range of 900 to 1300 ◦C, the activation energy was found to be 61,400 calories per
mole and the frequency factor was calculated to be 6.4 × 10−4 m2/s. Assuming the diffusion enthalpy at
59.2 kcal/mol and D0 at the above value, the titanium diffusion coefficient at room temperature (293 K)
was calculated at about 10−49 m2/s. That following, the diffusion distance at this temperature in one
year is about 3 × 10−34 nm.

4. Discussion

All new implants were made of the Ti6Al4V alloy by casting and milling (likely CNC). As a rule,
such implants are assumed to have a perfect surface, at designed roughness achieved by mechanical
treatment or chemical acidic (SLA implants) or alkaline treatment. Some of the commercial implants
have deposited coatings (Osseotite and Nanotite implants). The detailed surface treatment is
not disclosed. The majority of dental implants are likely subjected to micro-arc oxidation in
phosphate solutions.

So far, the imperfections visible on new implants are attributed to the forces acting during
implantation surgery. For example, the grooves and abraded facets, and loose titanium particles at the
interface were reported for dental implants and attributed to the surgical procedure [44].

It is a damage that certainly locally destroys the titanium coatings. However, our investigations
showed that several implants before any implantation possessed already imperfect surfaces with
such damage forms of the oxide coating as the layer discontinuities (holes/pits), large unevenness,
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and rolling scratches. Such defects may initiate the local degradation of an implant, in particular the
cracking and pitting corrosion.

The examinations of implants used for a relatively short time confirmed the above assumption,
even indirectly. The pits are visible on the tops of the threads, and the detachment of the coating on
the bottoms. The numerous deep cracks are likely arisen as a result of stress concentration, and can
serve as potential places of corrosion initiation and development in the environment of body fluids
and particularly aggressive saliva.

The traces of organic residues on the surface were between the tops and the bottoms of the threads.
Perhaps this phenomenon is caused by adverse conditions at the tops and bottoms of the threads due
to a significant impact of the environment and continuous influence of tensile and friction forces that
affect the implant placed in the bone. The detailed mechanism of this phenomenon cannot, however,
be proposed at the moment.

Three possible mechanisms of the release of titanium ions can be proposed as already shown.
These results demonstrate that the most significant is corrosion initiation and propagation of corrosion
in a presence of local damage of oxide coating and, on the other hand, complex stresses imposed on the
screw implants. However, it is necessary to consider whether two other mechanisms can also operate
and be comparable.

The dissolution of rutile may occur, but at an extremely low rate and only in strongly acidic
environments. Such conditions may occur only in inflammation conditions at which pH may reach
highly acidic values. Even if so, the dissolution rate achieves 0.136 mg/kg in 12 months, such results
means that the oxide coating even 100 μm thick (after anodic oxidation) decreases less than 1 nm.
Such a mechanism is then impossible and must be rejected.

The third mechanism, which can be considered, is diffusion of titanium ions through the rutile
lattice. The diffusion of titanium at the temperature of a human body in the rutile crystalline structure
seems unlikely. There is no such data even for high temperatures so that it seems desirable to consider
the titanium diffusion in other structures. The performed calculations showed the titanium diffusion
coefficient as extremely low, even below that for the diffusion of titanium in yttria-stabilized zirconia,
the diffusion coefficient at room temperature is below 10−30 m2/s [45]. It means that the time necessary
to diffuse through a 10 nm thick oxide layer would be as high as 1035 s.

Summarizing, it can be said that the only origin of the degradation processes resulting in, among
other causes, in a necessity of removal of the dental implant, is the damage of the oxide coating.
Such degradation may be attributed to the forces during implantation surgery, but they are likely
initiated by the cracks, crevices, and discontinuities already appearing at the manufacturing stage.

5. Conclusions

The titanium dissolution occurs only by the corrosion tunnels in the oxide layer. The tunnels may
be formed by cracks or discontinuities. Such potential corrosion initiation and development sites are
already present in new implants and they become operative in applied implants during their use.

The present results demonstrate that among three possible mechanisms such as (i) diffusion of
the liquid environment into the cracks and crevices in oxide coating; (ii) chemical dissolution of the
titanium oxide layer; and (iii) diffusion of titanium atoms through the oxide layer, the two last processes
are very unlikely to cause the damage of dental implants.

The both dissolution of rutile and titanium diffusion through the perfect oxide structure are
negligible at the temperature of the human body. However, when the pH value at the implant surface
and in the environment of saliva falls locally, the oxide layer starts to dissolve, but even at pH = 3,
only a small fraction, 10−8 of the rutile oxide, may dissolve during 12 months.
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Abstract: The increasing demand for titanium and its alloys used for implants results in the need for
innovative surface treatments that may both increase corrosion resistance and biocompatibility and
demonstrate antibacterial protection at no cytotoxicity. The purpose of this research was to characterize
the effect of two-stage anodization—performed for 30 min in phosphoric acid—in the presence of
hydrofluoric acid in the second stage. Scanning electron microscopy, atomic force microscopy,
energy-dispersive X-ray spectroscopy, X-ray diffraction, Raman spectroscopy, glow discharge optical
emission spectroscopy, nanoindentation and nano-scratch tests, potentiodynamic corrosion studies,
and water contact angle measurements were performed to characterize microstructure, mechanical,
chemical and physical properties. The biologic examinations were carried out to determine the
cytotoxicity and antibacterial effects of oxide coatings. The research results demonstrate that two-stage
oxidation affects several features and, in particular, improves mechanical and chemical behavior.
The processes influencing the formation and properties of the oxide coating are discussed.

Keywords: titanium alloys; electrochemical oxidation; nanotubular oxide layers; microstructure;
nanomechanical properties; corrosion resistance; wettability; antibacterial protection; cytotoxicity

1. Introduction

Titanium and its alloys—due to their mechanical properties—excellent corrosion resistance, and a
high strength/density ratio, are nowadays the most appropriate materials for load-bearing implants
and biomedical materials [1,2] used, e.g., in arthroplasty [2,3], as dental implants [4–6] and dental
prostheses [7]. The titanium and its alloys proposed for medicine, after their oxidation, include medical
titanium [8–10], Ti–6Al–4V [11,12], Ti–6Al–7Nb and Ti–13Nb–13Zr [13] alloys. The most commonly
used Ti–6Al–4V alloy contains alloying elements, which may provoke undesirable tissue reactions
damaging nerves cells, softening the bones, and, as a consequence, resulting in the appearance of
diseases of the circulatory and central nervous systems [14,15]. Therefore, Ti-13Zr-13Nb alloy was
chosen for this research as it has no harmful elements and possesses a low (76 GPa) Young’s modulus,
similar to that of cortical bone, providing better stress distribution at the implant–bone contact zone
and preventing against loosening and damage of the implant.

The different surface modification methods of titanium alloys such as deposition of coatings,
oxidation, ion beam surface modification, ion implantation, titanium plasma spraying, acid etching,
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grits blasting, sandblasting followed by acidic etching, electropolishing and laser melting were applied
for titanium and its alloys for biomedical applications [16]. In particular, adhesion of the cells has been
shown better on rough than on smooth surface [17,18]. Such surface characteristics may be achieved
by the laser treatment [19,20], surface mechanical attrition [21,22], acid etching [23,24], deposition of
phosphate [25–29] and composite coatings [30–32]. Among those modifying approaches, the oxidation
remains essential as it can either form nanotubular oxide structures or rough oxide surfaces, enhancing
the adhesion of osteoblasts, if alone, and deposition of coatings, if used as an interlayer.

Oxidation plays an essential role among possible surface engineering methods, and even
a spontaneously formed titanium oxide layer is a barrier limiting the entry of metal ions into
tissues [33]. Moreover, the oxide layer may influence the osteoinduction processes by a change in
the architectural features and chemical composition of the oxides [34]. The techniques used for this
purpose include the low voltage anodization, micro-arc oxidation (MAO) [35], thermal oxidation of
titanium biomaterials [36], less often the oxidation using hydrogen peroxide [37] and laser-enhanced
oxidation [38].

The MAO is used as a technique for creating a multiporous or highly developed surface, often
implemented with different ions [39–42]. A novel “cortex-like” micro/nano dual-scale structured TiO2

coating was prepared in such a way in tetraborate electrolytes [43]. The MAO in ammonium acetate
was resulted in a multiporous, crystalline titanium oxide layer demonstrating the apatite forming
ability [9]. The antibacterial activity may be achieved by the MAO performed in electrolytes comprising
Ag, Cu or Zn [40]. However, this technique needs a high voltage and results in thick oxide coatings.

The low potential electrochemical oxidation may result in either the compact oxide [44] or
nanotubular oxide coatings, depending on the type of electrolyte and anodization parameters [45–55].
The TiO2 nanotubular surface provided topography favorable for improving the clinical performance of
implants when comparing to the sand-blasted acid-etched topography [56]. The individual nanotubes
can be filled with antibiotics or nanometals for introducing the antibacterial ability. The release rate
of nanosilver depends on its placement: relatively fast release was observed for nanoAg inside the
nanotubes and gradual release, for Ag inside the cavities [57]. The functionalization of titanium dioxide
nanotubes with some biomolecules was developed for biomedical applications [58] and the osteogenic
differentiation can be modulated by various additional treatments of nanotube coatings on Ti–6Al–4V
implants [12]. Superhydrophobic titanium oxide nanotube arrays may serve as the drug reservoir, and
ultrasonic waves may trigger the drug release [59]. Such a superhydrophobic Ti surface was fabricated
by subsequent anodization in H2O2 followed by aging [60]. Hierarchical structures were obtained,
applying two nanotexturing surface treatments onto titanium coatings, anodic oxidation and alkaline
treatments, and the simultaneous presence of micro-/nano-roughness resulted in a distinct increase in
cell proliferation [61].

Different composite coatings were also developed. The ion implantation of helium ions was
made on the oxide film obtained by previous anodization to improve hydrophilic properties [8].
The decoration of previous titanium oxide nanotubes with MnO increased the ability to form apatite [62].
Osseointegration was enhanced by coating the titanium implants with a nanostructured thin film
comprised of titanium carbide and titanium oxides clustered around graphitic carbon [63].

The oxides obtained by low voltage anodization can be in the form of thin, compact coatings or
nanotubular layers. In the past, the bi-layer coating was prepared [47] by gas oxidation of titanium alloy
and then electrochemical oxidation resulting in nanotubular layers grown on the previous compact
oxide layer. Such treatment brought out the highly corrosion-resistant coatings but possessing the
relatively short nanotubes. Therefore, the present research has applied the two-stage electrochemical
oxidation assuming that such procedure may positively affect some properties of the oxide coatings,
in which the nanotubular layer is formed not in the bare metal, but in the compact oxide layer.
In particular, the mechanical and chemical behavior have been expected to improve.
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2. Materials and Methods

The study was performed on a two-phase titanium alloy Ti–13Nb–13Zr of chemical composition
listed in Table 1. The microstructure of the investigated alloy (Baoji SeaBird Metal Materials Co.,
Ltd., Baoji, China) is shown in Figure 1. It is a β-phase structure comprising of the α’ phase being a
supersaturated solution with a slightly stubborn effect and a martensitic structure, which is formed as a
result of rapid cooling from the temperature of the β-phase stability or as a result of plastic deformation.

Table 1. Chemical composition of the Ti–13Nb–13Zr alloy, weight percent (according to
manufacturer’s certificate).

Nb Zr Fe C N H O Ti

13.5 13.5 0.05 0.04 0.013 0.004 0.11 bal.

 
Figure 1. Microstructure of the Ti–13Nb–13Zr alloy after etching with the Kroll solution composed of
2 mL HF (40 wt.%), 2 mL HNO3 (55 wt.%) + 96 mL H2O.

The specimens of dimensions 15 mm × 10 mm × 4 mm were cut from the alloy sheet of initial
thickness of 4.2 mm. Then the samples were ground with abrasive papers (No. 2500 as the last,
Struers, Inc., Cleveland, OH, USA). Afterward, the specimens were cleaned in an ultrasonic chamber
(Sonic-2, Polsonic Palczynski Sp. J., Warsaw, Poland) with isopropanol, methanol (Avantor Performance
Materials Poland S.A., Gliwice, Poland) and distilled water, subsequently, for 5 min in each batch and
finally dried in cold air.

The tests were performed in a standard circuit composed of an electrochemical cell, power
supply (SPN-110-1C, MPC Lab Electronics, Nijmegen, The Netherlands), Pt electrode as the polarizing
electrode and the tested metallic electrode. Neither stirring, aeration nor deaeration were applied.
All measurements were performed at room temperature. The anodization parameters were set up
based on some earlier investigations [47]; in particular, even if the electrochemical oxidation time
has a small effect on the oxide thickness, the 30 min period was assumed necessary to perform the
electrochemical oxidation at equilibrium conditions.

The anodization was carried out at the first stage electrochemically in 1 M orthophosphoric acid
(H3PO4) at the potential value of 40 V, in one step, at 20 ◦C, for 30 min (samples obtained in such a way
are here designated as EO1). The electrochemical oxidation was repeated in 1 M orthophosphoric acid
with an addition of 0.3 vol.% of hydrofluoric acid (HF) (designation EO2). The process was performed
again at 20 ◦C, at a potential value of 20 V, in one step, for 30 min. The coatings were also obtained
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by two-stage oxidation—first EO1, then EO2 (designation EO1 + EO2). After each of the processes,
the samples were rinsed in distilled water and dried in cold air. The samples were heat-treated after
oxidation at 400 ◦C for 2 h in the air (humidity <70%).

The surfaces of specimens and their cross-sections after each form of oxidation were examined
with the scanning electron microscope (SEM JEOL JSM-7600 F, JEOL, Ltd., Tokyo, Japan), equipped
with a LED detector, at 5 kV acceleration voltage. The chemical composition of the coatings was
determined using an X-ray energy-dispersive spectrometer (EDS, Edax, Inc., Mahwah, NJ, USA).

The surface examinations, with used linear roughness measurement, were performed with the
atomic force microscopy (MFP-3D, Oxford Instruments Asylum Research Inc., Santa Barbara, CA,
USA) at the Université Bordeaux, France. The surface topography was assessed in the noncontact
mode at a force 50 mN. The roughness index Ra was estimated within an area of 5.0 μm × 5.0 μm.

The X-ray diffraction studies were carried out at the Gdańsk University of Technology, Faculty
of Applied Physics and Mathematics, with the use of X-ray diffractometer (Philips X’Pert Pro–MPD,
Brighton, UK) system with a vertical T–T goniometer (190-mm radius). The X-ray source was a
long-fine-focus, ceramic X-ray tube with Cu anode. The standard operating power was 40 kV,
50 mA (2.0 kW). The system optics consisted of programmable divergence, anti-scatter and receiving
slits, incident and diffracted beam Soller slits, curved graphite diffracted beam monochromator
and a proportional counter detector (Bragg–Brentano parafocusing geometry (2θ ca. 5◦–100◦).
The spectroscopic examinations of the grown oxide layers were performed with the Raman spectrometer
(Horiba Jobin Yvon Gmbh, Bensheim, Germany) at the Max Bergmann Centrum of Biomaterials,
Dresden Technical University.

The glow discharge optical emission spectroscopy (GDOES) tests were carried out at the University
of Bordeaux, using the GD-Profiler 2 (Horiba Jobin Yvon IBH Ltd., Glasgow, UK). The measurements
were performed using the following process parameters: a glow discharge source (argon plasma) at
700 Pa and 30 W, measurement time 120 s.

The nanoindentation tests were performed with the NanoTest Vantage (Micro Materials, Wrexham,
UK) equipment using a Berkovich three-sided pyramidal diamond. The maximum applied force was
equal to 5 mN, the loading and unloading times were set at 20 s, the dwell period at full load was 10 s.
The distances between the subsequent indents were 50 μm. During the indent, the load–displacement
curves were determined using the Oliver and Pharr method. Based on the load–penetration curves,
the surface hardness (H) and reduced Young’s modulus (E) were calculated using the integrated
software. The critical process parameters included the maximum force, holding time and test rate.
In calculating Young’s modulus (E), a Poisson’s ratio of 0.3 was assumed for the titanium oxide layer.
The measurements were processed in randomly selected five points for each surface, and the results
were averaged.

The electrochemical measurements of corrosion parameters were performed by a potentiodynamic
mode in the Ringer’s solution. The simulated body fluid was obtained by dissolving a Ringer’s
tablet (Merck KGaA, Darmstadt, Germany; each tablet contained 1.125 g NaCl, 0.0525 g KCl, 0.03 g
CaCl2 and 0.025 g NaHCO3) in 0.5 L of distilled water at 20 ◦C. Different pH levels were obtained
by adding the hydrochloric acid (5 wt.% to the solution. Lowering of pH even to 3 resembled acidic
environmental conditions during inflammation [64], so the test was carried for pH ranging from 7
(normal physical state) through 5 to 3 (inflammatory state). A standard three-electrode electrochemical
cell was used comprising of a saturated calomel electrode (SCE) as the reference electrode, a platinum
electrode as the counter electrode and the sample as the working electrode (anode). All experiments
were performed using a potentiostat/galvanostat (VersaSTAT 4, Ametek Scientific Instrumentation,
Leicester, UK). Before the test, the samples were stabilized at their open circuit potential (OCP) for
0.5 h. Potentiodynamic polarization tests were carried out at a potential change rate of 10 mV/min,
within a scan range from −2 to 2.5 V. The corrosion potential Ecorr and corrosion current density icorr

were determined from the polarization curves using the Tafel extrapolation method.
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The water contact angle (wettability) measurements were taken for the reference Ti–13Nb–13Zr
alloy and oxidized specimens using a contact angle goniometer (Attension Thete Lite, Dyne Technology,
Lichfield, UK) at room temperature. All analyses were repeated three times for each sample.

Studies of antibacterial activity of nanotubular surfaces were carried out at the Gdańsk University
of Technology, Faculty of Chemistry, with the Staphylococcus aureus ATCC25923 strain. The samples
were put in 5 mL of bacterial suspension (containing at least 106 colony forming units (CFU) in 1 cm3)
prepared in phosphate buffered saline (PBS, chemical composition 8.0-g/L NaCl, 0.2-g/L KCl, 1.44-g/L
Na2HPO4, 0.24-g/L KH2PO4)), in which they stayed for 1 min. This step of the procedure aimed to
allow the bacterial cells to adsorb on the surfaces of the tested materials. Next, the samples (with
bacteria adsorbed on their surfaces) were transferred to 5 mL of sterile TSB medium placed in the 8-well
microplates. The samples were incubated at 37 ◦C for 24 h (one day) or 120 h (5 days). Subsequently,
the samples were removed carefully from TSB medium and rinsed by submersion three times in a
sterile saline solution (0.9% NaCl). Afterward, the samples were placed in the wells of a new titration
plate containing 5 mL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
solution (0.3%) in PBS. The living cells of bacteria reduce MTT to insoluble in water violet formazan
crystals, and the amount of formed formazan is proportional to the number of live bacteria that are
still present (in the form of biofilm) on the surfaces. Following 2 h incubation at 37 ◦C in the dark,
the solution of MTT in PBS was carefully removed from the wells and replaced with 5 mL of DMSO for
dissolving formed formazan crystals. The optical density of the obtained solutions was measured at
540 nm using a Victor3 microtiter reader (PerkinElmer, Waltham, MA, USA).

Cytotoxicity tests were performed at the Warsaw Medical University, Department of Dental
Surgery. They were carried out on the titanium alloy and the oxidized surfaces of the samples.
Experiments were performed on fibroblasts obtained from neonatal rat Lewis Op/Op after the third
passage. A small microscope slide was placed into small plastic plates with a diameter of 35 mm
(430165, Corning Manufacturer, Corning, NY, USA). For all of them, except for control plates, single
titanium samples were filled with a suspension of cells in the culture medium. All plates received
100,000 cells suspended in 2.0 mL medium. After five days, the slides with the cells deposited on them
were rinsed with physiological saline and preserved in a mixture of methanol and acetic acid (3:1) for
5 min, then stained with hematoxylin and eosin. The preparations were dehydrated with DPX (a mix
of distyrene, a plasticizer and xylene), dried and subjected to microscopic evaluation. The density of
cultured cells and their morphologic features, as well as the presence of forms of mitotic divisions,
were assessed. The evaluation of each sample was carried out three times.

3. Results

3.1. Microstructure, Surface Topography, Phase and Chemical Compositions

Figure 2 presents the morphology of the oxide coatings. They all were homogenous and
transparent, but the interference of reflected light resulted in a color effect related to the applied
voltage and resultant thickness of the oxide layer and its structure. The samples after EO1 treatment
showed a blue color (Figure 2a), typical of titanium oxidized at 40 V and resulting in the thickness of
about 74 nm [65]. The oxide coatings obtained after EO2 treatment and EO1 + EO2 modification were
matt-gray as expected for nanotubular layers.

The observations of the surfaces of oxide coatings revealed a homogenous and even surface after
EO1 treatment (Figure 2a) and an appearance of nanotubes after EO2 (Figure 2c) and EO1 + EO2
(Figure 2e) surface modifications.

The measurement of the thickness of the thin EO1 coating was challenging as before oxidation,
the surface was mirror-like, and there were reflections from the surface. The results of measurements
based on the cross-sections of the samples (Figure 2b,d,f) showed that the EO1 coating was about
80-nm-thick (Figure 2b), in perfect accordance with the previously cited report, the EO2 coating was
about 1000-nm-thick (Figure 2d), and the EO1 + EO2 coating had similar thickness. However, the last
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coating could be supposed to compose of two zones: typical nanotubular outer layer and an inner
layer of presumably different view as discussed later (Figure 2f).

Figure 2. Images SEM - comparison of (a) alloy after amorphous layers (EO1) treatment (surface);
(b) alloy after EO1 treatment (cross-section); (c) alloy after nanotubular layer (EO2) treatment (surface);
(d) alloy after EO2 treatment (cross-section); (e) alloy after EO1 + EO2 treatment (surface), (f) alloy
after EO1 + EO2 treatment (cross-section).

Figure 3 shows the surface coating topography after different electrochemical oxidation and
Table 2 presents the roughness of coatings. After EO1 treatment, the smoothest layer, even compared
to the polished material, was observed. The EO2 (not shown in figure) and EO1 + EO2 coatings were
characterized by slightly increased roughness than the EO1 and substrate material.
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Figure 3. Atomic Force Microscope (AFM) images of the surface topography. (a) Substrate titanium
alloy; (b) alloy after EO1 treatment; (c) alloy after EO1 + EO2 treatment; (d) a single nanotube.

Table 2. Roughness parameters (Ra) in the area of 200 × 200 nm2.

Sample Ra Parameter (nm)

Ti–13Nb–13Zr 25 ± 5
EO1 5 ± 2
EO2 36 ± 11

EO1 + EO2 32 ± 10

The chemical composition of the layers determined by EDS measurements is demonstrated in
Table 3. However, because of the oxide volume and thickness examined by the EDS, which exceeds
that of the oxide coating of the EO1 sample, the data for this specific case could be result from both thin
oxide coating and the alloy. The oxygen content in each coating was determined from stoichiometry,
assuming that it formed the stoichiometric oxides.

Table 3. EDS examinations of tested specimens.

Element
EO1 Treatment *

wt.%
EO2 Treatment

wt.%
EO1 + EO2 Treatment

wt.%

O 41.34 56.20 52.61
Ti 45.30 25.98 27.06
F – 3.50 3.53

Nb 3.21 6.72 9.51
Zr 5.50 5.84 9.02
P 1.12 1.76 1.80

(*) quantities, in this case, must be regarded as only informative.

The Raman spectra of the titanium alloy are shown in Figure 4. According to previous research [66],
the Raman spectra for the EO1 coating should display clear signs of the anatase phase four-peak
pattern with peaks at 575 cm−1 deriving from ν1 vibrations being the strongest and the other peaks at
144, 198 and 406 cm−1 being much weaker. These peaks come from anatase [67,68]. However, here,
the small rutile band was observed at 238 and 612 cm−1. For the EO1 + EO2 coating, the intensity of
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the band 313 cm−1 increased and moved to higher frequencies; these peaks originated from the TiO2

band [68]. A very similar situation was noticed for the 198 cm−1 peak, which also came from anatase.
These findings are in agreement with XRD characterization showing TiO2-specific peaks (for anatase
and rutile phases). The Raman spectra of here examined samples are similar to those reported for
titanate crystal formed of nanotubes [69].

Figure 4. Raman spectra of the oxide coatings for a non-oxidized substrate and after different
electrochemical oxidation.

As a result of the GDOES measurements, the values of wavelengths emitted by the excitation
of atoms appear for all here present elements, as shown in Figure 5. For the Ti–13Nb–13Zr alloy
(Figure 5a), the distribution of elements with erosion (sputtering) time was abrupt and remained at a
certain level. For the oxidized EO1 sample (Figure 5b), the maximum intensity for oxygen occurred
in the initial phase of the measurement, significantly exceeding the value of the peak derived from
titanium, which decayed very quickly. The distribution of the intensity values of particular elements
for the EO2 (Figure 5c) and EO1 + EO2 (Figure 5d) coatings was different. In the case of the EO1 + EO2
coating, in the initial phase of the study, there were distinct fluctuations in the intensity of the main
alloying elements: Ti, Nb and Zr. The differences in the intensity of the elemental distribution with
erosion time are visible, which may be due to different thicknesses of the tested coatings.
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Figure 5. Glow discharge optical emission spectroscopy (GDOES) analysis results. (a) Ti–13Nb–13Zr
alloy; (b) alloy after EO1 treatment; (c) alloy after EO2 treatment; (d) alloy after EO1 + EO2 treatment.

Analyzing the XRD diagrams (Figure 6) and based on the literature data [70–72], for each sample
the characteristic reflexes corresponding to the positions of the α-Ti phase and β-Ti can be found
(Figure 6a). Depending on the sample, they differ in intensity and width. In all tested samples, several
reflexes from both crystallographic structures were found at appropriate angles.

For oxidized specimens, the reflexes from anatase were observed at three positions, and from
rutile–only at one. Due to the overlapping of peaks from titanium and titanium oxide, the crystalline
structure of the titania nanotubes could not be determined. A slight decrease in the intensity of the
peaks for the EO1 (Figure 6b) sample was observed. In the case of EO1 + EO2 coating (Figure 6d),
it became necessary to reduce the reflex intensities of both phases (α-Ti and β-Ti) in comparison with
the EO2 coating (Figure 6c). A much more significant decrease in the intensity of the reflexes from the
β-Ti phase was observed compared to the reduction of the α-Ti phase, perhaps due to the presence of
oxygen. Most likely, the reflection intensity depends on the thickness of the layer; the thicker the layer,
the higher the reflex intensity. This result appeared for all oxidized specimens for which a significant
increase in reflex intensity was observed. It is worth noting that the primary reflexes from the oxide
phase were distinctly the highest for the EO1 + EO2 sample.

3.2. Nanomechanical Properties

The nanohardness, microhardness and Young’s modulus values of the specimens are shown in
Table 4. The tests showed an increase in both hardness values and Young’s modulus for oxidized
samples. When considering Young’s modulus, the highest value was obtained for the EO1 coating.
Similar results were obtained for the nanoparticle layer and hybrid coating.
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Figure 6. XRD spectra. (a) Alloy Ti–13Nb–13Zr; (b) alloy after EO1 treatment; (c) alloy after EO2
treatment; (d) alloy after EO1 + EO2.

Table 4. Mechanical properties of the tested specimens.

Sample
Max. Depth

(nm)
Plastic Depth (nm)

Hardness
(GPa)

Young’s Modulus
(GPa)

Ti–13Nb–13Zr 778 ± 17 455 ± 1 0.09 ± 0.06 44.30 ± 0.25
EO1 158 ± 33 152 ± 1 1.01 ± 0.22 65.24 ± 4.13
EO2 138 ± 48 128 ± 1 2.03 ± 0.33 57.30 ± 3.87

EO1 + EO2 241 ± 15 228 ± 4 2.71 ± 0.42 59.73 ± 4.09

An increase in hardness of one order of magnitude was observed for samples with the compact
oxide layer. For samples with the EO2 and EO1 + EO2 coatings, the values were similar, much higher
compared to polished alloy or the compact layer. The main factor influencing the change in hardness
is the thickness of the oxide layer [73–75]. The small thickness of the compact solid layer (80 nm)
could cause some errors in the nanoindentation test. It is well known that the response is not only be
given by the first indented layer, but the substrate or the subsequent layers may also contribute to the
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indentation response [76]. In both cases, the thickness of the nanotubular layer (EO2) was so large that
there was no response from the substrate.

3.3. Wettability

The results of measurements of water contact angle are presented in Table 5. The decrease of the
contact angle was small for the EO1 and significant for the other coatings. The created surfaces were
hydrophilic. The most desirable value of contact angle for regeneration applications in hard tissues
ranges from 35◦ to 80◦ [77].

Table 5. Contact angle for the water droplet for the tested specimens.

Sample Average Angle (◦)
Ti–13Nb–13Zr 83.0 ± 2.4

EO1 78.9 ± 1.7
EO2 29.2 ± 1.4

EO1 + EO2 48.8 ± 1.6

3.4. Corrosion Properties

The corrosion test results are presented in Figure 7. The polarization curves were S-shaped.
The decrease in pH value always resulted in a shift of corrosion potential to a more active area. However,
the appearance of thin, compact oxide coating slightly worsened the corrosion behavior, and the EO1
+ EO2 treatment caused an opposite effect—a shift of the corrosion potential to the more noble area.
The corrosion current values can be determined if the Tafel straight lines in potentiodynamic curves
(at logarithmic scale) are sufficiently long (at least two decades). Here, this condition has not been
fulfilled. Therefore, there is no sufficient base to calculate the corrosion current densities.

Figure 7. Potentiodynamic polarization curves at different pH. (a) Ti–13Nb–13Zr; (b) EO1 sample;
(c) EO2 sample; (d) EO1 + EO2 sample.
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3.5. Antibacterial Properties

Figure 8 presents the images illustrating the intensity of biofilm formation on the surfaces of
materials, measured by absorbance values of solutions of formazan (diluted in DMSO) produced by
live cells of bacteria from MTT. After one-day exposure, the lowest absorbance values were observed
for the reference and the EO1 samples. The presence of nanotubular surface distinctly increased biofilm
formation. In contrast, even the biofilm increased in five days, the lowest levels were attained for the
EO2 and EO1 + EO2 samples, for which only a slight difference was noticed between the first and
fifth days.

 

Figure 8. Growth of bacterial film of Staphylococcus aureus strain on the tested samples surfaces.

3.6. Cytotoxicity

In these tests (Figure 9), five-day-old cultures formed a reasonably even layer of cells (monolayers),
with a large number of figures of mitotic divisions: prophase and metaphase, a small number of
polymorphs with no signs of cell damage. The images of cell culture on the surface of the non-oxidized
alloy, as well as of the oxidized samples, show that none of the studied surfaces deteriorated the
behavior of osteoblasts.

Figure 9. Cytotoxic tests of fibroblastic cells. (a) Ti–13Nb–13Zr alloy; (b) EO1 sample; (c) EO2 sample;
(d) EO1 + EO2 sample.
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4. Discussion

The two-stage oxidation could result in the bi-layer (“sandwich” layer) oxide coating as shown
in [47] in which the alloy was subjected to gaseous oxidation and then to the electrochemical oxidation.
The last method performed in the presence of HF acid caused the transformation of the upper part of the
compact oxide coating into a nanotubular layer, resulting in both highly corrosion-resistant and bioactive
coating. However, such a mechanism is possible if oxidation is performed at a high temperature
at which oxygen diffusion is fast. On the other hand, with increasing compact oxide thickness,
the thickness of the nanotubular layer decreases to zero because of increasing electrical resistance.

Therefore, we have attempted to create the compact oxide layer by the electrochemical method
and transform it into a nanotubular layer. The thickness of the oxide coating appearing at room
temperature is low because of slow oxygen diffusion, and the thickness of the nanotubular layer
creating in the second stage overpasses that of the compact oxide. Therefore, at applied oxidation
parameters, the creation of the bilayer coating is not possible. The inner layer shown in Figure 2f may
be simply a part of the nanotubular layer, likely, as sometimes observed [71], the interface between the
oxide layer and bare metal.

The mechanism of creation of oxide coating during two-stage anodization involves the appearance
of a nanotubular layer in the second stage; initially, within the compact oxide layer and then, when
the compact layer is fully transformed into the nanotubular structure, within the bare alloy structure.
No double structure was observed in any image; however, it affected mechanical and chemical, but not
biologic properties.

In the beginning, let us consider the similarities and differences between behavior of specimens
subjected to EO2 treatment (nanotubular oxide on bare metal) and EO1 + EO2 oxidation. Neglecting
the doubtful inner layer in the EO1 + EO2 sample, it may be said that the form of applied procedure
does not affect the coating thickness and roughness. Moreover, the Raman spectra for EO1 + EO2
and EO2 also look very similar in the shape presenting the peaks at the same positions. Raman
spectra confirm that the heat treatment of the nanotubes transforms them from the amorphous to the
crystalline structure. However, the thickness of the compact oxide layer is much lower than that of the
nanotubular layer. It is because the single electrochemical oxidation is determined only by oxygen
diffusion, and the growth of the nanotubular layer is much faster as determined by the chemical
reaction of etching, being relatively quick. The appearance of the nanotubular structure is an obvious
explanation of surface roughness distinctly higher than that of the compact oxide.

The question is, what causes the difference between EO2 is and EO1 + EO2 coatings in some their
properties? It may be microstructure, but such results are very difficult to observe. We believe that
it is an enrichment with oxygen of the upper zone of the oxide coating after EO1 + EO treatment.
The EDS examinations do not confirm this assumption, but their precision is low. However, the GDOES
experiments—in which the slower erosion rate and higher oxygen intensity in the EO1 + EO2 coatings
compared to EO2 coating—may be an evidence of above proposed phenomenon. Physically, oxygen
in the previous oxide layer may occupy also interstices making a microstructure more resistant to
diffusion of other elements, more mechanically resistant and more resistant to corrosion by creating
the oxides in existing imperfections.

The XRD results are similar for both EO2 and EO1 + EO2 oxidation procedures. The appearance
of both rutile and anatase in the oxide layers has been detected what may be surprising as such
transformation may occur at temperatures beginning from 450 ◦C [72], 500 ◦C [49] or even 550 ◦C [71] for
titanium. Here the heating temperature was 400 ◦C, close to the suggested beginning of transformation.

The nanoindentation tests show that the presence of nanotubular structure significantly increases
hardness and Young’s modulus and decreases plastic work. Such results are supported by earlier
research [78]. They may result from the specific microstructure of the nanotubular layer, which
is comprised of very hard nanotubular oxides, flexible and readily underwent slight deformation.
The difference between those values for the EO2 sample and EO1 + EO2 coating may be attributed to
the effect of higher oxygen/oxides content in the last sample surface.

47



Coatings 2020, 10, 707

The contact angle measurements show an increase in wettability for both EO2 and EO1 + EO2
coatings. The present values permit to classify both surfaces as potentially biocompatible, which may
attract proteins and pre-osteoblasts. There have been some assumptions about the best values contact
angle for cell attachment assessed at 55◦ and for bone regeneration from 35◦ to 80◦ [70,77]. Here found
contact angle values, about 29◦ for nanotubular layer and 49◦ for hybrid coating are favorable for
biochemical adsorption processes.

The corrosion resistance of titanium alloys is well-known to increase after oxidation. The behavior
of the potential beginning from a fast decrease rate followed by a slow rise is typical for a partial
stabilization of current density and formation of the highly protective passive film. The current
density stabilization suggests the passive film breakdown, in a way similar to what occurs during
pitting nucleation and repassivation. Electrochemical potentiodynamic studies have shown how
significantly the corrosion quality is affected by the surface quality and thickness of the obtained
layers [79,80]. An increase in corrosion resistance of samples covered with amorphous layers (EO1) is
visible. The compact, uniform layer provides better corrosion resistance, comparable with spontaneous
oxide layers. In the case of EO2 layers (Figure 7c), no decrease in resistance to corrosion was expected.
The nanotubes are hollow, and there are voids between them, which were corrosion tunnels - potential
places for corrosion development. Saji et al. [81] have observed an increase in the resistance of the
oxide layer with a nanotube structure. However, for the Ti–Nb–Ta–Zr alloy, the same authors observed
a decrease in corrosion resistance of the nanotubular layer [82]. The thickness of such a layer may
play an important role, as it is a barrier to the progression of corrosion [80]. From performed research
it follows that a nanotubular layer does not form a suitable protection against corrosion. However,
the EO1 + EO2 coating obtained by the electrochemical method shows nobler corrosion potential and
likely better corrosion resistance compared to the nanotubular EO2 layer.

The attachment of bacteria to the solid surfaces of different chemical compositions, including alloy
surfaces, is affected by the electrostatic double layer, hydrophobicity, roughness and various other
factors [83–85]. Bacteria need to overcome the energy barriers to reach the negative energy regions,
thereby facilitating the bacterial attachment [86]. In our experiment, we observed a rather moderate
development of the population of bacterial cells attached (a bacterial biofilm) to the surfaces of all
materials tested after 24 h of incubation. It confirms that some cells of S. aureus were able to adsorb
on the surfaces of all materials. The MTT assay revealed a bit higher number of bacteria on surfaces
of EO2 and EO1 + EO2 compared to EO1 and Ti–13Nb–13Zr. However, no drastic differences were
observed between oxidized and non-oxidized specimens in the level of bacterial content after 1st day
of incubation.

In contrast, the bacteria development on the non-oxidized alloy drastically increased during the
following five days of incubation up to their highest level. In the case of this material, the value of
absorbance in MTT assay, which is a consequence of the number of bacteria and the amount of reduced
MTT to formazan, reached a value of about 1.5 compared to 0.6, for EO1 and about 0.4 for EO2 and
EO1 + EO2. Moreover, in the case of the samples subject to EO2 or EO1 + EO2 oxidation, the levels of
bacterial content (biofilms) after one and five days were comparable, which confirms bacterial growth
inhibition on the surfaces of these materials which is their essential advantage. The observed influence
of the presence of a nanotubular oxide layer on the bacteria attachment or growth inhibition was
already reported [87,88]. It may be attributed to the influence of surface topography on the adhesion of
bacteria, and it is an evidence that the presence of oxide nanotubes prevents to some extent, thanks to
the specific layer microstructure, the danger of bacteria inflammation. The different strategies to avoid
infection onto titanium surfaces have been reported: surface modification and coatings by antibiotics,
antimicrobial peptides, inorganic antibacterial metal elements and antibacterial polymers [89], but a
presence of nanotubular crystalline titanium dioxide also could be useful.

The introduction of nanomaterials and nanostructures may affect the osseointegration
processes [90], but also may develop cytotoxicity as several nanomaterials. In our tests (Figure 9), after
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five days, no cytotoxic effects against the osteoblasts were noticed. These results are following some
previous reports [34].

Summarizing it can be said that the application of oxidation joined with etching by HF acid has
a different effect on mechanical and chemical properties depending on whether the alloy or oxide
coating form the surface zone. The difference can be attributed to the different microstructure within
the surface zone, even if the processes leading to such a result cannot be precisely described yet. It may
be a saturation of oxides with oxygen or an appearance of more close-packed nanotubes or other not
recognized phenomena. This problem will be investigated in detail in the near future.

5. Conclusions

Two-stage Ti–13Nb–13Zr electrochemical oxidation with the use of orthophosphoric acid and
subsequently hydrofluoric acid results in an improvement of several nanomechanical and chemical
properties such as hardness, Young’s modulus and corrosion resistance. No significant effects on
biologic properties are observed.

The observed influences may be attributed mainly to the change in the chemical composition and
microstructure of the upper zone of the nanotubular layer, inside which the formation of nanotubes
occurs not inside the bare alloy, but in the previous anatase layer.

Following the positive effects of present tests, future research will be aimed at recognizing and
modeling processes that occur during the formation of titanium oxide nanotubes on previously oxidized
alloy, developing the nanotubes of thickness comparable to that of the compact oxide layer, without
loss of bioactivity.

Author Contributions: Conceptualization, A.O.; methodology, A.O., J.-M.O., A.W., P.S.; validation, A.O., J.-M.O.,
P.S.; formal analysis, A.Z.; investigation, A.O., J.-M.O., P.S.; resources, A.O., J.-M.O., A.W., P.S.; writing—original
draft preparation, A.O.; writing—review and editing, A.O. and A.Z.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are grateful to Grzegorz Gajowiec (GUT) for his examinations of oxidized surfaces with
the SEM and EDS, Maria Gazda (GUT) for the research and with XRD, Dieter Scharnweber and his Group from
Max-Bergmann-Centrum of Biomaterials, Dresden Technical University, for Raman spectroscopy and the research
staff of the Institut de Mécanique et d’Ingénierie de Bordeaux for the AFM and GDOES tests.

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

References

1. Ibrahim, M.Z.; Sarhan, A.A.D.; Yusuf, F.; Hamdi, M. Biomedical materials and techniques to improve the
tribological, mechanical and biomedical properties of orthopedic implants—A review article. J. Alloys Compd.
2017, 714, 636–667. [CrossRef]

2. Oldani, C.; Dominguez, A. Titanium as a biomaterial for implants. Recent Adv. Arthroplast. 2012, 149–162.
[CrossRef]

3. Kaur, M.; Singh, K. Review on titanium and titanium based alloys as biomaterials for orthopedic applications.
Mater. Sci. Eng. C 2019, 102, 844–862. [CrossRef] [PubMed]

4. Cordeiro, J.M.; Beline, T.; Ribeiro, A.L.R.; Rangel, E.C.; da Cruz, N.C.; Landers, R.; Faverani, L.P.; Vaz, L.G.;
Fais, L.M.G.; Vicente, F.B.; et al. Development of binary and ternary titanium alloys for dental implants.
Dent. Mater. 2017, 33, 1244–1257. [CrossRef]

5. Prasad, S.; Ehrensberger, M.; Prasad Gibson, M.; Kim, H.; Monaco, E.A., Jr. Biomaterial properties of titanium
in dentistry. J. Oral Biosci. 2015, 57, 192–199. [CrossRef]

6. Revathi, A.; Borrás, A.D.; Muñoz, A.I.; Richard, C.; Manivasagam, G. Degradation mechanisms and future
challenges of titanium and its alloys for dental implant applications in oral environment. Mater. Sci. Eng. C
2017, 76, 1354–1368. [CrossRef]

7. Koizumi, H.; Takeuchi, Y.; Imaie, H.; Kawai, T.; Yoneyama, T. Application of titanium and titanium alloys to
fixed dental prostheses. J. Prosthodont. Res. 2019, 63, 266–270. [CrossRef]

49



Coatings 2020, 10, 707

8. Acciari, H.A.; Palma, D.P.S.; Codaro, E.N.; Zhou, Q.; Wang, J.; Ling, Y.; Zhang, J.; Zhang, Z. Surface
modifications by both anodic oxidation and ion beam implantation on electropolished titanium substrates.
Appl. Surf. Sci. 2019, 487, 1111–1120. [CrossRef]

9. Akatsu, T.; Yamada, Y.; Hoshikawa, Y.; Onoki, T.; Shinoda, Y.; Wakai, F. Multifunctional porous titanium
oxide coating with apatite forming ability and photocatalytic activity on a titanium substrate formed by
plasma. Mater. Sci. Eng. C 2013, 33, 4871–4875. [CrossRef]

10. Chen, X.; Chen, Y.; Shen, J.; Xu, J.; Zhu, L.; Gu, X.; He, F.; Wang, H. Positive modulation of osteogenesis on a
titanium oxide surface incorporating strontium oxide: An in vitro and in vivo study. Mater. Sci. Eng. C 2019,
99, 710–718. [CrossRef]

11. Karaji, Z.G.; Hedayati, R.; Pouran, B.; Apachitei, I.; Zadpoor, A.A. Effects of plasma electrolytic oxidation
process on the mechanical properties of additively manufactured porous biomaterials. Mater. Sci. Eng. C
2017, 76, 406–416. [CrossRef] [PubMed]

12. Moravec, H.; Vandrovcova, M.; Chotova, K.; Fojt, J.; Pruchova, E.; Joska, L.; Bacakova, L. Cell interaction with
modified nanotubes formed on titanium alloy Ti-6Al-4V. Mater. Sci. Eng. C 2016, 65, 313–322. [CrossRef]
[PubMed]

13. Tanase, C.E.; Golozar, M.; Best, S.M.; Brooks, R.A. Cell response to plasma electrolytic oxidation
surface-modified low-modulus β-type titanium alloys. Colloids Surf. B Biointerfaces 2019, 176, 176–184.
[CrossRef]

14. Li, H.; Zhou, D.; Zhang, Q.; Feng, C.; Zheng, W.; He, K.; Lan, Y. Vanadium exposure-induced neurobehavioral
alterations among Chinese workers. Neurotoxicology 2013, 36, 49–54. [CrossRef] [PubMed]

15. Show, C.A.; Tomljenovic, L. Aluminum in the central nervous system (CNS): Toxicity in humans and animals,
vaccine adjuvants, and autoimmunity. Immunol. Res. 2013, 56, 304–316. [CrossRef]

16. Asri, R.I.M.; Harun, W.S.W.; Samykano, M.; Lah, N.A.C.; Ghani, S.A.C.; Tarlochan, F.; Raza, M.R. Corrosion
and surface modification on biocompatible metals: A review. Mater. Sci. Eng. C 2017, 77, 1261–1274.
[CrossRef]

17. Park, J.; Bauer, S.; Von Der Mark, K.; Schmuki, P. Nanosize and Vitality: TiO2 Nanotube Diameter Directs
Cell Fate. Nano Lett. 2007, 7, 1686–1691. [CrossRef]

18. Chen, X.; Fan, H.; Deng, X.; Wu, L.; Yi, T.; Gu, L.; Zhou, C.; Fan, Y.; Zhang, X. Scaffold structural
microenvironmental cues to guide tissue regeneration in bone tissue applications. Nanomaterials 2018, 8, 960.
[CrossRef]

19. Dumas, V.; Guignandon, A.; Vico, L.; Mauclair, C.; Zapata, X.; Linossier, M.T.; Bouleftour, W.; Granier, J.;
Peyroche, S.; Dumas, J.C.; et al. Femtosecond laser nano/micro patterning of titanium influences mesenchymal
stem cell adhesion and commitment. Biomed. Mater. 2015, 10. [CrossRef]

20. Majkowska, B.; Jazdzewska, M.; Wołowiec, E.; Piekoszewski, W.; Klimek, L.; Zielinski, A. The possibility of
use of laser-modified Ti6Al4V alloy in friction pairs in endoprostheses. Arch. Met. Mater. 2015, 60, 755–758.
[CrossRef]

21. Maurel, P.; Weiss, L.; Bocher, P.; Fleury, E.; Grosdidier, T. Oxide dependent wear mechanisms of titanium
against a steel counterface: Influence of SMAT nanostructured surface. Wear 2019, 430–431, 245–255.
[CrossRef]

22. Huang, R.; Zhang, L.; Huang, L.; Zhu, J. Enhanced in-vitro osteoblastic functions on β-type titanium alloy
using surface mechanical attrition treatment. Mater. Sci. Eng. C 2019, 97, 688–697. [CrossRef] [PubMed]

23. Ghensi, P.; Bressan, E.; Gardin, C.; Ferroni, L.; Ruffato, L.; Caberlotto, M.; Soldini, C.; Zavan, B. Osteogrowth
induction titanium surface treatment reduces ROS production of mesenchymal stem cells increasing their
osteogenic commitment. Mater. Sci. Eng. C 2017, 74, 389–398. [CrossRef] [PubMed]

24. Parchanska-Kowalik, M.; Wołowiec-Korecka, E.; Klimek, L. Effect of chemical surface treatment of titanium
on its bond with dental ceramics. J. Prosthet. Dent. 2018, 120, 470–475. [CrossRef]

25. Asri, R.I.M.; Harun, W.S.W.; Hassan, M.A.; Ghani, S.A.C.; Buyong, Z. A review of hydroxyapatite-based
coating techniques: Sol–gel and electrochemical depositions on biocompatible metals. J. Mech. Behav.
Biomed. Mater. 2016, 57, 95–108. [CrossRef]

50



Coatings 2020, 10, 707

26. Harun, W.S.W.; Asri, R.I.M.; Alias, J.; Zulkifli, F.H.; Kadirgama, K.; Ghani, S.A.C.; Shariffuddin, J.H.M. A
comprehensive review of hydroxyapatite-based coatings adhesion on metallic biomaterials. Ceram. Int. 2018,
44, 1250–1268. [CrossRef]

27. Bral, A.; Mommaerts, M.Y. In vivo biofunctionalization of titanium patient-specific implants with nano
hydroxyapatite and other nano calcium phosphate coatings: A systematic review. J. Cranio-Maxillofac. Surg.
2016, 44, 400–412. [CrossRef]
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Abstract: Surface modification is used to extend the life of implants. To increase the corrosion
resistance and improve the biocompatibility of metal implant materials, oxidation of the Ti-13Nb-13Zr
titanium alloy was used. The samples used for the research had the shape of a helix with a metric
thread, with their geometry imitating a dental implant. The oxide layer was produced by a standard
electrochemical method in an environment of 1M H3PO4 + 0.3% HF for 20 min, at a constant voltage
of 30 V. The oxidized samples were analyzed with a scanning electron microscope. Nanotubular
oxide layers with internal diameters of 30–80 nm were found. An analysis of the surface topography
was performed using an optical microscope, and the Sa parameter was determined for the top of
the helix and for the bottom, where a significant difference in value was observed. The presence of
the modification layer, visible at the bottom of the helix, was confirmed by analyzing the sample
cross-sections using computed tomography. Corrosion tests performed in the artificial saliva solution
demonstrated higher corrosion current and less noble corrosion potential due to incomplete surface
coverage and pitting. Necessary improved oxidation parameters will be applied in future work.

Keywords: nanotubular oxide; helix surfaces; dental implants; roughness; corrosion properties

1. Introduction

Titanium and its alloys are nowadays among the most popular biomaterials, called the “gold
standard” for endosseous dental implants, even if some adverse reactions may be expected. They
possess a lot of important properties, such as their low density, suitable fatigue strength, Young’s
modulus and specific tensile strength, high resistance to brittle cracking, high corrosion resistance, and
the best biocompatibility. Despite that, titanium and its alloys need surface modifications for early
osseointegration [1,2]. The type of commercial implant determines surface topography and differences
in geometry [3].

Surface modification is nowadays an obligatory treatment of dental implants. Bioactivity of the
surface resulting in adhesion of osteoblasts and bone ingrowth can be achieved by the development of
surface roughness, creation of bioactive films, and deposition of coatings [2]. Many different methods
have been used to change the surface roughness of dental implants, including mechanical techniques
such as grinding, polishing, machining, sandblasting and attrition, chemical etching in acids, alkali
and fluorides, electrophoretic deposition, and laser treatments [4–11].

The interaction of cells and adsorption of proteins depends on surface structure and is significant
in the presence of nanometric pores, which increase the rate of osseointegration and biomechanical
fixation [2,7,8,12–17]. A significantly higher bone contact of 27% (p< 0.05) was observed in nanotextured
compared to machined implants [18]. However, reproducibility of nanoscale surface profiles of titanium
with chemical modifications such as acid-etching is quite difficult to achieve and unreliable, and
knowledge on the ideal surface roughness parameters for rapid osseointegration is still lacking [19,20].
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Among various surface treatments, artificial oxidation seems particularly plausible for titanium
dental implants resulting in high corrosion resistance and biocompatibility [21]. The oxidation
required for dental implants is currently mostly applied by micro-arc oxidation (MAO) [22,23] and
electrochemical oxidation [24]. Gaseous oxidation has also been proposed [25]. MAO induced
titanium oxide formation in the anatase crystalline phase and also incorporated Ca, P, and Mg in the
film [26–33]. An oxide thickness of 600–1000 nm demonstrated significantly stronger bone responses
than that of 17 or 200 nm [30]. The coatings comprising nano TiO2 and nanohydroxyapatite (nanoHAp)
demonstrated a torque value of coated screws significantly greater than that of nanoHAp covered
screws [34].

The creation of nanotubular oxide layers on titanium and its alloys is well-known. The formation
of nanotubular oxide structures on dental implants has not often been investigated and developed.
The overly short life of dental implants observed proves the ineffectiveness of the applied surface
modifications and provides prompts for further research. The anodization depends to a great extent
on the geometry and structure of the surfaces involved. Indeed, the formation of titanium dioxide
nanotubes on flat titanium surfaces, provided by well-known suppliers, does not have the same effect
on titanium implants, mainly due to the geometry of the implant, which changes the priority, intensity,
and interconnection of the electrochemical processes [35]. Nanotubular oxide layers have been reported
to increase the bioactivity of titanium implants [36–38], the nucleation and growth of hydroxyapatite
coatings [39], and to introduce antibacterial effects after loading the nanotubes with drugs [40,41]. Such
a type of surface was already fabricated on the nontoxic Ti-13Zr-13Nb alloy investigated here [42,43].
This research was aimed at an assessment of the creation of nanotubular oxide layers on screw fixed
dental implants and the characterization of the layers obtained on the tops and bottoms of helices
of implants.

2. Materials and Methods

2.1. Material

The biphase α + β Ti-13Zr-13Nb alloy (SeaBird Metal Materials Co., Baoji, China) with chemical
composition presented in Table 1 was investigated in the as-received state.

Table 1. The chemical composition of the Ti-13Zr-13Nb alloy, wt.%. (based on the manufacturer’s certificate).

Element Zr Nb O C N Ti

wt.% 13.0 13.0 0.11 0.04 0.019 remainder

2.2. Preparation of Specimens

Round specimens of height 9 mm and diameter 8 mm were prepared by precision milling. The
metric thread was cut on all specimens. The remaining impurities were cleaned and the surface was
prepared by sand blasting with corundum for 15 s. The cleaning was performed at Aesculap Chifa Ltd.
in Nowy Tomysl, Poland. Immediately before oxidation, the specimens were washed in an ultrasonic
bath (Sonic 3, Polsonic, Warsaw, Poland) in isopropanol (POCH, 99.8%, Gliwice, Poland) for 10 min, in
distilled water for 3 min, and methanol (POCH, 99.8%, Gliwice, Poland) for 10 min.

2.3. Electrochemical Oxidation

The oxidation was performed using a direct current power supply (MCM/SPN110-01C, Shanghai
MCP Corp., Shanghai, China). The specimen tested was connected to the power supply as an anode
and the Pt electrode was used as a cathode. The electrolytic bath contained a solution of 150 mL of
distilled water, 20 mL of 1 M H3PO4, and 1.5 mL of 0.3% HF (both from POCH, Gliwice, Poland).
The distance between the electrode tested and the Pt electrode was 15 mm. The solution was neither
aerated nor deaerated, and non-stirred. The experiments were carried out at ambient temperature.
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The experiments were performed at a voltage of 20 v for 30 min based on previously conducted
experiments [42].

2.4. SEM Surface Examination

Scanning electron microscopy (SEM JEOL JSM-7800 F, JEOL Ltd., Tokyo, Japan) instrument
equipped with EDS chemical analyzer (Edax Inc., Mahwah, NJ, USA).

2.5. Light Microscopy Assessment of Roughness

A light microscope (VHX-7000, Keyence, Osaka, Japan) was applied to examine the surface
topography. Roughness parameters determined by the 3D Form Measurement software were applied
to the Sa area.

2.6. Computer Tomography

Tomographic images were obtained using Phoenix v/Tome/xs computer tomography (General
Electric, Lewistown, PA, USA).

2.7. Corrosion Examinations in Simulated Body Fluid

Corrosion tests were performed by a potentiodynamic method in simulated body fluid
(SBF) at a temperature of 38 ◦C. The electrochemical measurements were achieved by using a
potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Gdańsk, Poland). An artificial saliva solution (SBF)
was prepared according to EN ISO 10993-15 [44] by dissolving reagent grade chemical (NH2)2CO
(0.13 gL-1), NaCl (0.7 gL-1), NaHCO3 (1.5 gL-1), Na2HPO4 (0.26 gL-1), K2HPO4 (0.2 gL-1), KSCN
(0.33 gL-1), KCl (1.2 gL-1) (POCH, Gliwice, Poland). The potential was measured vs. a saturated
calomel electrode (SCE) located in the Haber-Luggin capillary. As a counter electrode, a standard
platinum electrode was used. The test specimen was stabilized in a solution of artificial saliva for
30 min at open circuit potential OCP. The potential change rate was 1 mV/s within a scan range of
−2000 to 1000 mV. The solutions were agitated with a magnetic stirrer. Using the Tafel extrapolation
method, the corrosion potential (Ecorr) and corrosion current density (icorr) values were determined.

3. Results and Discussion

3.1. Substrate Specimens

The surface of the non-oxidized alloy is shown in Figure 1 at two different magnifications. The
relatively smooth surface and screw lines can be seen.

 

Figure 1. Surface of reference specimen at different magnification: (a) 130×, (b) 1700×.

3.2. Oxidized Specimens

Figure 2 shows the appearance of the nanotubular oxide layer only in the area at the bottom of the
helix. The pores created are spherical and longitudinal. They possess a diameter ranging between 30
and 80 nm. The layer is well adjacent to the substrate and it has a small number of cracks and surface
defects. The gradual decrease of the nanoporous layer and its absence at the top of the helix may be
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attributed to different current densities, different electrochemical potential, and as a consequence a
different course of chemical reactions. The current is screened at the bottom at a given potential and the
resultant value is sufficient for electrochemical oxidation to occur. At the tops, the current density is too
high and the nanotubes formed undergo fast oxidation, its rate exceeding that of chemical dissolution
resulting in nanotubes. The current density is higher at the tops of such surfaces, with the effect
attributed to the difficult transport of oxygen to and reaction products from this area, and stepwise
depolarization of the area close to the bottom followed by a change in open circuit and corrosion
potentials. These processes can shift the current and potential values beyond those necessary to form
nanotubular oxide layers.

 

Figure 2. Surfaces of specimens oxidized in an electrochemical way: (a) view of specimen, (b) surface
of helix top, (c) surface between top and bottom of the helix, (d) bottom of the helix (with different
magnifications—d’, with the result of measuring the diameter of nanotubes).

The EDS examination results presented in Table 2 suggest the obtaining of a layer of titanium
oxide on the surface, which is confirmed mainly by the content of titanium and oxygen. High P
content results from the absorption of HPO4

2− anion within the layer pores and it is desired for better
bioactivity of the surface. Trace amounts of Ca, K, Fe are observed, which most likely were impurities
in the distilled water used.

Results of topography tests are presented in Figure 3. The surface of the top oxide layer is rough
and well developed. The roughness profile is 630 nm, the Sa average value is 1.39 ± 0.79 μm on the tip
of the helix, and 5.69 ± 2.98 μm on the bottom of the helix (Table 3). Such values in the nanometric
range are also useful. The differentiation of the area comprising small nanotubes and rough pores is
important. Surface modification led to smoothing the tip of the helix as a result of dissolving roughness
peaks. The influence of roughness on oseointegration has been proven. In the case of long-term
implants, a positive osteoblast response is required. With increasing roughness, the possibility of
osteoblasts settling increases [45]. High roughness also carries the risk of biofilm formation [46]. The
topography results confirmed the obtaining of a surface with a high surface roughness value. The
lowest values were obtained for the oxidized sample.
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Table 2. The EDS examination results of the chemical composition of the oxide layer.

Element Wt. Pct. At. Pct.

O 48.49 71.65

Zr 5.72 2.07

P 19.29 14.72

Nb 6.91 1.76

K 0.68 0.41

Ca 0.84 0.49

Ti 17.77 8.77

Fe 0.30 0.13

 

Figure 3. The topography of reference Ti-13Zr-13Nb before (a) and after (b) sand blasting and oxidized
Ti-13Zr-13Nb surfaces (c) obtained by light microscopy; the bottom of the helix (left) and top (right).

Table 3. Sa roughness parameters results.

Specimen
Sa Parameters (μm)

Tip of the Helix Bottom of the Helix

Reference Ti-13Zr13Nb (before sand blasting) 1.81 ± 1.11 9.10 ± 4.62
Ti-13Zr-13Nb (after sand blasting) 1.63 ± 1.40 9.94 ± 5.51

Oxidized Ti-13Zr-13Nb 1.39 ± 0.79 5.69 ± 2.98
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The CT investigations showed the appearance of modifications at the bottoms of the helix and not
at the tops (Figure 4). The area of modification can be observed as grey and red areas at the bottoms
and base alloy as white metal.

 
Figure 4. CT images: (a) horizontal cross-section with regard to y axis, (b,c) vertical cross-sections,
(d) 3D sample model.

The corrosion results are presented in Figure 5 and Table 4. The creation of the oxide layer became
difficult because of much higher current values and a presumed shift of electrochemical potential into
more anodic values resulting in the dissolution of metal rather than the oxidation of the surface. The
local appearance of the nanotubular and highly rough surface is evidence that some microcells are
formed due to change in potential. The local changes in pH value influence the anodization rate, the
thickness of the oxide layer and its structure, or even its formation. In case of too low or too high
acidity, the oxide layer is unable to achieve the nanotubular structure [47]. Here the anodization was
made at the proper HF concentration enhancing the stabilization of the appropriate low pH value and
resulting in a short oxidation time, thin nanotubes, a short distance between them, and scarce surface
cracks. The roughness of the oxidized surface was close to that observed in similar experiments [48].

The open-circuit potential (OCP) of the non-oxidized specimen was about −199 mV(SCE). The
anodic polarization exhibits a narrow plateau between 300 and 1150 mV, which can be attributed
to the presence of natural titanium oxide on a specimen surface. The passive current value in this
area ranged between 200 and 300 μA. For the previously oxidized specimen, the OCP was about
−616 mV. The anodic curve shows a very stable passive region between −200 and 2000 mV. The passive
current was about 200 μA in the entire region. However, despite high passive regions, the increase
in corrosion current density after oxidation shows that the surface has not been uniformly covered
with oxide layers and many microcells could appear in these oxidation conditions. The titanium
dioxide layer formed on the surface of the titanium can provide increased corrosion resistance only if it
is continuous over the entire surface of the alloy. The layer presented in the paper is characterized
by cracks and a lack of continuity. This results in the formation of so-called “corrosion channels”,
which accelerate the degradation of the material. A similar effect was obtained in research [49]. The
occurrence of this phenomenon may explain the deterioration of the corrosive properties compared to
the reference sample.

The microscopic investigation reference specimens after corrosion tests showed effects of pitting,
some discontinuity of material, and a heterogeneous structure at the bottoms of the helix and at the
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tops (Figure 6). The microscopic investigation specimens oxidized in an electrochemical way and
showed a network of cracks in the surface of the helix top and corrosion pitting in the bottom of the
helix (Figure 7), it is probably related to the grater thickness of the obtained modification, which was
confirmed by CT tests—Figure 4b.

Figure 5. Potentiodynamic polarization curve of reference and oxidized Ti-13Zr-13Nb specimens.

Table 4. Corrosion properties of reference and oxidized Ti-13Zr-13Nb specimens.

Specimen Current Density (nA/cm2) Corrosion Potential (mV)

Reference Ti-13Zr-13Nb 503.25 −392.46

Oxidized Ti-13Zr-13Nb 1451.00 −1174.13

 

Figure 6. Surface of reference specimen after corrosion test at different magnifications: (a) surface of
helix top ×200, (b) surface of helix top ×1000, (c) bottom of the helix ×200, (d) bottom of the helix ×1000.
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Figure 7. Surfaces of specimens oxidized in an electrochemical way after corrosion tests: (a) surface of
helix top ×200, (b) surface of helix top ×1000, (c) bottom of the helix ×200, (d) bottom of the helix ×1000.

4. Conclusions

In summary, nanotubular oxidation on the helix lines of titanium dental implants is possible, but
it depends heavily on the geometric shape of the implant, anodization parameters, and environment
composition. The parameters proposed here make it possible to obtain the nanotubes on the bottom
of the helix and distinctly roughen almost all remaining surfaces. However, the applied conditions
applied indicate that future investigations be oriented towards oxidation of the whole surface by
introducing slightly higher HF contents and lower current values and mixing the electrolyte bath.
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Abstract: Titania-based films on selective laser melted Ti13Zr13Nb have been formed by micro-arc
oxidation (MAO) at different process parameters (voltage, current, processing time) in order to evaluate
the impact of MAO process parameters in calcium and phosphate (Ca + P) containing electrolyte
on surface characteristic, early-stage bioactivity, nanomechanical properties, and adhesion between
the oxide coatings and substrate. The surface topography, surface roughness, pore diameter,
elemental composition, crystal structure, surface wettability, and the early stage-bioactivity in Hank’s
solution were evaluated for all coatings. Hardness, maximum indent depth, Young’s modulus, and
Ecoating/Esubstrate, H/E, H3/E2 ratios were determined in the case of nanomechanical evaluation while
the MAO coating adhesion properties were estimated by the scratch test. The study indicated that the
most important parameter of MAO process influencing the coating characteristic is voltage. Due to
the good ratio of structural and nanomechanical properties of the coatings, the optimal conditions of
MAO process were found at 300 V during 15 min, at 32 mA or 50 mA of current, which resulted in
the predictable structure, high Ca/P ratio, high hydrophilicity, the highest demonstrated early-stage
bioactivity, better nanomechanical properties, the elastic modulus and hardness well close to the
values characteristic for bones, as compared to specimens treated at a lower voltage (200 V) and
uncoated substrate, as well as a higher critical load of adhesion and total delamination.

Keywords: titanium alloys; micro-arc oxidation; composite oxide coatings; microstructure; properties

1. Introduction

Titanium and its alloys are widely used for medical applications. Among them, pure Ti (cp-Ti)
or Ti with Al, V, and Mo alloying elements are still among the most common materials used for
implantation. However, due to the reported mismatch in mechanical properties between bones
and those materials, leading to the stress-shielding and implant loosening, as well as the toxicity
of Al and V, new solutions are considered. Finally, among the perspective materials are β-type
titanium alloys [1–3] known as low modulus and bioinert metals containing Ti, Zr, Nb, Hf, Ta alloying
elements [4,5]. Although the material ensures preferable mechanical properties, which has been
proved as an effective factor in inhibiting bone atrophy [6] there is still a problem with its bioactivity.
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Many articles have reported that the composite layer can increase the surface area and roughness of
the implant, and promote the ingrowth of the tissue while improving the adhesion between the bone
tissue and implant. There are many methods which can enhance the bone tissue response, such as
plasma spray, magnetron sputtering, ion implantation, and anodic treatment [7]. However, micro-arc
oxidation (MAO), also called plasma electrochemical oxidation (PEO), has gained special attention due
to its applicability to biocompatible coating deposition with a gradient structure, rough and porous
morphology on such metals as Ti, Al, Mg, Nb, Zr, and their alloys. According to the literature, the MAO
technique combines many advantages and exhibits better improvement of surface properties compared
to other conventional methods. Laser surface modification improves the wear and corrosion resistance
of Ti alloys, however the coatings exhibit low bond strength and the residual stresses produced during
remelting and solidification which lead to many cracks in the laser treated coatings [8]. Similarly,
plasma spraying improves biocompatibility, wear resistance, and thermal stability, but the formation
of tensile forces between the substrate and coatings cause cracks and weaken the bonds. On the other
hand, physical vapour deposition (PVD) and chemical vapour deposition (CVD) brings out the coatings
of high density and strong adhesion to the substrate; however, such hard coatings also exhibit a large
mismatch between mechanical properties of the substrate and coatings and in consequence may cause
delamination. The sol-gel films demonstrate that the low adhesion strength to the substrate, possess a
limited bioactivity, and their thickness is difficult to control. The friction stir processing (FSP) method
improves biofunctionality, corrosion, and wear resistance, but due to the low processing rate and
inferior flexibility, it has limitation for the use on complex-geometry [9]. Conventional electrochemical
modification is able to produce a reproducible and well-defined coatings, nevertheless the improvement
in hardness and wear resistance of Ti alloys by this technique is seldom reported. Compared to
the modification method presented above, the micro-arc oxidation (MAO) technique improves the
corrosion and wear resistance of titanium alloys, significantly enhances biocompatibility and bioactivity,
provides a better bonding between the substrate and coating, and it has the capability to coat the
complex-shape objects what constitutes a big advantage for biomedical applications [10]. The MAO
process has been investigated by several research groups in recent years, mainly concerned with the
biologic behavior, corrosion behavior [11,12], and the characteristics of the surface layer in terms of
crystalline structure, topography, porosity or composition [13]. According to the literature, the coating
formed in the electrolyte containing Ca and P ions can significantly improve the bioactivity of titanium
implants [14–17]. What is more, the structure and properties of MAO coatings can be easily controlled
by different MAO process parameters such as applied voltage, current density, time processing, as well
as various electrolyte compositions [18–20]. Du et al. [19] and Wei et al. [13] have reported that the
applied voltage has significant influence on the structureal parameters such as thickness, the atomic
ratio of Ca to P, micropore number, and size of the MAO film on Ti and Zr1Nb alloy [19] and Ti6Al4V
alloy [13]. Komarova et al. [21] has shown that the coating thickness, roughness, and the average size
of the structural elements grow linearly with increasing the MAO voltage from 200 to 370 V. While,
the MAO time effects only the coating thickness. Another research report [22] described the morphology,
elemental composition, phase components, and bioactivity in four types of electrolytic solutions and
the applied voltage in the range of 200–500 V. Among the sodium carbonate, sodium phosphate, acetate
monohydrate (CA), and a mixture of CA and β-glycerophosphate disodium salt pentahydrate (GP),
only the last mixture treated by high voltage could induce apatite on the titanium surface and exhibited
bioactivity. Alves et al. [7] also evaluated the MAO process duration and electrolyte composition on
topography, morphology, chemical composition, crystalline structure, biological and tribocorrosion
behavior of the Ca- and P-coatings on cp-Ti. Finally, Tsutsumi et al. [23,24] have already described
the characteristic of MAO coatings in various electrolytes and electrochemical conditions on β-type
titanium alloys. The results [23] have shown that the titanium with Nb, Ta, Zr elements (TNTZ) under
the MAO treatment (with a positive voltage, constant-current condition of 12 mA, and time processing
of 8 min) in a mixture of calcium glycerophosphate and magnesium acetate, results in thick calcium
phosphate layers formed on the TNTZ after immersion in Hank’s solution. The same research group
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investigated the structure, hardness, and Young’s modulus after the MAO process on Ti15Zr7.5Mo
with a positive maximum voltage of 400 V and current density of 31.2 mA/cm2 applied for 10 min.
The electrolyte for MAO treatment was 0.1 mol L−1 calcium glycerophosphate and 0.15 mol L−1 calcium
acetate. The research has shown larger hardness (420 HV) compared to the commonly used Ti-5Al-4V
alloy (320 HV) and TNTZ (180 HV), as well as higher Young’s modulus (104–112 GPa) compared
to TNTZ (80 GPa) [24]. Similarly, Wang et al. [25] while studying the differences of MAO coating
on Ti6Al4V and Ti35Nb2Ta3Zr, proved that titanium with Zr and Nb alloying elements possessed a
better characteristic in terms of excellent corrosion resistance, hydrophilic, and film-forming properties.
It can be noticed, that the most previous research with the effect of MAO process parameters on
oxidized coatings has been mostly focused on the morphological features, corrosion and/or biological
properties, and the studies on nanomechanical and adhesion properties of MAO coatings have been
seldom reported [26]. What is more, many reports have been published on the micro-arc oxidation of
titanium and its various alloys, but only little of these concern the MAO process of the very promising
alloy Ti13Zr13Nb, which is characterized by excellent biocompatibility, corrosion resistance, high
strength/weight ratio, good fatigue resistance, and lower Young’s modulus as compared to most
of the metals [27]. Additionally, there is still very little reports on the micro-arc oxidation coatings
deposited on the selective-laser melted (SLM) substrate [28]. Designing personalized implants can
improve their longevity. Among others, selective laser melting (SLM) shows several advantages over
conventional manufacturing techniques as a method for customized mechanical properties [29,30].
Some authors indicate that the high thermal gradient and high solidification of SLM-made alloys may
affect MAO coating characteristics. For example, Yao et al. [28] obtained higher porosity with relatively
smaller pores on the surface of the MAO coating applied on TC4 alloy produced by SLM, compared to
other works. Some authors explained this phenomenon by an appearance of many small micro-arc
oxidation discharges related to small grains size obtained by the SLM manufacturing process [31].
There are also studies, which indicate that the SLM/MAO process improves the osseointegration
capacity [32,33]; however, the improvement of surface properties is rather related to the ability of
additive manufacturing to produce the 3D structure which optimizes the contact interface with a
human bone, than with a special microstructure characteristic.

To our best knowledge, there are no reports of the complex correlations between the MAO process
parameters and growth mechanism, structural characteristics, adhesion strength, and nanomechanical
behavior of MAO coatings on the selective-laser melted β-rich Ti13Zr13Nb alloy.

The main aim of this study was to investigate the complex effect of micro-arc oxidation process
parameters (applied voltage, current, and duration time) in Ca- and P-containing electrolyte on the
surface characteristics, early-stage bioactivity, nanomechanical properties, and adhesion between the
MAO coatings and SLM-made Ti13Zr13Nb alloy. The MAO process was performed on the SLM-made
and mechanically polished Ti13Zr13Nb alloy. Specimens were treated in 0.1 mol·L−1 of calcium
glycerophosphate C3H7CaO6P (GP) and 0.15 mol·L−1 of calcium acetate Ca(CH3COO)2 (CA) by the
DC power supply under various voltages 200, 300, and 400 V and a constant current of 32 mA for
10 and 15 min, and a constant current of 50 mA for 10 min. In order to obtain the characteristics of
coatings, the topography, surface roughness, pore diameter, elemental composition, crystal structure,
and surface wettability were evaluated. The ability of calcium phosphate formation on oxide coatings
was examined to obtain the bioactivity characterization. Hardness, maximum indent depth, Young’s
modulus, and Ecoating/Esubstrate, H/E, and H3/E2 ratios were determined with the nanomechanical
evaluation while the MAO coating adhesion was estimated by the scratch test.

2. Materials and Methods

2.1. Specimens Preparation

The cylindrical specimens (discs 20 mm in diameter and 3 mm thick) were manufactured by
the selective laser melting (SLM) additive technique while using Ti13Zr13Nb spherical powder
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(TLS Technik GmbH & Co. Spezialpulver KG, Bitterfeld-Wolfen, Germany) with particle size ranging
from 20 to 70 μm. Samples were designed using the Materialise Magics (Materialise NV, Ghent,
Belgium) software. The used SLM 100 apparatus (Realizer GmbH, Borchen, Germany) was equipped
with the ytterbium one mode fiber laser CW YLR-100-SM (IPG Laser GmbH, Burbach, Germany) using
a 1070 nm wavelength. The laser melting process was carried under a protective argon atmosphere
and other process parameters (i.e., spot diameter, laser power and scanning speed, and layer thickness)
are patent pending. The samples were mechanically polished using #150, #320, #600, and #800 grid SiC
abrasive papers and ultrasonically cleaned with acetone, isopropanol, and distilled water for 10 min
each. After ultrasonication, the specimens were dried in ambient air.

2.2. MAO Coating Preparation

The micro-arc oxidation process was performed with a DC power supply (PL-650-0.1, Matsusada
Precision Inc., Shiga, Japan) under various voltages 200, 300, and 400 V and a constant current of
32 mA for 10 and 15 min, and a constant current of 50 mA for 10 min. The labels of MAO coatings
formed at the different parameters are shown in Table 1. The MAO was conducted in 1 L of an aqueous
electrolyte with contents of 0.1 mol·L−1 calcium glycerophosphate C3H7CaO6P (GP) and 0.15 mol·L−1

calcium acetate Ca(CH3COO)2 (CA), as P and Ca ions source, based on previous studies [34,35].
Ti13Zr13Nb was used as an anode and a cylinder made of AISI 304 stainless steel as a cathode. Each
disk was fixed onto a polytetrafluoroethylene holder with an O-ring. Details of the working electrode
were as described in [36]. A magnetic stirrer rotating at 200 rpm was used to create a turbulent flow
regime, and the glass container was kept in a water-cooled bath at room temperature. After the MAO
treatment, the surfaces were washed in ultrapure water and dried. The control group called “control”
are represented by the Ti13Zr13Nb SLM-made specimens after polishing without the MAO treatment.

Table 1. The labels of micro-arc oxidation (MAO) coatings formed at different process conditions.

Applied
Voltage (V)

Current
(mA)

MAO-Treatment
Time (min)

Lebels in Groups
Labels in

Subgroups

200
32 15

MAO_200
MAO_32_15_200

32 10 MAO_32_10_200
50 10 MAO_50_10_200

300
32 15

MAO_300
MAO_32_15_300

32 10 MAO_32_10_300
50 10 MAO_50_10_300

400
32 15

MAO_400
MAO_32_15_400

32 10 MAO_32_10_400
50 10 MAO_50_10_400

2.3. MAO Coating Characterization

Process parameters (current and voltage) were continuously recorded at intervals of 0.1 s by a
sensor interface (PCD-300A; Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan). The content
of the ripples was controlled to less than 0.1%. Scanning electron microscopy (SEM; S-3400NX,
Hitachi High-Technologies Corp., Tokyo, Japan) was used to characterize the surface morphology. The
samples’ topography, surface roughness, and pore diameter, were evaluated by the laser scanning
microscope (LSM; Olympus LEXT OLS4100 3D, Tokyo, Japan). The thickness of MAO coating was
measured by the coating thickness gauges Elcometer 456 (Elcometer, 456, Elcometer Inc, Michigan, MI,
USA) in a range of 0–1500 μm and ±1% accuracy. The elemental compositions of the samples were
analyzed using energy dispersive X-ray spectrometry (EDS; S-3400NX, Hitachi High-Technologies
Corp., Tokyo, Japan). X-ray diffraction (XRD, BRUKER D8 DISCOVER, Bruker AXS KK, Yokohama,
Japan) was performed to characterize the crystal structure of the specimens. The surface wettability
was determined by the contact angle (CA) measurements with the falling drop method while using an

70



Coatings 2020, 10, 745

optical tensiometer (Attention Theta Life, Biolin Scientific, Espoo, Finland). The volume of the liquids
was about 1 μL/sample. Measurement was carried out immediately after the deposition of the drop of
the liquid while using the OneAttension program (Biolin Scientific, Espoo, Finland).

2.4. Bioactivity of the MAO Coatings

The ability of calcium phosphate formation on the oxide coatings was evaluated by an immersion
test in Hank’s solution (0.005 L) with a pH value of 7.4 and concentration similar to the extracellular
fluid. The composition of the fluid is shown in Table 2. The specimens were immersed in the solution at
310 K for 72 h. After the test, specimens were rinsed in ultrapure water. Calcium phosphate formation
on the specimens was evaluated with the scanning electron microscopy (SEM; S-3400NX, Hitachi
High-Technologies Corp., Tokyo, Japan) and energy dispersive X-ray spectrometry (EDS; S-3400NX,
Hitachi High-Technologies Corp., Tokyo, Japan).

Table 2. Ion concentration of Hank’s solution.

Ion Concentration (mol·L−1)

Na+ 1.42 × 10−1

K+ 5.81 × 10−3

Mg2+ 8.11 × 10−4

Ca2+ 1.26 × 10−3

Cl− 1.45 × 10−1

PO4
3− 7.78 × 10−4

SO4
3− 8.11 × 10−4

CO3
2− 4.17 × 10−3

2.5. Nanomechanical Properties of MAO Coatings

Nanomechanical properties of MAO coatings, i.e., hardness, maximum indent depth, Young’s
modulus, and Ecoating/Esubstrate, H/E, H3/E2 ratios were determined using a nanoindenter (NanoTest
Vantage, Micro Materials Ltd., Wrexham, UK) with Berkovich three-sided pyramidal diamond with an
apex angle equal to 124.4◦. The tests were performed with a maximum force of 50 mN, loading and
unloading times equaled to 20 and 15 s, respectively, and the cycle had 5 s dwell at a maximum load.
Hardness (H), reduced Young’s modulus (Er), and Young’s modulus values were determined using
the Oliver-Pharr method [37] based on the NanoTest results analysis program. In order to convert
the reduced Young’s modulus into Young’s modulus, a Poisson coefficient of 0.3 was assumed for the
coatings [38]. For all tested specimens, the twenty-five independent measurements were performed.

2.6. MAO Coatings Adhesion Properties

The adhesion strength of the MAO coatings was estimated by NanoTest™Vantage (Micro Materials,
Wrexham, UK) using the Berkovich three-sided pyramidal diamond the same as mentioned above.
The test parameters were as follows: Load equal was 400 mN, the loading rate was 1.3 mN/s, and scratch
length was 10 μm. The way of loading was linear and continuous. The adhesion of the coating was
assessed based on the observation of an abrupt change in frictional force during the test. The failure
events were examined by an optical microscope.

2.7. Statistical Analysis

Statistical analysis of the data was performed with the commercial software OriginPro 64
(OriginLab, Northampton, MA, USA). The Shapiro-Wilk test was used to assess the normal distribution
of the data. All of the results were presented as the mean ± standard deviation (SD), and they were
statistically analyzed with a one-way analysis of variance (one-way ANOVA). Multiple comparisons
versus the control group between means were performed using the Bonferroni t-test with the statistical
significance set at p < 0.05.
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3. Results and Discussion

3.1. MAO Process Characterization

The MAO process characterization was analyzed by the time-dependent relations of voltage and
current, as shown in Figure 1. The curve characteristic is typical for the MAO process, where the
variation of voltage can be divided into three stages [39]. First, the voltage increases linearly due to
the formation of an initial dioxide film. During the second stage, the voltage increases slowly, which
corresponds to the beginning of the micro-arc oxidation process, where the oxide layer is broken down
to form a discharge channel. As the reaction progresses, with the increase of layer thickness, the voltage
keeps increasing. During the last stage of the MAO process, the voltage fluctuates near the plateau
with numerous sparks on each sample surface until the end of the treatment. A similar behavior was
also observed by Qian [40]. Similarly, during analyzing the current-to-time curve, we can notice that
the current decreases with increasing the MAO treatment time. In the first stage, the current is constant
and stays on its highest value due to the formation of a compact and thin oxide layer (resulting in a
better surface conductivity). When the system reaches the selected potential, a dielectric breakdown of
these films and micro-arc discharge start to occur. With layer growing, the conductivity decreases,
the sample electric resistance increases, and the current density decreases intensively [12]. Finally,
the thickness of a coating prevents dielectric breakdown, and the current takes the minimum values
near a plateau section of the current. This behavior is confirmed by the reports of Sobolev et al. [41]
and Komarova et al. [21], and is correlated with optical observations. During the first stage, gas
bubbles on the materials’ surface could be seen. During the second stage, white and tiny electric sparks
appear, and with increasing time, they become larger and more intense. In the third stage, the MAO
process varies in different conditions. When the MAO treatment was conducted at 400 V, the arcs
became stronger while their number decreased. In contrast, when oxidation was performed at 200 V,
after reaching the maximum voltage, the micro-arc sparks became weak and fewer in number. It can
be seen that the intensity of the micro-arc oxidation increases while the value of maximum voltage
increases. The presence of pulses on the curves indicates the periodic nature of electrical discharges.
The highest dielectric breakdown behavior of the process at an applied maximum voltage of 400 V
could be observed.

From a comparison of curves, it can be noticed that at current 32 mA and time 15 min, the maximum
voltage of 200, 300, and 400 V is reached after 80, 261, and 641 s, respectively (the accuracy of determining
the time was estimated at 2 s and current value at 0.001 A. When the time of the MAO process was
reduced from 15 to 10 min, the relations of MAO_200 and MAO_300 were similar to those observed
for 15 min (Figure 1a,a’ and b,b’), while for MAO_400, the limited time of 10 min occurred to be too
short to obtain an expected voltage (the maximum registered value was 391 V). The incomplete MAO
process significantly affected the coatings’ characteristics. The time needed to obtain the final voltage
200, 300, and 400 V was about two-times shorter (42, 153, and 381 s, respectively), when the initial
current increased from 32 to 50 mA (Figure 1b,b’ and c,c’) indicating that the film could be faster
formed at these process parameters. The average value of current obtained in the third stage of the
process was similar under voltage 200 and 300 V, but if the treatment voltage was 400 V, the average
minimum values near a plateau section were higher compared to those under 200 and 300 V. The effect
can be attributed to the changing electrical resistance of the oxide layer.
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Figure 1. Time-dependent curves of voltage (a–c) and current (a’–c’) of the MAO process for MAO_32_15
(a,a’), MAO_32_10 (b,b’), and MAO_50_10 (c,c’).

3.2. MAO Coating Surface Evaluation

The surface morphology of the Ti13Zr13Nb alloy samples treated by the MAO in various process
conditions was observed by SEM, as shown in Figure 2, the dimensions of the pores were calculated using
ImageJ software, while the MAO coating thickness was evaluated by using coating thickness gauges.
The average diameter of pores varied from 1.8 to 8.4 μm (Figure 3a), with applied voltage increasing in
the range of 200–400 V, for all current and time values. Samples treated under lower maximum voltages,
200 and 300 V, possessed similar average pore sizes, however, their shape and distribution differed
from each other significantly. At the lowest voltage (MAO_200), the samples‘ surfaces revealed mainly
few irregularly distributed micropores with size equal to 2.17 ± 0.89, 2.20 ± 0.66, and 1.80 ± 0.64 μm
(for MAO_32_15, MAO_32_10, and MAO_50_10, respectively). Additionally, on the surface, two
characteristic regions can be observed (Figure 2a) with micropores (region II) and without micropores
(region I). It could be assumed that at the selected potential 200 V, a dielectric breakdown of films
and micro-arc discharge was not effective to form a fully porous coating. When limited voltage
was 300 V, the sustainable and stable (Figure 1b) electrolytic plasma discharge resulted in regularly
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distributed pores over the surface with a relatively uniform pore diameter 2.36 ± 0.4, 2.80 ± 0.67,
and 2.75 ± 0.61 μm for MAO_32_15_300, MAO_32_10_300, and MAO_50_10_300, respectively. As the
MAO was performed at 400 V, the surfaces showed a crater-like structure with statistically the biggest
pores about 7.13 ± 2.68, 5.66 ± 1.38, and 8.41 ± 3.19 μm for MAO_32_15_400, MAO_32_10_400,
and MAO_50_10_400, respectively. The size of the micropores increased as some discharge channels
connected and became larger. What is more, in these process conditions, the presence of tiny cracks
can be observed (Figure 2c). The formation of microcracks may be caused by thermal stress [42] either
due to the breakdown of the electrolytic plasma bubbles at the alloy surface which constantly release
a large amount of energy, by rapid condensation of the molten compound during their exposition
to the cold electrolyte [43] or rapid oxides‘ transformation from amorphous to crystalline form [44].
In a similar study, Correa et al. [14] observed qualitatively similar MAO samples’ morphology of
the Ti15ZrxMo alloy subject to the anodic treatment carried out for 10 min at the same electrolyte
concentration (Ca + GPa) under the maximum voltage limited to 300, 350, and 400 V. In this case,
the pore sizes were smaller as compared to our study and were as follows: 1.6–1.8 μm for 300 V,
2.2–2.8 μm for 350 V, and 2.8–4.5 μm for 400 V. The addition of MO which improves the corrosion
resistance may have distinct effects on the dielectric barrier of the films.

 
Figure 2. SEM microstructure images of the MAO coatings with various MAO process parameters:
MAO_32_15_200 (a), MAO_32_15_300 (b), MAO_32_15_400 (c), MAO_32_10_200 (d), MAO_32_10_300
(e), MAO_32_10_400 (f), MAO_50_10_200 (g), MAO_50_10_300 (h), MAO_50_10_400 (i) with two
various marked regions (I, II) obtained in MAO_200 (a) and microcracks obtained in MAO_400 (c) (the
presented results are representative for three analyses of each surface treatment specimens).
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Figure 3. Pore size (a) and thickness (b) of the investigated MAO coatings with various MAO process
parameters measured by ImageJ software and coating thickness guages, respectively (n = 25; data are
the means ± SD; (a) significantly different in groups (p < 0.05), (b) significantly different between time
groups (p < 0.05), (c) significantly different between current groups (p < 0.05)).

Taking into consideration the standard deviation value of pore size, the most extensive and hardly
reproducible structure was obtained at the highest maximum voltage, especially at the highest current
parameter for MAO_50_10_400. While, the most regular and predictable structure was obtained for
the middle value of voltage (300 V), in particular for MAO_32_15_300. It can also be noticed that in
the case of MAO coatings treated in 400 V, shortening the process time from 15 to 10 min in the same
current conditions, decreases the pore size, while increasing the current from 32 to 50 mA in the same
time process conditions results in a bigger pore size (Figure 3).

The anodic treatment resulted in pores with a wide range of sizes. Alves et al. [12], applying the
MAO at similar anodic treatment conditions, obtained smaller pore sizes (0.5–5 μm), compared to our
results. The decrease of the pore size could be caused by lower electrolyte concentration (GP and CA).
The increase in the size of the pores with increasing electrolyte concentration was also reported by
Ishizawa et al. [45] for anodic titanium oxide films containing Ca and P.

The MAO coating thickness also increased with increasing voltage and varied from 4.1 to 26.8 μm,
for MAO_200 and MAO_400, respectively. Sedelnikova et al. [16] reported that CaP coatings on Ti and
Zr1Nb increased linearly from 10 to 110 μm with the voltage rising from 150 to 300 V. Chen et al. [46]
obtained the MAO film on Ti39Nb6Zr of 15 μm in thickness during a 10 min treatment at 400 V.
While Karbowniczek et al. [47] observed that the MAO coatings ranged from 16 to 60 μm in thickness,
depending on the Ca/P ratio in an electrolyte. According to the literature, when a current density
grows, the coatings deposition rate increases [48]. However, in our study only MAO_400 fulfills
this assumption.

The results of microstructural characterization are in line with the average surface roughness (Ra)
where with increasing voltages, the Ra value also increases (Table 3). The significant (p < 0.05) highest
value of Ra parameter was observed at 400 V in each time and current conditions. MAO_32_10_400 has
a statistically lower Ra parameter compared to other samples treated in 400 V, due to the “unfinished”
micro-arc oxidation process (Figure 1b). When the MAO process was carried out at the same time
oxidation but under higher current, the Ra parameter increased, its value being close to that of
MAO_32_15_400. The obtained results are consistent also with SEM images, in which better surface
development is observed at increasing voltage. Increasing values of roughness parameters for
MAO_400 are associated with the existence of the additional craters and a hill-like structure caused
by aggressive plasma discharge. The obtained results are in line with previous reports [16,25,49].
Karbowniczek et al. [47] using the same electrolyte but under pulsed DC with 400 V and time of 5 min
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obtained Ra = 1.6 μm. Lin et al. [46] reported on Ra = 1.86 μm for the MAO treated Ti39Nb6Zr alloy
after 10 min under 400 V. Sedelnikova et al. [16] showed that alloys containing Zr and Nb demonstrated
lower values of roughness compared to pure Ti.

Table 3. Average surface roughness Ra (μm) of the investigated control specimens and MAO coatings
with various MAO process parameters measured by laser microscopy.

Sample
Average Surface Roughness Ra (μm)

Control
200 V 300 V 400 V

MAO_32_15 0.41 ± 0.05 0.52 ± 0.01 2.67 ± 0.25 *,a

0.19 ± 0.04MAO_32_10 0.37 ± 0.03 0.54 ± 0.26 1.84 ± 0.17 *,a,b

MAO_50_10 0.36 ± 0.02 0.51 ± 0.03 2.67 ± 0.18 *,a

(n = 5; data are the means±SD; * significantly different from control (p < 0.05); a significantly different from MAO_200
and MAO_300 (p < 0.05); b significantly different from MAO_400 (p < 0.05)).

The EDS microanalysis of the MAO coatings revealed the different amounts of elements throughout
the coating surface in relation to the MAO process conditions (Figure 4). The MAO coatings formed
in the electrolytes are mainly composed of Ti and O. The oxygen concentration on MAO samples is
about 60%, which is the result of intense anodization [50]. As seen, in each of the MAO specimens,
Ca, P, Ti, Zr, and Nb elements appear. It could be speculated that Ca and P from the electrolyte were
incorporated into the oxide layers on the substrates during the arc discharge process, while the Ti, Zr,
and Nb elements were detected from the titanium alloy substrate [51]. It can be also noticed that with
the increasing applied voltage, the concentration of Ca increases, Ti decreases, while the P compound
content first intensively increases with the increasing voltage ranging from 200 to 300 V and then
slightly decreases. This phenomenon has been previously observed [52] and can be correlated with an
increase in the intensity and temperature of the micro-arc discharges leading to the increase of the
reactive capacity of all electrolyte components. It was also found [45] that sodium glycerophosphate
and calcium acetate were suitable for the electrolytes to form a coating possessing the Ca/P ratio as
that of hydroxyapatite (1.67). In this study, with the increasing voltage, the Ca/P ratio also increased;
however, the value was smaller than that of bone-apatite. The highest value was measured for
MAO_32_15_400 while the lowest for MAO_32_15_200 specimens (1.38 and 0.31, respectively). On the
other hand, Han et al. [22] presented a study showing that specimens with a Ca/P atomic ratio of 1.73
did not exhibit apatite-induced ability, while the specimens with higher Ca and P content, but lower
Ca/P atomic ratio induced an apatite appearance on the surface. These observations confirm that the
MAO process not only affects the surface morphology but also influences the chemical composition of
the oxide films as well.

Additionally, the high value of carbon (C) content, especially for control specimens, can be noticed.
According to the literature, it is very difficult to obtain and analyze the reliable value of C content
using energy dispersive X-ray spectrometry and the results significantly vary from each other from
2.1–5.7 (wt.%) [6], even to more than 27 (wt.%) [24], depending on the research group. Some authors
did not include in their analysis the C content [51] at all. The high value of carbon detected during the
EDS examination may be related to the contamination coming from the CO2 atmosphere during the
MAO treatment, from the internal walls of the vacuum chamber in SEM, as well as from accidentally
improper samples storage [53]. In the future, it is worth considering eliminating the EDS analyses of
such elements such as carbon.
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Figure 4. Surface elemental composition analysis (at.%) of the investigated control specimens and MAO
coatings with various MAO process parameters measured by energy dispersive X-ray spectrometry
EDS (the presented results are representative for three analyses of each surface treatment specimens).

In Table 4, the wettability measurements of each specimen are presented. They revealed that
all specimens were characterized by hydrophilic surfaces (CA < 90◦). The contact angle of the
substrate and MAO coatings were in the range 35–64◦. As a comparison, Ming-Tzu Tsai [54] obtained
for the MAO treated Ti specimens, the contact angle equaled to 50.7◦ ± 5.6◦. The wettability of
a surface is crucial for the adsorption of proteins and the cell adhesion [38], with optimal value
suggested for 35–85◦ [55]. Although only the MAO_32_10_400, MAO_50_10_400, MAO_32_10_200,
and MAO_32_15_300 specimens significantly (p > 0,05) improved the surface wettability compared to
the control group; it could be said that all specimens fulfilled this criterion. The literature [14] discloses
that the contact angle of the MAO coatings increases with the rising applied voltages, which may
be correlated (among others) with a higher value of roughness [19], and/or capillary forces between
volcano-like pores and contacted distilled water [56]. However, in this study, only MAO_32_15_400 is
in line with this relation, but surface wettability may be strongly affected by other parameters such as
morphology, crystallinity, and chemistry [57].

Table 4. Surface wettability of the investigated control specimens and MAO coatings with various
MAO process parameters determined by the measurements of the contact angle of distilled water.

Sample
Surface Wettability—The Value of Contact Angle (◦)

Control
200 V 300 V 400 V

MAO_32_15 56.65 ± 6.98 35.63 ± 4.35 *,b 64.31 ± 7.94
60.83 ± 3.34MAO_32_10 53.99 ± 2.56 * 57.40 ± 1.8 39.16 ± 5.18 *,a

MAO_50_10 64.82 ± 4.95 d 62.13 ± 2.58 46.55 ± 3.57 *,c

(n = 5; data are the means ±SD; * significantly different from control (p < 0.05); a significantly different from
MAO_32_10_200 and _300, MAO_32_15_400 (p < 0.05); b significantly different from MAO_32_15_200 and _400;
MAO_32_10_300 (p < 0.05), c significantly different from MAO_50_10_200 and _300 (p < 0.05) d significantly different
from MAO_32_10_200 (p < 0.05)).

The XRD patterns of a control group and the micro-arc oxidized samples obtained at various
applied voltages, and constant current 32 mA and time processing of 15 min are shown in Figure 5. In a
case of a control group (Figure 5d), besides titanium peaks (α-, β-phase) related to the titanium alloy
substrate, the rutile and anatase oxides were detected. It confirms a good ability of Ti13Zr13Nb alloy
to self-passivation [58]. On the surface after the MAO treatment, among the titanium oxides, rutile,
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and anatase peaks appeared at all the applied voltages (Figure 5a–d). Additionally, at the lowest values
of voltage (200 and 300 V), titanium peaks (α-phase) were also observed (Figure 5a,b). The intensity of
the peaks slightly decreased with the increasing limiting voltage, which could be related to the oxide
layer growth. For the highest applied voltage (400 V) (Figure 5c), the oxidized surface layer became
mainly a mixture of anatase and rutile. The presence of anatase suggests that a vigorous oxidation
reaction has occurred on a titanium surface during the MAO process [2]. The Ti peak on the XRD
patterns may be correlated with X-ray penetration through the coating. According to the previous
study, TiO2 can exist in the three crystalline polymorphs (anatase, rutile, and brookite). The literature
also indicates that mostly anatase is formed at lower forming voltages, while the combination of anatase
and rutile phases appear at higher forming voltages since anatase as a metastable-phase gradually
transforms into rutile at higher temperatures with the increasing dielectric breakdown phenomena [59].
Wang et al. [25] showed that alloys contained Nb ad Zr elements could form a number of anatase phase
grains higher than those of rutile phase during high voltage (400 V) oxidation, compared to pure Ti
and Ti6Al4V, which enhanced their bioactivity. No more phases were detected by the XRD analysis
despite the fact that the EDS analysis also showed incorporation of Ca and P ions. The additional
phases may appear in the amorphous or crystalline structure at a content that is below the detection
limit of XRD [22]. These phenomena are in line with the literature; Zhang et al. [60] did not find any
peaks from hydroxyapatite with the Ti-MAO sample in the CA and GP solution, while Han et al. [22]
observed only Ca- and P-containing phase by employing the CA- and β-GP solution at higher voltages,
up to 450 V.

 
Figure 5. X-ray diffractograms of samples: The control group (d) and MAO coatings obtained at various
applied voltages in a constant current of 32 mA and time processing equal to 15 min: MAO_32_15_200
(a), MAO_32_15_300 (b), MAO_32_15_400 (c) (the presented results are representative for three analyses
of each surface treatment specimens).

3.3. Early-Stage Bioactivity of the MAO Coating

To investigate the early-stage bioactivity of the substrate and MAO coating under various maximum
voltages, the specimens were immersed in Hank’s solution for 72 h. The surface morphologies of the
example of the samples after immersion are shown in Figure 6. It can be noticed that there are a few
white particles randomly scattered on the sample surface (Figure 6a,b) or riddle-like small particles
(Figure 6c,d) rich in Ca and P elements (Figure 6e,f). Other authors also observed similar morphologies
with the spherical particles and precipitate layer being reported as apatite [19,60,61].
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Figure 6. Surface morphologies of the samples after soaking in Hank’s solutions for 72 h: The control
group (d) and the MAO coatings obtained at various applied voltages in a constant current of 32 mA and
time processing equal to 15 min (a–c): MAO_32_15_200 (a), MAO_32_15_300 (b), and MAO_32_15_400
(c). The Ca/P ratio (e) and elemental composition (f) of the post-immersed specimens (the presented
results are representative for three analyses of each surface treatment specimens).

The elemental composition of the post-immersed substrate and samples with MAO coatings, and
Ca/P ratio are shown in Figure 6e,f. It can be observed that with the increasing voltage, the Ca and P
values also increase. Additionally, all post-immersed MAO specimens are characterized by a higher
Ca/P ratio as compared to a substrate (control). The Ca/P ratio after immersion for specimens treated
at 200 and 300 V is about two times higher than before immersion (0.85 and 1.51, respectively). While
for specimens treated under 400 V, the Ca/P ratio decreases and is almost the same as the value before
immersion. It is difficult now to propose any model explaining the relative decrease in P content
with the increasing voltage, but it may be somewhat attributed to the different chemical potentials
of deposition of both ions and their different relations of chemical potentials on the electrochemical
voltage. The results are in line with a report of Qing et al. [19] that presents that the MAO coating
formed at 350 V shows better apatite-inducing ability as compared to the MAO process carried out at
higher voltages (400, 450, and 500 V). The value of the Ca/P ratio being the nearest to stoichiometric
hydroxyapatite (1.67) was obtained by specimens treated under 300 V (1.51). Anyway, the ratio Ca/P
demonstrates the surfaces’ ability to induce the precipitation of calcium phosphate.

According to the literature, due to nucleation of apatite and diffusion of Ca and P ions from the
MAO coating into Hank’s solution, the degree of local supersaturation increases, and apatite nuclei are
spontaneously growing. Moreover, the increase in the aperture and surface roughness of the MAO
coating also accelerate the nucleation of apatite [28]. Thus, the bioactivity of MAO increased with
a voltage change from 200 to 300 V. Its further decrease can be, as mentioned above, due to many
factors, including relation of chemical potential on the voltage. In a similar study, Tsutsumi et al. [23]
observed on MAO-treated Ti29Nb13Ta4.6Zr the newly formed layers rich in Ca and P after seven days
of immersion in Hank’s solution. Correa et al. [14] presented that the calcium and phosphate contents
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increased with the limiting voltage in all samples after immersion. Our results, confirmed also by other
research reports [19], indicate only that at high voltage the enhancement of bioactivity may decrease.

3.4. Nanomechanical Properties of MAO Coatings

The load-displacement hysteresis curve as an example of the results of nanoindentation tests is
shown in Figure 7. Three main stages of the nanoindentation test are observed: Loading to a maximum
value, pause with maximum value, and unloading. At the end of the loading stage, the maximum
indenter displacement connected with elastic and plastic deformation can be observed, while at the end
of the unloading phase, the final depth (connected with elastic recovery) of the contact impression can
be the measure [37]. Irregularity occurring on the unloading step is correlated with the temperature
drift. It can be seen that the elastic recovery of MAO specimens is significantly low when compared to
control specimens and decreases with an increasing voltage of the MAO process. The lowest recovery
characteristic was obtained by the MAO_32_10_400 treatment, while the greater by MAO_32_10_200.
Increasing current values, from 32 to 50 mA, result in lower maximum displacement, while decreasing
time of the MAO process from 15 to 10 min leads to higher maximum displacement. What is more,
at the higher voltage of the MAO process, the longer displacement during pause time can be observed,
which is connected with more distinct creep of these coatings. The results differ from the phenomena
shown in the literature, where the MAO process significantly has improved elastic recovery compared
to the uncoated substrate [62,63].

Figure 7. Nanoindentation load-displacement curve obtained for the investigated MAO coatings with
various MAO process parameters and control specimens obtained by the nanoindentation test (a–c):
MAO_32_15 (a), MAO_32_15 (b), and MAO_32_15 (c) (the presented results are representative for
twenty-five analyses of each surface treatment specimens).

Hardness (H), Young’s modulus (E) value, and deformation mechanism of the coating under load
are considered as the most important factors for the anti-wear performance of ceramic coatings [64].
Figure 8 presents the surface hardness, Young’s modulus, maximum indent depth, Ecoating/Esubstrate,
H/E, and H3/E2 ratio of the MAO coatings. The highest value of hardness and Young’s modulus
was obtained for the control group (4.75 ± 1.55 and 67.71 ± 13.09 GPa, respectively). It can be
noticed that all modifications had a significant impact on both mechanical indices. Apart from the
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MAO_32_10_300 and MAO_32_10_400 specimens, with increasing voltages of the MAO process,
the hardness significantly decreased, from two times for MAO_200 up to twelve times for MAO_400.
In MAO_300 specimens, when the time decreased from 15 to 10 min, the hardness was reduced almost
60% compared to the longer process, while the increment of current from 32 to 50 mA caused almost
twice higher hardness of tested coating compared to specimens treated at 32 mA. A similar behavior
was noticed for Young’s modulus where MAO_50_10_300 was characterized by a higher value of
Young’s modulus in comparison to MAO_32_10_300. In contrast, the time change from 15 to 10
min first decreased (for MAO_200) and then increased (for MAO_300) the Young’s modulus value.
A higher parameter of hardness in all cases was related to denser and smoother surface morphologies.
Young’s modulus was higher for all specimens treated under 200 V with the highest value equal to
80.94 ± 6.71 GPa obtained during the MAO process in 50 mA conditions, while specimens treated at
300 and 400 V showed the significantly decreased Young’s modulus. The results are in line with the
literature, where the lowest values of Young’s modulus and hardness correspond to materials with less
dense microstructure and the highest levels of porosity [65–68]. The MAO process carried out at 400 V
indicated from two to four times bigger pore size compared to the MAO process at 200 V. Similarly,
Souza et al. [69] suggested that the elastic modulus obtained for porous film was related to the actual
elastic response of the film. In the case of biomaterials, lower values of Young’s modulus are often
positive. The mismatch between elastic modulus and hardness of an implant and a bone can lead to
stress shielding, which may provide implant loosening [27,29]. The obtained results indicate that the
elastic modulus values for all MAO coatings are closer to values characteristics of bones (11.4–21.2 GPa)
and the best matching is observed for specimens treated at 400 V (8.46 ± 0.59; 14.06 ± 2.11; 15.00 ± 3.07
for MAO_32_15_400, MAO_32_10_400, and MAO_50_10_400, respectively). As presented in Figure 8b,
with increasing voltage, maximum indentation depth also increases which is strictly correlated with
lower hardness of the coatings. The highest indentation depth reached 2.55 μm (for MAO_32_15_400)
and was about 60% higher than the lowest one equal to 0.94 μm (for MAO_50_10_200). According to
the literature, the lower the H/E and H3/E2 ratios are, referred to materials elastic strain failure and
materials resistance to plastic deformation, respectively, the worst the materials wear performance
is [70]. It can be noticed that both ratios are much lower for the MAO coatings compared to the
control group, and lower than the optimal declared value of the H/E parameter approx. 0.1 [71], which
refers to high plastic deformation of the coating and in consequence, low wear resistance (Figure 8e,f).
Some authors proved that a close match between the elastic modulus of the coating and substrate
reduced interfacial stress and ensured better adhesion [72]. It is preferable to obtain the value of
Ecoating/Esubstrate ratio close to unity, since the higher mismatch, the greater plastic deformation and
brittle cracking may be observed [73]. It can be noticed that Ecoating/Esubstrate decreases with increasing
applied voltage, and the closest value to the optimum is obtained by all specimens treated under lower
voltage (MAO_200), while the highest mismatch between both coating and substrate’s Young modulus
occurs in the specimens treated under high voltage (MAO_400).
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Figure 8. Nanomechanical properties: Nanohardness (a), maximum indent depth (b), Young’s modulus
(c), Ecoating/Esubstrate ratio (d), H/E ratio (e), H3/E2 ratio (f), of investigated MAO coatings with various
MAO process parameters and control specimens (n = 10; * significantly different from control (p < 0.05),
(a) significantly different in groups (p < 0.05), (b) significantly different between time groups (p < 0.05),
(c) significantly different between current groups (p < 0.05)).

According to the literature, mechanical parameters depend on many determinants, i.e., porosity,
phase composition of the oxide layer, and MAO process parameters. It is suggested that soft calcium
phosphate agglomerates have a significant impact on lower mechanical properties. For example,
Karbowniczek et al. [47] obtained that the MAO coating containing various Ca/P ratios with hardness
ranged between 5.74 to 21.88 GPa and Young’s modulus from 29.3 ± 4.3 to 54.7 ± 11.8 GPa, in line
with the results of this study. It is worth noting that the differencess of the mechanical properties
and their significant standard deviation values are characteristic of nanoindentation measurements
as observed by many authors [74]. Especially, nanoindentation of macro-porous films is challenging
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due to the experimental errors related to the influence of the substrate, the pore-filling densification
effect during indentation, as well as the surface roughness [75–77]. Additionally, the methodology to a
reliable determining of the mechanical properties of porous coatings has not been well established yet.
According to the literature, to minimize the effect of the substrate, the indenting should be provided
to a maximum depth (hmax) less than 10% of the coating thickness (tf) (hmax/tf < 0.1) [37], and some
authors indicate 20% of the film thickness for the porous thin ceramic films (hmax/tf < 0.2) [78], while
others pointed out that for hardness measurements, the substrate effect would be relatively small
as long as the indentation depth would be below 50% of the film thickness [79]. On the other hand,
taking into consideration the roughness effect, the elastic modulus results are more consistent and
reproducible when the indentation depth is bigger, in the range of 10%–20% of the film thickness [65],
since when the indenter tip is similar to the value of the surface roughness, the stresses at the initial
point are much greater and result in variability in the first stages of indentation [80]. It can be noticed
that in our research all MAO coatings fulfill the relations hmax/tf < 0.5, while MAO_300 and 400 fulfill
the relations 0.1 < hmax/tf < 0.2, which according to the literature should improve the reliability of
the film-only properties. What is more, to eliminate the experimental errors, a series of indentation
tests were carried out, the critical values were statistically rejected and the median was taken into
consideration. Additionally, due to minimizing the pore-filling densification effect, the experiment
was performed with restriction distance of 20 μm offset in the Z and Y axis. In the future, to improve
the nanoindentation examination, the spherical indenter tip (with a larger surface area), as well as the
nanoindentation tests evaluated at different depths should be considered.

3.5. MAO Coatings’ Adhesion

In scratch testing, three main failures can be observed: Cohesive, adhesive, and mixed cracking [72].
The minimum load at which the first damage occurs is characterized by a critical load (Lc). In the
literature usually one [74,81], two [82,83] or three [72,84] critical loads (Lc1, Lc2, Lc3) are presented.
In this study, Lc1 is correlated with the first crack (initial cohesion deformation), Lc2 marked the load
under which, on the edge of the scratch, the first delamination occurred (initial adhesion deformation),
Lc3 presents total coating perforations, where the substrate starts to be seen continuously. According
to the literature [85], Lc1 may be identified by the first peak of acoustic emission correlated with
a spontaneous shock wave that occurs as a result of the microcrack formations, while Lc2 and Lc3
can be measured in the first and follow high-peaks which indicate the large damage of the coating.
To improve the investigation of failures, all results were also analyzed while using other scratch test
data, i.e., friction force and penetration depth. Since the literature indicated that isolated damages
could be ignored [85], to understand better at which location, the beginning of the failure event was
occurring, the optical microscopy was used.

A comparison of the microstructures of the coatings (Figure 9) shows that the scratch behavior is
dependent on the MAO process parameters. For specimens treated under 200 V, only a small peeling
occurred in the coating (apart of the place where the loading was completed, and bigger peeling could
be observed), and only a few circular microcracks, some lateral and arc tensile cracks could be observed.
The higher the process voltage, the more transverse semi-circular cracks, chipping, and spalling appear.
For 300 and 400 V, conformal-type buckling cracks with local interfacial spallation indicate a highly
cohesive failure. In both conditions at the edges of the scratches, two-sided peeling indicates the
intense adhesive type of failure. However, the chipping deformations occur much later (farther from
the beginning of the scratch path) compared to MAO_200 what may suggest the higher adhesion
between substrate and coating. In specimens treated under 300 V conditions, total perforation becomes
continuous, and in contrast, the coating’s damage of specimens treated in 400 V presents more cyclic
delamination character. Although in all specimens coating breakthrough occurs, the place where the
substrate starts to appear along the scratch track, varies; the lower the voltage was, the earlier (closer to
the beginning of the scratch path) the total perforations appeared. The example of the relations between
friction (F), acoustic emission, penetration depth and load (L) with the indicated critical loads (Lc1,
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Lc2, Lc3) for the MAO coatings are shown in Figure 9, while the average values of critical loads and
critical friction force causing total delamination (Fc (Lc2)) measured during the scratch test for all MAO
coatings samples are present in Table 5.

Figure 9. The scratch path with cohesion and adhesion failures after scratch testing (a–c), and the
relation of friction (F), acoustic emission, and penetration depth on load (L) with the indicated critical
loads (Lc1, Lc2, Lc3) (a’–c’) of the investigated MAO coatings obtained at various MAO process
parameters: MAO_32_15_200 (a,a’), MAO_32_15_300 (b,b’), and MAO_32_15_400 (c,c’) (the presented
results are representative for ten analyses of each surface treatment specimens).

Table 5. Critical loads and critical friction force caused total delamination (Fc (Lc2)) measured during
the scratch test for all MAO coatings samples (the presented results are representative for five analyses
of each surface treatment specimens).

Critical Load (mN)

Sample Lc1 Lc2 Lc3 Fc (Lc2)

MAO_32_15_200 4.97 ± 1.47 12.34 ± 4.9 43.27 ± 8.16 220.68 ± 16.95
MAO_32_15_300 7.19 ± 4.17 27.41 ± 12.78 80.62 ± 11.39 134.48 ± 25.53
MAO_32_15_400 10.51 ± 1.68 63.49 ± 28.01 163.35 ± 42.13 368.332 ± 40.85
MAO_32_10_200 5.07 ± 1.94 29.70 ± 10.49 59.39 ± 9.56 39.064 ± 14.56
MAO_32_10_300 10.27 ± 3.63 31.28 ± 13.46 83.50 ± 8.06 45.14 ± 21.56
MAO_32_10_400 8.52 ± 2.26 46.63 ± 16.88 157.76 ± 36.69 138.42 ± 43.69
MAO_50_10_200 8.12 ± 1.89 17.63 ± 7.14 44.73 ± 4.26 131.80 ± 16.91
MAO_50_10_300 13.42 ± 3.93 25.56 ± 5.67 76.38 ± 6.98 477.37 ± 19.93
MAO_50_10_400 12.02 ± 3.99 43.13 ± 15.39 178.23 ± 43.81 520.08 ± 48
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It can be said that for the MAO 200, 300, and 400 V conditions, the critical load of micro-cracking
(Lc1) occurs at low force and ranges between 4.97 ± 1.47 to 13.42 ± 3.93 mN (for MAO_32_15_200
and MAO_50_10_300, respectively). According to Figure 9 and Table 5, the scratch resistance
of the coatings was improved with the highest voltage of the MAO process, in line with the
literature [62]. Some authors [28] suggested that the oxidation time influenced the adhesion;
however, in this study, no significant difference could be observed. Lc3 of MAO_400 coatings
(~157–178 mN) were approximately 50% higher than Lc3 of the MAO_300 and 70% higher than for
the MAO_200. Additionally, MAO_400 remained without being totally damaged for the longest time
(total delaminations occurring futher from the beginning of the scratch path) of all analyzed coatings
(~370 μm for MAO_32_10_400 and MAO_32_15_400 and ~ 480 μm for MAO_50_10_400). In contrast,
the fastest (the total delaminations occurring closer from the beginning of the scratch path) total
delamination occurred in MAO_200 (~173, 85, and 101 μm for MAO_32_10_200, MAO_32_15_200,
and MAO_50_10_200, respectively). In the specimens oxidized under middle voltages (MAO_300),
the average distance from the beginning of the scratch path, where the first delamination occurred, were
at ~205, 223, and 187 μm for MAO_32_10_300, MAO_32_15_300, and MAO_50_10_300, respectively.
Even though MAO_400 is characterized by lower hardness and higher porosity compared to the
MAO_200, better adhesion may be related to the higher P and Ca elements’ incorporation due to
a more intense oxidation process. The highest value of the friction force during the first adhesive
damage Fc (Lc2) was obtained by the most rough specimens MAO_50_10_400 and MAO_32_15_400.
The very high value of Fc (Lc2) of MAO_50_10_300 reflects the highest pill-up effect compared to other
specimens (Figure 9b).

Although the MAO has been declared as an effective method to improve adhesion between coatings
and substrate compared to other wide known surface modification methods, such as sol-gel [62],
or alkaline heat treatment [86], a typical brittle behavior can be still observed. Based on the Zhu et al. [87]
study, the tribological performance of the MAO coatings can be improved by an optimal combination of
the MAO process parameters as voltage, current, time oxidation, or electrolyte concentration. It is also
worth noting that results obtained in scratch tests depend on various independent factors (test conditions,
material parameters, and the randomness of measurements), and their direct comparability between
various research groups is almost impossible. Therefore, the obtained findings are only approximate
and should be mainly used for the qualitative comparison purpose.

4. Conclusions

After the MAO treatment, rutile and anatase peaks appear at all the applied voltages. Mostly
anatase is formed at lower forming voltages, while the combination of anatase and rutile phases
appears at higher voltages. The time-dependent relations of voltage and current characteristics of the
MAO process on SLM-made Ti13Zr13Nb are typical, their dielectric breakdown intensities increasing
with the growth of applied voltage. The time 10 min is too short to obtain a maximum voltage of 400 V.
The film is faster formed at higher initial current.

The average diameter of pores and thickness of the MAO coating depend on the applied voltage
and change from 1.8 to 8.4 and 4.1 to 26.8 μm, respectively, with increasing voltage. For the highest
voltage, shortening the processing time in the same current conditions, decreases the pore size, while
increasing current results in a bigger pore size. The most roughness, extensive, and hardly reproducible
structure is obtained at the highest maximum voltage, while the most regular and predictable structure
at the middle voltage (300 V).

With increasing applied voltage, the concentration of Ca increases and that of Ti decreases, while
the P compound content first intensively increases and then slightly decreases. With increasing
voltage, the Ca/P ratio also increases. The closest value of the Ca/P ratio to bone-apatite is obtained by
MAO_32_15_400.

All specimens have hydrophilic surfaces, with values corresponding to optimal values to ensure
better adsorption of proteins and the cell adhesion.
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After the early-stage bioactivity examination in Hank’s solution, the MAO process results in a
high Ca/P what indicates good bioactivity of MAO coatings. The nearest value of the CA/P ratio to
stoichiometric hydroxyapatite is obtained by specimens treated at 300 V.

The elastic recovery of the MAO treated specimens is low and decreases with an increasing voltage
of the MAO process. The significant elastic recovery appears at higher current values and higher
processing time. Young’s modulus is the highest for specimens treated at the lowest voltage 200 V.
The elastic modulus values for all MAO coatings are closer to values characteristic of bones with the
best matching for specimens treated at 400 V.

The ratios referred to coatings’ wear-resistant performance (H, H3/E2, Ecoating/Esubstrate) show a
tendency to higher plastic deformation of the MAO coating and in consequence, lower wear resistance
compared to the uncoated Ti13Zr13Nb. The soft calcium phosphate agglomerates have a significant
impact on lower mechanical properties. For the higher process voltage, more intense transverse
semi-circular cracks, chipping, and spalling appear. The critical loads referred to the first adhesive
damage and total delaminations are weaker at the highest voltage of the MAO process, which can be
correlated with higher thickness of those coatings.

The results of the research indicate that there are no significant differences between MAO coating
on the SLM substrate compared to MAO coating on titanium alloys produced by conventional
methods. The differences in MAO coating properties were mainly correlated with micro-arc oxidation
process parameters.

The most important parameter of the MAO process influencing the coating characteristic is the
voltage. The optimal conditions of the MAO process include the voltage 300 V for 15 min at 32 mA or
50 mA of the current. As a consequence, the coating is characterized by the most regular and predictable
structure, high Ca/P ratio, high hydrophilicity, highest demonstrated early-stage bioactivity, better
nanomechanical properties, such elastic modulus and hardness with higher matching to the values of
bones, compared to MAO_200 and uncoated substrate, as well as the higher critical force of adhesion
and total delaminations compared to MAO_200. Despite the perspective properties, the relatively low
critical load presented during the scratch test is still a certain problem; however, it is also an interesting
opportunity to evaluate the issue of adhesion strength in further research. The authors plan to improve
the adhesion properties, while adding some components (i.e., silica) to the one-step MAO process.
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Abstract: Carbon nanotubes are proposed for reinforcement of the hydroxyapatite coatings to improve
their adhesion, resistance to mechanical loads, biocompatibility, bioactivity, corrosion resistance,
and antibacterial protection. So far, research has shown that all these properties are highly susceptible
to the composition and microstructure of coatings. The present research is aimed at studies of
multi-wall carbon nanotubes in three different combinations: multi-wall carbon nanotubes layer,
bilayer coating composed of multi-wall carbon nanotubes deposited on nanohydroxyapatite deposit,
and hybrid coating comprised of simultaneously deposited nanohydroxyapatite, multi-wall carbon
nanotubes, nanosilver, and nanocopper. The electrophoretic deposition method was applied for
the fabrication of the coatings. Atomic force microscopy, scanning electron microscopy and X-ray
electron diffraction spectroscopy, and measurements of water contact angle were applied to study
the chemical and phase composition, roughness, adhesion strength and wettability of the coatings.
The results show that the pure multi-wall carbon nanotubes layer possesses the best adhesion
strength, mechanical properties, and biocompatibility. Such behavior may be attributed to the
applied deposition method, resulting in the high hardness of the coating and high adhesion of carbon
nanotubes to the substrate. On the other hand, bilayer coating, and hybrid coating demonstrated
insufficient properties, which could be the reason for the presence of soft porous hydroxyapatite and
some agglomerates of nanometals in prepared coatings.

Keywords: hardness; adhesion; hydroxyapatite; carbon nanotubes; titanium; biomedical applications

1. Introduction

Carbon nanotube coatings (CNTs) demonstrate unique mechanical and biological properties.
Thanks to this, they are increasingly applied in medicine and diagnostics, including tissue
engineering [1,2]. These two-dimensional carbon structures are used, among others, to functionalize
materials designed for implants, where CNTs can support osseointegration [3,4].

The biocompatibility of CNTs in orthopedic applications was established by in vitro studies,
which showed accelerated bone growth and increased proliferation and differentiation of
osteoblasts [5–10]. The most popular kind of metal substrate for CNTs is titanium [3,11–18],
which combines some beneficial mechanical properties and biocompatibility with a chemical
in vivo susceptibility [11]. Several studies evaluated the body’s reaction in the presence of
carbon nanotubes, demonstrating a high vitality of osteoblasts compared to the pure titanium
substrate [14–16,19]. The ceramic coating consisting of multiple functionalized CNTs with carboxyl
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groups and hydroxyapatite (HAp) was reported to enhance mechanical properties and biological
adhesion, as well as the response of osteoblasts [20–23]. CNTs have a unique chemical structure, so it
could serve as a carrier, e.g., of an antibiotic [11] or other substances [21], able to prevent or cure
potential infection in place of implantation and protect against implant rejection.

Nevertheless, possible toxicity of nanomaterials limits CNTs’ medical applications [24], even
though reports to date are scarce and inconclusive, e.g., for the neurotoxic effects of CNTs [25], or CNTs
formation of reactive oxygen species [26]. There are more reports on the lack of adverse effects of
CNTs than on their long-term toxicity [24]. Recent toxicological studies performed with the liver and
kidney cells showed no adverse outcome [23]. In another study, neither SWCNTs (Single-Wall CNTs)
nor MWCNTs (Mulit-Wall CNTs) demonstrated in vitro cytotoxicity for fibroblasts and hippocampal
cells [27]. Moreover, CNTs are extensively investigated as components of biocoatings [2], e.g., for the
Mg-phosphate coating reinforced by SiC nanowire-CNTs [28], HAp-CNTs composite coating on Mg
alloy [29], SWCNTs/HAp and MWCNTs on Ti and its alloys [14–17]. Thus, the cytotoxicity of CNTs is
generally assumed to be negligible. Even the use of both SWCNTs and MWCNTs as a base liquid with
human blood was reported [30].

Pure SWCNTs, as well as MWCNTs coatings, have been obtained [31–33], but the composite
or hybrid layers are even more extensively developed as, e.g., CNTs–HAp [13,22,23,34–37] or
CNTs–graphene oxide [38]. Most frequently, the electrophoretic deposition (EPD) [12,14,39–41],
electrocathodic deposition [15,16,20] or chemical vapor deposition (CVD) processes [42] are applied to
prepare CNTs coating.

In the case of materials intended for dental or orthopedic load-bearing implants, adhesion and
bond strength are essential, especially at the stage of implantation and ingrowth of human tissue.
As Gopi et al. observed, the addition of low amounts of MWCNTs (0.5 and 1 mass pct.) increases
hardness, and Young’s modulus of the sol-gel derived HAp/MWCNTs coatings [15]. Nevertheless,
the concentration of 1% and 2% of CNTs in the composite did not affect adhesion strength significantly
and reached 24.2 and 22.4 MPa, respectively [16]. Mukherjee et al. reported an improvement of fracture
toughness, flexural and impact strength values for MWCNTs-reinforced HAp [23]. The interfacial
shear strength and the maximum load-bearing capacity of the tested CNTs–Ti interfaces were assessed
at 37.8 MPa and 245 nN, respectively [43]. The tape tests displayed high adhesion strength (class 5B)
for CNTs–(Zn)HAp coating [18]. In another work, the addition of CNTs to the Ti–HAp composite
improved both the adhesion strength and hardness for the Ni–Ti substrate [35]. The highest bonding
strength of 25.7 MPa was reported for the SWNTs/HAp coating and was nearly 70% more elevated
than that of the pure HAp coating [17]. Better mechanical properties were observed for new complex
hybrid materials, such as MWCNTs-HAp [20] and fluorohydroxyapatite (FA)-CNTs coating deposited
on the TiO2 nanotubular layer [44]. In the last case, CNTs served as a reinforcement, because of
their higher elastic modulus compared to the FA matrix. The homogeneous distribution of decorated
CNTs resulted in the robust interface between FA and CNTs. CNT-reinforced HAp composites had
substantially better bending strength and fracture toughness than pure HAp [45]. Thus, the presence
of MWCNTs evidently improves cohesion, but its adhesion to titanium substrate is less known and
may be dependent on the specific architecture of a coating.

In sum, all the investigated material features such as biocompatibility, adhesion strength,
and corrosion resistance are highly sensitive to coating composition and microstructure. The objective of
the present research is to assess the adhesion strength, mechanical properties of coatings and wettability
for the pure MWCNTs layer, hybrid CNTs–nanohydroxyapatite (nanoHAp) coating, and composite
coating. Three different methods of deposition of carbon nanotubes were applied to obtain such
coatings: (i) deposition of MWCNTs on a substrate surface, (ii) deposition of nanoHAp coating followed
by the deposition of MWCNTs, and (iii) joint deposition of a mixture of nanoHAp, MWCNTs, and some
nanometals. The purpose of such a choice lies in the fundamental importance of adhesion for the
application of such surface treatment of load-bearing implants, because of the high stresses imposed
on them during implantation surgery and the post-implantation period.
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2. Materials and Methods

2.1. Preparation of Substrate Surfaces

The Ti13Nb13Zr alloy of the composition shown in Table 1 was used as a substrate. Specimens
with a 40 mm diameter were cut from the rods. The surface was ground using abrasive paper SiC up
to grit # 800. Then, the samples were rinsed with acetone, distilled water, air-dried, pickled in 5% HF
for 30 s to remove oxide layers from the surface and finally rinsed with distilled water.

Table 1. Chemical composition of the Ti13Nb13Zr alloy.

Element Nb Zr Fe C H O S Hf Ti

wt. pct. 13.18 13.49 0.085 0.035 0.004 0.078 <0.001 0.055 rem.

2.2. Preparation of CNTs’ Suspension

To prepare the coatings, MWCNTs (3D-nano, number of walls 3–15, outer diameter 5–20 nm, inner
diameter 2–6 nm, and length 1–10 μm) were functionalized in a mixture of concentrated sulfuric and
nitric acid to add carboxyl groups and to provide a negative charge on the surface of carbon nanotubes.
Four hundred and eighty grams of powder was annealed in a vacuum furnace (PROTHERM PC442,
Ankara, Turkey) for 8 h at 400 ◦C and then dispersed in deionized water in an ultrasonic homogenizer
(Bandelin Sonopuls HD 2070, Berlin, Germany). The suspension was added to 200 mL of mixed H2SO4

and at a ratio of 3:1 v/v and heated at 70 ◦C for 2 h [3]. To prepare the suspension of carbon nanotubes,
the reaction mixture was centrifuged and washed several times with water or isopropanol until a
neutral pH was reached. The concentration of CNTs in the obtained suspension was 0.27 wt.% in
water and 0.4 wt.% in isopropanol. Final suspensions were sonicated for 1 min using an ultrasonic
homogenizer to disperse the CNTs well after centrifugation. To prepare the mixed coating (m0.4CNT),
1.25 mL of 0.4 wt.% suspension of carbon nanotubes in isopropanol and 0.1 g of nanohydroxyapatite
(grain size distribution approximately 20 nm, 99.8% purity, MKnano, Missisauga, Canada) were
dispersed in 100 mL of ethyl alcohol (99.8% purity, Sigma Aldrich, St. Louis, MI, USA) and then mixed
with 0.005 g of nanosilver (grain size distribution approx. 30 nm, Hongwu International Group Ltd.,
Guangzhou, China) and 0.005 g of nanocopper (grain size distribution approximately 80 nm, Hongwu
International Group Ltd.) before carrying out the electrophoretic deposition (EPD) process.

2.3. Deposition of Coatings

The electrophoretic deposition (EPD) method was used to prepare the coatings. Their synthesis
parameters are shown in Table 2. The Ti13Nb13Zr substrate was used as an anode and platinum as a
counter electrode. The electrodes were placed parallel to each other at a distance of 5 mm and connected
to a DC power source (MCP/SPN110-01C, Shanghai MCP Corp., Shanghai, China). The coatings were
heated in a tubular furnace (PROTHERM PC442) from room temperature to 800 ◦C at a rate of 200 ◦C/h
and cooled to room temperature with the oven.

Table 2. Parameters of synthesis of the coatings with multi-walled carbon nanotubes.

Coating Synthesis Stage
Concentration of

MWCNTs [%]
Duration of
EPD [min]

EDP Voltage
[V]

Temperature
[◦C]

0.27CNT EPD of MWCNTs 0.27 2 11 ambient

H0.27CNT
EPD of nanoHAp – 2 30 ambient

Sintering – 120 – 800
EPD of MWCNTs 0.27 2 30 ambient

m0.4CNT

EPD of MWCNTs,
nanoHAp, nanosilver,

nanocopper
0.4 2 30 ambient

Sintering – 120 – 800
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2.4. Structure and Morphology

An atomic force microscope (AFM NaniteAFM, Nanosurf, Bracknell, Great Britain) was used to
study the surface topography. The examinations were performed in the non-contact mode at 20 mN
force. The average roughness index Sa values were estimated based on 512 lines made in the area of
80.4 × 80.4 μm2.

The specimens’ surfaces were observed using a high-resolution scanning electron microscope
(SEM JEOL JSM-7800F, Tokyo, Japan) with a LED detector, at a 5 kV acceleration voltage.

The chemical composition of the coatings was investigated by an X-ray energy dispersive
spectrometer (EDS Edax Inc., Mahwah, NJ, USA).

2.5. Nanomechanical Studies

Nanoindentation tests were performed with the NanoTest™ Vantage (Micro Materials, Wrexham,
Great Britain) using a Berkovich three-sided pyramidal diamond. Twenty-five (5 × 5) measurements
were carried out on each sample. The maximum applied force was 10 mN, the loading and unloading
times were set up at 20 s and the dwell period at maximum load was 10 s. The distance between the
subsequent indents was 20 μm. During the indent, the load–displacement curve was determined using
the Oliver and Pharr method. Based on the load–penetration depth curves, the surface hardness (H)
and Young’s modulus (E) were calculated using integrated software. Estimating Young’s modulus (E),
the Poisson’s ratio of 0.25 was assumed for carbon nanotube coatings and 0.36 for Ti13Nb13Zr.

Nanoscratch tests were performed with NanoTest™ Vantage (Micro Materials) using a Berkovich
three-sided pyramidal diamond. The scratch tests were made by increasing the load from 0 to 200 mN
at a loading rate of 1.3 mN/s at a distance of 500 μm. The adhesion of the coating was assessed based
on the observation of an abrupt change in frictional force during the test.

2.6. Contact Angle Studies

Water contact angle measurements were carried out by falling drop method using a contact angle
instrument (Contact Angle Goniometer, Zeiss, Oberkochen, Germany) at room temperature 10 s after
drop out.

3. Results and Discussion

3.1. Structure and Morphology

Figure 1A,B show the AFM images of the topography of the native material, where substantial
roughness of the surface after grinding and etching may be observed. After etching, the native material
shows higher surface roughness.

Figure 1C–E illustrate the surface topography of the examined coatings composed of, respectively,
carbon nanotubes (0.27CNT), carbon nanotubes deposited on the nanohydroxyapatite layer (H0.27CNT)
and the composite of carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).
The addition of nanoHAp significantly increases roughness. Such a result may mean that the HAp
penetrates through free spaces among nanotubes only a small amount. Fathyunes et al. (2018) proposed
that during electrodeposition the water reduction produces hydroxyl ions, causing an increase in the
pH near the cathode. Then, the CaP ceramics become insoluble and precipitate on the surface of the
titanium substrate [46].

Figure 2 presents the SEM images of the surface topography of carbon nanotubes (0.27CNT),
hybrid coating (H0.27CNT), and composite coating (m0.4CNT) together with their EDS spectra,
confirming the formation of individual coatings. The carbon nanotubes can be distinguished for
each specimen.
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Figure 1. Atomic force microscope (AFM) surface topography of the: (A) reference sample—native
material after grinding (MR), (B) reference sample—after etching (MRe), (C) sample of carbon
nanotubes (0.27CNT), (D) sample of carbon nanotubes deposited on the nanohydroxyapatite
layer(H0.27CNT), (E) sample of composite of carbon nanotubes, nanohydroxyapatite, nanosilver
and nanocopper (m0.4CNT).

 
Figure 2. SEM surface topography with the energy dispersive spectrometer (EDS) spectrum of the
sample: (A) 0.27CNT, (B) H0.27CNT, (C) m0.4CNT.

The SEM images (Figure 2) demonstrate a more uniform distribution of carbon nanotubes for
the 0.27CNT sample than for the H0.27CNT sample. On the surface of the m0.4CNT sample, many
agglomerates are present, as a result of the simultaneous deposition of nanosilver and nanocopper,
which do not move into a bulk, but are absorbed on the HAp coating, resulting in decreased roughness
(Table 3). The roughness values are similar to those previously reported [14].
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Table 3. Surface roughness of the native material and deposited coatings.

Sample Roughness Sa [μm]

MR 0.203
MRe 0.256

0.27CNT 0.098
H0.27CNT 0.980
M0.4CNT 0.618

3.2. Mechanical Studies

3.2.1. Nanoindentation

Figure 3 shows the load–displacement hysteresis curve as an example of the results of
nanoindentation tests. Three stages of the nanoindentation test are observed: the raising load to a
maximum value, the pause (to stabilize the probe at maximum depth), and offloading. An irregularity
in the form of a step due to temperature drift, adjusted at the end of nanoindentation, can be observed.

Figure 3. Nanoindentation load–displacement curve obtained for pure CNT coating (0.27CNT).

The exact values of measured mechanical properties are listed in Table 4. The lowest hardness
values are demonstrated for H0.26CNT and m0.4CNT coatings due to the significant effect of etching
on hardness. A 53-fold difference in the hardness is noticed between polished and etched specimens.
The CNTs alone have the best hardness and wear resistance. The addition of softer nanoHAp decreases
mechanical strength. The composite coating displays improved behavior, presumably because of a
different coating architecture and the decisive role of metal nanoparticles. The hardness here measured
is lower than the values previously reported in [44] as 0.37 to 0.58 GPa.

The elastic modulus values observed here are in line with some previous results for titanium, and
much smaller for CNTs coating, so far reported as 60 MPa [14] and 113–130 MPa [16]. An increase in
Young’s modulus from 15 to 40 GPa [35] and from 12 to 19 GPa [44] was also observed. The reason
for such discrepancies may be the high dependence of nanomechanical properties of the coating
architecture, test parameters, and fractions of components.

Table 4. Mechanical properties and maximum indent depth for the substrate and achieved coatings.

Sample
Nanohardness

[GPa]
Reduced Young’s
Modulus [GPa]

Young’s Modulus
[GPa]

Maximum Indent
Depth [nm]

I 3.758 ± 1.045 116.91 ± 16.32 83.32 ± 11.63 330.92 ± 36.61
MRe 0.071 ± 0.010 14.57 ± 2.21 9.44 ± 1.43 2358.11 ± 170.08

0.27CNT 0.101 ± 0.049 18.59 ± 5.66 14.17 ± 4.32 2069.67 ± 352.57
H0.27CNT 0.022 ± 0.015 7.46 ± 3.65 5.63 ± 2.76 4264.18 ± 1150.11
m0.4CNT 0.035 ± 0.019 11.72 ± 4.31 8.88 ± 3.26 3210.02 ± 817.53
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Figures 4 and 5 show the 3D distribution of Young’s modulus and nanohardness for the examined
samples. Compared to the other materials, the native material after grinding (MR) reveals the biggest
nanohardness and Young modulus.

The 3D Young’s modulus (Figure 4) and nanohardness (Figure 5) distribution graphs show a
highly non-uniform rough surface. The roughest is only a polished surface, lower roughness is
observed for CNTs coating, and the etched surface and two other coatings show differences in Young’s
modulus in the range of 20 MPa. For hardness, the same effects can be noticed. The most heterogeneous
are the H0.27CNT and m0.4CNT coatings, due either to appearing agglomerates or variable layer
thickness, or both. The 0.27CNT specimen’s nanohardness and Young’s modulus distribution graphs
show “uplifts,” which could result from the probe’s contact with the surface of the native material.
Nevertheless, the 0.27CNT sample appears to possess a Young’s modulus very similar to that of a
human bone. Cuppone et al. reported that the cortical bone has an average Young’s modulus value of
18.6 ± 1.9 GPa [47]. In conclusion, the results generally show that Young’s modulus increases with
rising nanohardness.

Figure 4. 3D Young’s modulus distribution for: (A) native material after grinding (MR), (B) native
material after etching (MRe), (C) CNTs coating (0.27CNT), (D) CNTs deposited on HAp coating
(H0.27CNT), (E) mixed coating consisting of CNTs, nanoHAp, nanoAg and nanoCu (m0.4CNT).
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Figure 5. 3D nanohardness distribution for (A) native material after grinding (MR), (B) native material
after etching (MRe), (C) CNTs coating (0.27CNT), (D) CNTs deposited on HAp coating (H0.27CNT),
(E) mixed coating consisting of CNTs, nanHAp, nanoAg and nanoCu (m0.4CNT).

3.2.2. Nanoscratch Test

Figure 6 shows the relation of friction (F) on load (L) for each coating subjected to the nanoscratch
test. The graphs describe a critical load (Lc) for every single measurement, represented by a vertical
line indicating the moment of delamination for the carbon nanotube coating (0.27CNT), the carbon
nanotube coating on hydroxyapatite (H0.27CNT) and the mixed coating consisting of carbon nanotubes,
nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT), respectively.

The values of the critical load (Lc) and critical friction (Fc), which indicate the load and friction
under which the coating cracks or is delaminated, are shown in Table 5.

To conclude, the CNTs coating deposited on the Ti13Nb13Zr alloy (0.27CNT) has the best strength
adhesion to the surface, while the worst adhesion is demonstrated by the composite coating (m0.4CNT).
Application of HAp ceramics as an interlayer and its sintering does not improve the adhesion of the
CNTs coating to the surface of titanium alloy. What is more, the addition of nanosilver and nanocopper
to the composite coating further decreases adhesion, presumably due to the change in the particle
size of nanometals caused by agglomeration in the bath. These results demonstrate that adhesion
is best when the CNTs adhere directly to the surface, forming strong chemical bonds. Regretfully,
these results cannot be compared to the adhesion strength 18–22 MPa measured by the Adhesion Test
method [16] and 32 MPa measured by the F1044 shear bond strength test [35] as these methods are
very different from the nanoscratch tests. On the other hand, during surgery and the period after
implantation, the coatings are subject to shear stresses. Therefore, the nanoscratch method seems
particularly suitable for determining real adhesion.
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Figure 6. Friction (F) dependence on load (L) with the indicated critical load (Lc) for the single
measurement of (A) the carbon nanotube coating on the surface of Ti13Nb13Zr (0.27CNT), (B) the carbon
nanotube coating on the surface of the hydroxyapatite (H0.27CNT), (C) the mixed coating consisting of
carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).

Table 5. Parameters of coatings delamination.

Sample Critical Friction (Fc) [mN] Critical Load (Lc) [mN]

0.27CNT 89.42 ± 36.19 116.50 ± 32.07
H0.27CNT 39.96 ± 18.07 92.06 ± 34.3
m0.4CNT 29.56 ± 6.92 60.38 ± 10.21

3.3. Contact Angle Measurements

Figure 7 shows images of the water drops poured on the surface of all tested specimens. After
etching, the surface of the Ti13Nb13Zr became hydrophobic, as the mean contact angle reached the
value of 97.40◦. This could be the result of the higher roughness of the etched surface (Table 3).
The CNTs coating was found hydrophilic [48] with the angle value 56.50◦, which means that the surface
is proper for its application in implantology. Türka et al. achieved similar results for the contact angle
of the CNTs after functionalization, 53.29◦ [49]. However, the CNTs–HAp and composite coatings
are both hydrophobic, and as such they cannot be useful for implants. Prodana et al. explained the
hydrophilicity of TiO2/MWCNTs/HAp coating on titanium substrate by the appearance of C–O single
bonds, and C=O and O–C=O more oxidized forms, which might be responsible for increasing surface
hydrophilicity [20]. Nevertheless, during the electrophoretic deposition process, the pH rises at the
cathodic substrate, resulting in deprotonation of carboxyl groups (COOH) and, thereby, functionalized
CNTs become more negatively charged. Carboxyl groups (COO–) facilitate the electrostatic interaction
of Ca2+ ions from HAp with CNTs [46]. Based on reports to date, and our research, the hydrophobic
appearance of an arrangement of CNTs and porous HAp may be attributed to an occurrence of a specific
architecture with a lesser ability to form van der Waals bonds between water and specimen surface.
A similar explanation may be given regarding the composite materials, indicating the increased effects
of nanohydroxyapatite, which may have a different microstructure to CNTs. Further attempts made
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with various forms of both components, oriented particularly towards better hydrophilicity, should
give a more plausible solution.

 
Figure 7. Contact angle (CA) for: (A) native material after grinding (MR), (B) native material after
etching (MRe), (C) carbon nanotube coating on the surface of Ti13Nb13Zr (0.27CNT), (D) carbon
nanotube coating on the surface of the hydroxyapatite (H0.27CNT), (E) the mixed coating consisting of
carbon nanotubes, nanohydroxyapatite, nanosilver and nanocopper (m0.4CNT).

4. Conclusions

The multi-wall carbon nanotubes deposited on the surface of the Ti13Nb13Zr alloy by the
electrophoretic method demonstrate a relatively high hardness and wear resistance, firm adhesion,
and proper wettability, so they are suitable for surface treatment of the titanium implants made of the
investigated alloy.

The hybrid coatings obtained by the formation of hydroxyapatite deposit, followed by a carbon
nanotubes’ layer, have lower adhesion strength, hardness, and less proper wettability, presumably due
to the weak interface bonding between hydroxyapatite and carbon nanotubes, which is related to the
properties of the ceramic material.

The composite layer has the lowest adhesion strength, hardness, and equally improper wettability,
which can be attributed to weak bonding of components in the coating.

The obtained results provide evidence that the mutual bonding strength of all components and
critical strength at the coating–substrate interface, are more significant determinants of mechanical
properties than the components and the deposition process parameters.
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Abstract: Currently, a significant problem is the production of coatings for titanium implants,
which will be characterized by mechanical properties comparable to those of a human bone,
high corrosion resistance, and low degradation rate in the body fluids. This paper aims to describe
the properties of novel chitosan/Eudragit E 100 (chit/EE100) coatings deposited on titanium grade
2 substrate by the electrophoretic technique (EPD). The deposition was carried out for different
parameters like the content of EE100, time of deposition, and applied voltage. The microstructure,
surface roughness, chemical and phase composition, wettability, mechanical and electrochemical
properties, and degradation rate at different pH were examined in comparison to chitosan coating
without the addition of Eudragit E 100. The applied deposition parameters significantly influenced the
morphology of the coatings. The chit/EE100 coating with the highest homogeneity was obtained for
Eudragit content of 0.25 g, at 10 V, and for 1 min. Young’s modulus of this sample (24.77 ± 5.50 GPa)
was most comparable to that of human cortical bone. The introduction of Eudragit E 100 into chitosan
coatings significantly reduced their degradation rate in artificial saliva at neutral pH while maintaining
high sensitivity to pH changes. The chit/EE100 coatings showed a slightly lower corrosion resistance
compared to the chitosan coating, however, significantly exceeding the substrate corrosion resistance.
All prepared coatings were characterized by hydrophilicity.

Keywords: titanium; chitosan; Eudragit; electrophoretic deposition; nanoindentation; pH-sensitive
coatings; wettability

1. Introduction

Titanium and titanium alloys are materials often used in biomedical applications due to their high
biocompatibility, high corrosion resistance, and low Young’s modulus comparing to other metallic
biomaterials. These properties promote their use as orthopedic and dental implants, orthodontic wires
and brackets, and other biomedical devices [1–3]. Titanium and its alloys are often subjected to
improving their osseointegration properties, resistance to corrosion, and protection against the
development of bacterial infections by modification of the surface topography and the deposition of
bioactive materials, e.g., calcium phosphates and bioglasses [4–7].

Currently, so-called smart polymers that respond to the external environment are gathering
considerable interest. These materials change their properties under the influence of temperature,
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pH, UV–Vis radiation, electric, and magnetic field effects [8–12]. Among the most popular polymers
are chitosan [13] and Eudragit E 100 (EE100)–methacrylic acid copolymer [14].

Chitosan, due to its biodegradability, biocompatibility, nontoxicity, and antibacterial activity,
is often used in controlled drug delivery systems, wound healing, and tissue regeneration [15,16].
It is commonly applied in different forms, such as membranes, nanogels, micro/nanoparticles, films,
and hydrogels [17–19]. Chitosan coatings are gathering more interest in implantology, however,
they show low mechanical properties and low stability at neutral pH [20,21]. Chitosan rapidly absorbs
water and is characterized by a high swelling degree in aqueous environments, leading to fast drug
release [22]. Hence, co-deposition of chitosan with other biopolymers (e.g., gelatin) or nanomaterials
(e.g., silver nanoparticles, gold nanoparticles, carbon nanotubes) is performed to overcome these
problems [23–25]. One of the modifiers of chitosan coatings may be EE100.

Eudragits are a group of biopolymer materials that have been used in controlled drug delivery
systems for several years. Depending on their functional groups, they are usually divided into
polycations and polyanions [26]. Polycations include Eudragits E with dimethylamino groups,
and RL, ES, NE with quaternary amino groups, while polyanions include Eudragits L and S with
carboxyl groups [27]. Eudragit E 100 copolymer is based on dimethylaminoethyl methacrylate,
butyl methacrylate, and methyl methacrylate with a ratio of 2:1:1 and belongs to the group of cationic
polymers. It is sensitive to pH changes, dissolves in acidic environments due to amino groups, but is
insoluble at neutral pH [28]. In an alkaline environment, the polymer swells [29]. It is most often
used for coatings on pills to transport the drug substance to the appropriate part of the digestive
tract, mainly the stomach, because of its good adhesion, low viscosity, and good ability to mask
odor and unpleasant taste [30]. The sensitivity of Eudragit E 100 to change in pH is utilized in drug
delivery systems because inflamed and cancerous tissues are characterized by a lower pH value [31,32].
This copolymer is mainly used as a coating material, nanocapsules, or nanoparticles. EE100 is also
widely used to improve the solubility of drugs that are poorly soluble in water. The drug substance is
then either dispersed in the biopolymer matrix or trapped in the nanocapsules [28,33–41].

Eudragit E 100 is often used as a blend with other biopolymers, which can result in the development
of a new biopolymer with desired properties, such as a drug release profile. Farooq et al. produced
Eudragit E 100/polycaprolactone microspheres in oil by the water solvent evaporation method [30].
Blended polylactic glycolic acid and Eudragit E 100 were proposed for the prevention of autoimmune
diabetes [42]. There are many reports of the use of Eudragit E 100 in medicine, but few of them relate
to bone implants.

There are several reports on the use of chitosan in combination with Eudragits. Vibhooti et al.
developed Eudragit S 100-coated chitosan beads with pH-sensitivity for colon-targeted delivery [43].
Eudragit L 100 and S 100 were used for coating crosslinked chitosan microspheres with metronidazole
by the emulsion solvent evaporation technique [44]. Interpolyelectrolyte complexes of chitosan and
Eudragit L 100 were applied in oral controlled drug delivery systems [45]. Xu et al. prepared Eudragit
L 100-coated mannosylated chitosan nanoparticles for oral bovine serum albumin delivery [46].
The addition of Eudragit RS to the pectin/chitosan films prepared by the casting/solvent evaporation
method significantly decreased the swelling ratio of this polyelectrolyte complex in phosphate-buffered
saline (PBS). Furthermore, the introduction of the Eudragit RS to the coating ensured a controllable
slow release followed by a burst release of theophylline immediately after the change in pH [47].
Kouchak et al. revealed that increasing Eudragit’s RL content in chitosan films could improve their
mechanical properties without undesirable effects on their water uptake and oxygen penetration.
The properties of these biopolymer coatings can be modified by changing the chitosan/Eudragit
ratio [48].

The aim of this research is the electrophoretic deposition and characterization of the chit/EE100
coatings. According to the previous studies [47,48], the addition of Eudragit E 100 improves the
mechanical properties of chitosan coatings and limits the dissolution rate of the chitosan coating at
neutral pH. This type of coating may be a matrix for the controlled release of the drug used in the case
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of load-bearing implants. So far, there have been no reports in the literature regarding the production
of this type of biopolymer coatings using the electrophoretic deposition method.

2. Materials and Methods

2.1. Materials

The Ti grade 2 (EkspresStal, Luboń, Poland) was used as a substrate. Table 1 shows its chemical
composition given by the manufacturer. Commercial high molecular weight chitosan (high purity
> 99%, MW ∼ 310–375 kDa) coarse ground flakes and powder with a degree of deacetylation > 75%
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Eudragit E 100 granules (purity 99.9%,
MW ∼ 47 kDa) were provided by the Evonik Industries (Darmstadt, Germany). Acetic acid (99.9%)
was obtained from Stanlab (Gliwice, Poland), while isopropanol (99.8%) and hydrochloric acid (30%)
from POCH (Gliwice, Poland).

Table 1. The chemical composition of the Ti grade 2 substrate, wt.%.

Element N C H Fe O Ti

wt.% 0.009 0.013 0.001 0.168–0.179 0.190–0.170 remainder

2.2. Substrate Preparation

As a substrate, the Ti grade 2 round samples with a diameter of 12 mm and a height of 4 mm
(cut from a rod) were used. All samples were wet ground using SiC abrasive papers up to grit #800.
Prior to coating deposition, the Ti substrate was rinsed with isopropanol and distilled water.

2.3. Electrophoretic Deposition of Chitosan/Eudragit E 100 Coatings

Two different suspensions containing 0.25 g (suspension A) and 0.5 g (suspension B) of Eudragit
E 100 were prepared for electrophoretic deposition. The appropriate amount of biopolymer was
dissolved in 100 mL of 1% (v/v) aqueous acetic acid solution with 0.1 g of chitosan, according to the
previous work [49]. This suspension was magnetically stirred (Dragon Lab MS-H-Pro+, Schiltigheim,
France) for 24 h at room temperature.

Different time and deposition voltage values were used. The designation of samples with applied
parameters is shown in Table 2. Ti substrate was used as a cathode, and the counter electrode was
platinum mesh. The distance between electrodes connected to the DC power source (MCP/SPN110-01C,
Shanghai MCP Corp., Shanghai, China) was about 10 mm. The deposition was carried out at room
temperature. After deposition, the samples were rinsed with distilled water, dried at room temperature
for 48 h, and stored in a desiccator for further characterization. After the deposition, the parameters
ensuring the best quality of chit/EE100 coating were selected, and, for comparison, a chitosan coating
without the addition of EE100 was prepared using these deposition parameters.

Table 2. Designations of experiment samples with the applied process parameters.

Suspension Sample Voltage (V) Time (min)

A
(0.25 g EE100)

100 mL of 1% (v/v) acetic acid
with 0.1 g of chitosan

A1
10

1
A3 3

A1’
30

1
A3’ 3

B
(0.5 g EE100)

B1
10

1
B3 3

B1’
30

1
B3’ 3
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2.4. Structure and Morphology of Chitosan/Eudragit E 100 Coatings

The surfaces of the composite coating were examined using a high resolution scanning electron
microscope (SEM JEOL JSM-7800 F, JEOL Ltd., Tokyo, Japan) with an LED detector at 5 kV acceleration
voltage. Before testing, samples were sputtered with a 10 nm thick layer of gold using a table-top
DC magnetron sputtering coater (EM SCD 500, Leica, Vienna, Austria) in a pure Ar plasma condition
(Argon, Air Products 99.999%). The surface roughness of all prepared samples was determined by
using a contact profilometer with EVOVIS software (1.38.0.2) (Hommel Etamic Waveline, Jenoptik, Jena,
Germany). The test was conducted according to the ISO 4287-1997 standard [50]. Three measurements
were carried out for each sample, measurement distance was 8.8 mm with a scanning speed of
0.5 mm/s. Based on the tests, the average values of roughness (Ra), the peak-to-valley roughness
(Rz), and maximum peak-to-mean height (Rp) were obtained. The qualitative elemental analysis of
the obtained coatings was determined by the X-ray energy-dispersive spectrometer (EDS) (Edax Inc.,
Mahwah, NJ, USA). The X-ray diffraction spectroscopy (Phillips X’Pert Pro, Almelo, the Netherlands)
was conducted (Cu Kα, λ = 0.1554 nm) in the 2θ range of 10◦–90◦ at a 0.02 step and 2 s/point at
ambient temperature and under atmospheric pressure. Fourier-transform infrared spectroscopy
(FTIR, Perkin Elmer Frontier, Waltham, MA, USA) at a resolution of 2 cm−1 (scans number 32) in the
range of 400–4000 cm−1 was utilized.

2.5. Mechanical Studies

Nanoindentation tests were performed using the NanoTest™ Vantage device (Micro Materials,
Wrexham, Great Britain) with a Berkovich three-sided pyramidal diamond indenter. Ten independent
measurements were performed for the Ti reference sample and the biopolymer coatings prepared at
different deposition parameters. The distance between individual indents was 20 μm. The value of
maximum force was 50 mN, the loading and unloading rate were set up at 20 s and the dwell period at
maximum load was 10 s. The load–displacement curve was obtained for each measurement by the
Oliver and Pharr method. Based on these curves, surface hardness (H) and Young’s modulus (E) were
determined. For the calculations, the values of Poisson’s ratio 0.3 and 0.4 were used for the reference Ti
sample and the samples with biopolymer coatings, respectively.

The scratch tests were carried out over a distance of 500 μm, the load increasing from 0 to 200 mN
at a loading rate of 1.3 mN/s. The force that caused complete delamination of the coating from the
substrate was determined based on an abrupt change in frictional force at the plot of the normal force
versus friction force for each measurement. Besides, for its exact determination, all scratches were
examined using an optical microscope (BX51, OLYMPUS, Tokyo, Japan).

2.6. Degradation Analysis

Dried and pre-weighed (Pioneer PA114CM/1, OHAUS, Greifensee, Switzerland) samples with
chitosan and chit/EE100 coatings were immersed in artificial saliva solution (ASS, prepared according
to reference [51]) at 37 ◦C temperature at different pH (3, 5, and 7) value for 1, 3 and 7 days. HCl was
used to adjust the solution pH. According to reference [52], weight loss (WL) of the investigated coating
was calculated as:

WL =
W1 −W2

W1
× 100% (1)

where W1 is the weight of the dry sample with coating before swelling and W2 is the weight of the dry
sample after swelling. The measurement results were collected at an accuracy of 0.0001 g.

2.7. Corrosion Studies

The electrochemical measurements were made in a potentiodynamic mode in artificial saliva
solution at 37 ◦C using a potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Gdansk, Poland).
A three-electrode cell setup was utilized, with platinum electrode as a counter electrode, and Ag/AgCl
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(saturated with potassium chloride) as a reference electrode. Before the experiment, the samples
were stabilized at their open circuit potential (OCP) for 10 min. A potentiodynamic polarization test
was conducted within a scan range −800/1000 mV at a potential change rate of 1 mV/s. Using the
Tafel extrapolation method, the corrosion potential (Ecorr) and corrosion current density (icorr) values
were determined.

2.8. Contact Angle Studies

The measurement of the water contact angle was carried out by falling drop method (Contact Angle
Goniometer, Zeiss, Oberkochen, Germany) at room temperature and 10 s after drop out. The water
drop volume was about 2 μL, and three measurements were performed for each sample.

3. Results and Discussion

3.1. Structure and Morphology of Chitosan/Eudragit E 100 Coatings

Figure 1 depicts the microstructure of the Ti grade 2 substrate, the chitosan coating, and the
chit/EE100 coatings obtained by electrophoretic deposition. The Ti grade 2 substrate after wet grinding
was characterized by a typical structure resulting from the grinding process [53]. The effects of EE100
content in the suspension, deposition time, and applied voltage on the quality of prepared coatings
are visible. The increasing deposition time and the applied voltage resulted in more uneven coatings
morphology. This effect has also been observed in other studies [54]. The increase in these parameters
caused more rapid kinetics of coating deposition and bubble formation of hydrogen gas on the
surface of the titanium sample caused by water electrolysis, which resulted in the deposition of a
more heterogeneous coating [55,56]. The presence of hydrogen bubbles blocks the flow of biopolymer
particles to the surface, which strongly affects the structure of coatings [57]. The prints of formed
hydrogen bubbles are visible in the SEM images (Figure 1). In some areas of the coatings, it caused total
exposure of the titanium substrate. The reduction in bubble formation can be achieved by reducing
water content in the suspension by replacing it with, e.g., ethanol [58].

Figure 1. SEM images of the surface topography of the Ti grade 2 substrate, the chitosan coating,
and the chit/EE100 coatings obtained at different deposition parameters; the images obtained at different
magnifications, ×100 (on the left) and ×5000 (on the right).
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An increase in the content of EE100 in the suspension also contributed to the increase in
heterogeneity of the obtained coatings. Similar to other biopolymer coatings, an increase in Eudragit
content in the suspension caused a disturbance in particle flow, resulting in a more porous coating [59].
For all chit/EE100 samples, the images obtained at higher magnifications showed a microporous
structure of the coatings. However, it has been reported that the porosity of implant coatings promotes
in vivo cell growth [23]. The A1 sample, prepared at the lowest deposition parameters, showed the
highest homogeneity. In this case, the coating completely covered the titanium substrate surface,
and the images obtained at higher magnifications revealed slight unevenness. Therefore, the A1 sample
was selected for the next examinations. For comparison purposes, using the A1 sample deposition
parameters, a chitosan coating without the addition of EE100 was prepared for the remaining tests.
Continuous coating was observed, and it was characterized by uniformly distributed unevenness
visible at higher magnifications. Compared to the A1 sample, a similar homogeneity was observed.
The mechanism of creating chitosan coatings most likely involves loss of charge in the high pH value,
an alkaline region on the cathode surface by chitosan protonated amino groups, and the formation of
insoluble precipitates [60].

Table 3 summarizes the mean values of surface roughness parameters: the average roughness
(Ra), the peak-to-valley roughness (Rz), and maximum peak-to-mean height (Rp) obtained for the Ti
grade 2 substrate, the chitosan coating, and the chit/EE100 coatings.

Table 3. Surface roughness parameters of the Ti grade 2 substrate, the chitosan coating, and the
chit/EE100 coatings (mean ± SD; n = 3).

Surface Roughness Parameters (μm)

Sample Ra Rz Rp

Ti grade 2 0.12 ± 0.01 0.77 ± 0.13 0.44 ± 0.11
Chitosan 0.15 ± 0.05 1.34 ± 0.58 0.88 ± 0.46

A1 1.57 ± 0.05 7.01 ± 0.44 4.29 ± 0.29
A3 2.84 ± 0.11 11.39 ± 0.05 6.31 ± 0.11
A1’ 4.63 ± 0.68 20.27 ± 2.05 10.24 ± 1.00
A3’ 2.98 ± 0.24 14.48 ± 0.56 8.01 ± 0.37
B1 2.53 ± 0.47 12.16 ± 1.97 7.64 ± 1.65
B3 2.66 ± 0.31 12.47 ± 1.29 7.70 ± 1.24
B1’ 2.39 ± 0.11 11.76 ± 0.64 7.28 ± 0.71
B3’ 2.93 ± 0.38 12.92 ± 1.28 7.19 ± 0.88

The titanium substrate showed the lowest roughness. The deposition of biopolymer coatings
by the electrophoretic method resulted in increased surface roughness compared to a bare substrate.
A similar relationship was observed in previous studies [49]. The chitosan coating showed roughness
similar to the substrate after grinding; in the case of chit/EE100 coatings, a significant increase in mean
values of parameters Ra, Rz, and Rp was observed. The reason for this lies in the more rapid EPD process
for chit/EE100 deposition and the formation of hydrogen bubbles on the cathode [55]. The results
obtained are consistent with the SEM images shown in Figure 1. Increased surface roughness allows
for better tissue adhesion and stabilization of the implant in the initial phase [61].

Figure 2 presents the results of the EDS measurements for the Ti grade 2 substrate, the sample
with chitosan coating, and the sample with chit/EE100 coating (sample A1). This analysis was only
qualitative. The samples previously subjected to SEM examinations were used; hence, peaks referring
to Au were visible in all spectra. EDS spectrum of the substrate confirmed the presence of Ti. For the
other two samples, peaks related to Ti were less intense. Moreover, constituents of the coatings
(O, C) and Ti element from substrate were noted; however, Ti peaks were less sharp. In the case
of the chit/EE100 sample, the Ti peaks reached a lower intensity compared to the chitosan coating,
which could result from a greater thickness of the chit/EE100 coating. The addition of Eudragit E
100 to the chitosan coating reduced the intensity of the O peak. This oxygen decrease is difficult to
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explain. Presumably, the porous chitosan coatings contain a lot of molecular oxygen, and the addition
of Eudragit may be placed inside the empty spaces at the expense of oxygen. The spectra obtained
confirmed the absence of other elements in the prepared samples, indicating no contamination during
the EPD process.

  
(a) (b) 

(c) 

Figure 2. X-ray energy dispersion spectroscopy spectra of the Ti grade 2 substrate (a), the sample with
the chitosan coating (b), and (c) sample with chitosan/Eudragit E 100 coating (A1 sample).

Figure 3a depicts the X-ray diffractograms of analyzed specimens. Within the patterns, only peaks
associated with the titanium alpha phase can be identified (JCPDS file 44-1294), which indicates the
relatively thin, both chitosan and chit/EE100, layers. No reflections of chitosan or Eudragit E 100 can
be indexed within the obtained patterns [62,63].

Figure 3. (a) X-ray diffractograms and (b) FTIR spectra of the Ti grade 2 substrate, the chitosan coating,
and the chit/EE100 coating (A1 sample).
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Figure 3b presents the FTIR results of measured samples. In the case of the spectra acquired for
the layered chitosan samples, some low-intensity bands were observed. These bands can be attributed
to the chitosan layer. The clear bands which appear in the range of 1680–1480 cm−1 can be associated
with the vibrations of carbonyl bonds (C=O) of the amide groups, when absorption in the range
from 1160 to 1000 cm−1 can be recognized as vibrations of CO bonds [64]. In the case of the spectra
recorded for the sample with chit/EE100, the bands with higher intensity are visible. FTIR spectrum of
Eudragit E 100 presented typical bands of ester groups in the range of 1300–1150 cm−1. A strong C=O
ester stretching band was observed at 1720 cm−1. In addition, vibrations of the hydrocarbon chain
were observed at 1385, 1450–1490, and 2950 cm−1. Signals visible between 2770 and 2820 cm−1 can,
on the other hand, be attributed to dimethylethanolamine (DMAE) groups. Such bands were already
observed for the stand-alone Eudragit E 100 polymer [65].

3.2. Mechanical Studies

For long-term and load-bearing implants, the mechanical properties are among the most significant
factors determining implant durability. The difference between the properties of human bone and the
implant can lead to loosening of the implant [66]. Nanoindentation is an increasingly used method
for testing thin coatings for biomedical applications [67]. This technique allows for making indents
with sizes measured in nanometers, which permits testing thin coatings. It enables the determination
of mechanical parameters such as hardness and Young’s modulus, and nanoindentation properties:
maximum depth of indentation, plastic, and elastic work.

Figure 4 presents single hysteresis load-deformation graphs for the substrate and the prepared
coatings. Each of the curves consists of three sections: increasing the force to the maximum value,
holding with maximum force, and offloading. A slight deflection on the deformation curves is visible
for all tested samples, which results from the temperature drift during the measurement. Based on the
obtained curves, nanoindentation parameters were calculated, as presented in Figure 5.

Figure 4. Hysteresis plots of load-deformation for a single indentation measurement for the Ti grade 2
substrate, chitosan, and chit/EE100 coatings.

The Ti grade 2 substrate showed the highest hardness and Young’s modulus, which resulted in
the smallest indentation depth obtained. All coated samples showed worse mechanical properties,
but higher nanoindentation properties as compared to the Ti grade 2 substrate. Similar relationships
were observed in the past studies, and they result from the features, like chemical bonds, of the specific
material groups. Metals show higher mechanical properties compared to polymers, which leads
to a lower depth of indentation [49,68]. In the case of the chitosan coating, the obtained values
of hardness and Young’s modulus were similar to the values presented in the previous work [49].
Coatings containing EE100 had similar hardness (except A1’ and B3’) and much lower Young’s
modulus compared to that of the chitosan coating. This can be explained by the different thickness,
packing density, and porosity of chit/EE100 coatings compared to a no-Eudragit coating. The highest
hardness of sample B3’ results from the application of the highest deposition parameters (time,
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voltage, EE100 concentration). This coating was probably the thickest and most densely packed.
For sample A1’, the lowest hardness value may be due to the thinnest coating and low packing density,
due to the short deposition time and lower EE100 concentration in the suspension [69]. The Young’s
modulus values of chit/EE100 coatings were similar to the value of Young’s modulus of human bones.
The Young’s modulus value closest to Young’s modulus of the human tibia cortical bone (E = 25.8 GPa)
was obtained for sample A1 [70]. This coating showed the highest homogeneity. In implantology,
there must be no significant differences in the mechanical properties between the implant and the
human bone [66]. The obtained values of parameters determining the mechanical properties of coatings
could be influenced by the titanium substrate.

 
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. Mechanical properties: (a) hardness and (b) Young’s modulus; nanoindentation properties:
(c) maximum depth of indentation, (d) plastic work and (e) elastic work for the Ti grade 2 substrate,
the chitosan coating, and the chit/EE100 coatings. Data are presented as the mean ± SD (n = 10).
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It was difficult to determine the effect of applied coating deposition parameters on the mechanical
properties of the prepared coatings. However, for coatings deposited at 10 V, the longer deposition time
resulted in a decrease in the hardness and Young’s modulus of the coatings. An inverse relationship
was observed for 30 V. An increase in the concentration of EE100 in the suspension increased the
hardness of the coatings. According to the SEM images (Figure 1), deposition kinetics increased with
increased applied voltage, resulting in a more heterogeneous coating structure with visible chit/EE100
clusters that could increase the hardness of coatings locally [71].

The value of elastic work for a particular sample exceeded the value of plastic work. For all samples,
the value of plastic work increased with an increased maximum depth of indentation. The obtained
results confirm that the tested coatings are more elastic (less brittle) than the reference chitosan coatings,
which is a positive impact of Eudragit addition. The increase in plastic work with increasing indent
depth results from increasing plastic deformation at the tip, a number of dislocations, and plastic
strengthening. High values of standard deviations from the average values probably result from the
heterogeneity of the coatings produced as a result of bubble formation during the EPD process [49,58].
There are reports in the literature on a wide range of hardness, Young’s modulus, and nanoindentation
parameters for chitosan coatings. It results from the differences in applied conditions and measurement
parameters [72–74]. Fahim et al. and Akhtar et al. applied much lower loads during the indentation
measurements, 3 and 5 mN, respectively, obtaining much lower hardness values of chitosan coatings.
Possibly, a too high preliminary load was applied in the case of the conducted tests, and therefore,
the results were influenced by the titanium substrate [73,74]. There is no information concerning the
mechanical properties of chit/EE100 coatings.

Figure 6 presents plots of the dependence of the friction force on the normal force for each sample
with an indication of the critical force causing complete delamination of the coating from the titanium
substrate. The value of the critical force was determined based on a comparison of the frictional force
dependence on the normal force and optical microscopic observation of the made scratch.

Figure 6. The dependence of the friction force on the normal force obtained for chitosan and
chitosan/Eudragit E100 coatings with an indication of the critical force causing complete delamination
of the coating from the titanium substrate.
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Table 4 shows the values of the average critical load force (Lc) and the corresponding friction
force (Lf ) determined from scratch test measurements. All coatings with Eudragit E 100 showed
higher adhesion to the titanium substrate compared to the chitosan coating. This may be attributed to
an increase in the density of chitosan coatings due to the addition of Eudragit E 100 [48]. The most
increased adhesion was demonstrated for the A3 and B3 samples. These coatings were prepared at a
lower voltage, which resulted in gentle kinetics of biopolymer particle deposition and the formation of
a densely packed coating [75]. The effect of the deposition parameters on the critical friction and load
is poorly visible. However, there was a tendency (except for samples B1’ and B3’) that the values of Lc
and Lf increased with increasing deposition time. This is probably due to the increase in the thickness
of the biopolymer coating. The high values of standard deviations were due to the heterogeneity of the
produced coatings. High adhesion of the coating to the implant surface is an important factor during
the implant placement procedure, as the implant is exposed to heavy loads that can lead to the removal
of the coating [76]. There are almost no studies on the adhesion of chitosan and chit/EE100 coatings
to metallic substrates in the literature. Therefore, our data, relating to composite coatings containing
chitosan, are difficult to compare [49,77].

Table 4. Nanoscratch test properties of the chitosan and chitosan/Eudragit E 100 coatings (mean ± SD;
n = 10).

Nanoscratch Test Properties

Sample Critical Load, Lc (mN) Critical Friction, Lf (mN)

Chitosan 53.87 ± 22.04 61.24 ± 22.04
A1 64.24 ± 25.91 90.73 ± 30.95
A3 91.28 ± 23.06 126.66 ± 46.53
A1’ 58.05 ± 8.59 70.28 ± 22.79
A3’ 68.18 ± 25.10 105.87 ± 44.77
B1 56.42 ± 23.82 83.34 ± 32.18
B3 90.63 ± 37.58 115.86 ± 48.16
B1’ 73.88 ± 15.58 96.55 ± 25.55
B3’ 61.00 ± 16.80 84.68 ± 34.24

3.3. Degradation Analysis

The test results of the degradation rate of the investigated coatings are shown in Figure 7.
The impact of exposure time and pH on weight loss is visible for both tested samples. The degree of
degradation of both the chitosan coating and the chit/EE100 coating increased with the increase in the
exposure time and the decrease in the pH of the environment. Similar correlations were reported in other
works [78]. Under the influence of lowered pH, the protonation of chitosan and EE100 amine groups
intensifies, and as a result of repulsive interaction, the degradation occurs [79,80]. The chit/EE100
coating is significantly more stable at a pH of 7 compared to the coating without Eudragit. The mass
loss after 7 days at pH 7 was 1.79% and 32%, respectively. However, the chit/EE100 coating showed
greater sensitivity to pH changes. Lowering the pH to 5 caused a sharp increase in the mass loss.
The degradation of the coating was comparable at pH 5 and 3. The degradation of the chitosan coating
with a decrease in pH was smoother. The chit/EE100 blend contains more amine groups in comparison
to chitosan alone. Therefore, the pH reduction results in stronger repulsion of the polymer chains
during protonation, resulting in more rapid degradation of the coating [80].

Due to the high stability at neutral pH and high sensitivity to its decline, coatings based on
chitosan and Eudragit E 100 could be used in controlled drug delivery systems [81]. The use of this
type of biopolymer with, e.g., silver nanoparticles as a coating for implants, would protect against the
development of bacterial infection after implantation [82]. Such a system could provide controlled
release of the drug substance only at the time of inflammation, which is associated with a decrease in
the pH of peri-implant tissues [79]. The high stability of the chit/EE100 coating at neutral pH would
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also significantly reduce the adverse effect of burst release, i.e., the rapid release of a large dose of the
drug after the implant has been placed in an environment simulating body fluids [83].

 

(a) (b) 

Figure 7. Results of the weight loss (WL) analysis of the (a) chitosan and (b) chit/EE100 coating
(A1 sample).

3.4. Corrosion Studies

Figure 8 depicts potentiodynamic polarization curves obtained for the uncoated Ti grade 2
substrate and chitosan, and chit/EE100 coatings in ASS at 37 ◦C temperature. Table 5 summarizes
the determined corrosion parameters such as open circuit potential, corrosion potential, and current
density. Moreover, Figure 9 shows SEM images of the surface topography of the Ti grade 2 substrate,
the chitosan coating, and the chit/EE100 coating obtained after corrosion studies. According to the
results, samples with coatings showed higher corrosion resistance as measured by corrosion current
density compared to the bare Ti grade 2 specimen. Chitosan-based coatings formed a protective layer
separating the metallic substrate from the corrosive environment [16]. The addition of EE100 to the
chitosan coating slightly reduced its corrosion resistance. This results from a more heterogeneous
structure of the chit/EE100 coating and therefore, reduced barrier properties (Figure 9). In the case of
samples with coatings, the corrosion potential value was shifted towards positive values compared to
the uncoated sample. A slight shift of corrosion potential can be attributed, as confirmed by Tafel curves,
to the change of activation polarization, i.e., runs of cathodic and anodic parts. Despite that, the deep
decrease in corrosion current can be ascribed mainly to the increasing ohmic resistance of the biopolymer
coating as compared to the metallic substrate [55]. Improvement of corrosion resistance of the metallic
substrate after application of the chitosan coating was observed in other studies [55,84]. The corrosion
resistance of metal implants is crucial because it can affect biocompatibility and mechanical integrity [85].
Implants in aggressive environments are particularly susceptible to corrosion [86]. Titanium is stable in
a neutral, alkaline, and only slightly acidic environment; below pH ~ 5, it starts to dissolve. In addition,
local pH reduction in peri-implant tissues occurs during inflammation in the human body [87,88].
In such conditions, corrosion products can penetrate peri-implant tissues, which can lead to metallosis
and implant rejection [89].

Figure 8. Potentiodynamic polarization curves of uncoated Ti grade 2 substrate, chitosan, and chit/EE100
(A1 sample) coatings in ASS at 37 ◦C temperature.
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Table 5. Open circuit potential, corrosion potential, and current density of the Ti grade 2 substrate and
coated substrate with chitosan and chit/EE100 (sample A1).

Sample OCP (V) Ecorr (V) icorr (nA/cm2)

Ti grade 2 −0.471 −0.453 794.15
Chitosan −0.351 −0.445 4.79

Chitosan/EE100 (A1 sample) −0.306 −0.315 93.79

Figure 9. SEM images of the surface topography of the Ti grade 2 substrate, the chitosan coating, and the
chit/EE100 coating obtained after corrosion studies; the images obtained at different magnifications,
×100 (on the left) and ×5000 (on the right).

3.5. Contact Angle Studies

Figure 10 shows the values of the average contact angle for the reference Ti grade 2 sample
and samples with chitosan and chit/EE100 coatings. The obtained results confirmed the hydrophilic
character of all the tested samples. Due to a more uneven surface, almost all samples (except A1’)
showed a lower contact angle compared to the reference sample Ti grade 2. The addition of EE100
reduced the wettability of the coating. However, the contact angle was less than 90◦. The EE100 coating
is water-repellent [62]. The obtained results did not reveal the relationship between the concentration
of EE100 in the suspension, the deposition time, or the value of applied voltage and the value of
the contact angle. For samples with coatings, a higher surface roughness results in a higher wetting
angle. In some cases, surfaces considered to be more uneven were more hydrophilic, probably due to
the penetration of water into the irregularities of the coatings [90]. Some studies suggested that for
the best cell adhesion, the contact angle of the coatings should be in the range of 40◦–60◦. However,
this range depends on the type of cell and may vary [91]. In the case of bone cells, this range is given
as 35◦–85◦, and the optimum value is 55◦ [92]. Therefore, all tested samples were close to the upper
limit of this requirement.

Figure 10. The water contact angle for the Ti grade 2 substrate, the chitosan coating, and the chit/EE100
coatings; data are presented as the mean ± SD (n = 3).
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4. Conclusions

The obtained results confirm that it is possible to produce chitosan coatings with the addition of
Eudragit E 100 in a one-stage electrophoretic deposition process. Applied deposition parameters affect
the quality of the obtained coatings. The increase in the concentration of EE100, voltage, and time of
deposition resulted in a more heterogeneous structure of the coatings. The best process deposition
parameters for chit/EE100 coating on the surface of Ti grade 2 substrate are the 2.5 g/L of EE100 and
1 g/L of high weight chitosan with the degree of deacetylation > 75 % of 1% (v/v) of the aqueous acetic
acid solution, EPD voltage 10 V and EPD time 1 min at room temperature.

Compared to the chitosan coating, the chit/EE100 coatings showed similar hardness and
significantly lower Young’s modulus, similar to that of a human cortical bone; improved adhesion
of the coating to the titanium substrate; a much lower degradation rate at neutral pH. The corrosion
resistance and wettability of these coatings were comparable.

The successful deposition of this biopolymer coating, susceptible to pH change, forms a good
platform for controlled drug delivery systems, where the antibacterial vector can be silver nanoparticles
dispersed in the biopolymer matrix. The production of such a composite coating based on chitosan,
EE100, and silver nanoparticles will be the subject of further research. It would be possible to use them
as a coating containing a drug substance, e.g., on load-bearing implants, which could limit the adverse
effects of the peri-implantitis phenomenon.
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Abstract: Iron (Fe) is an important trace element for life and plays vital functions in maintaining
human health. In order to simultaneously endow magnesium alloy with good degradation
resistance, improved cytocompatibility, and the proper Fe amount for the body accompanied
with degradation of Mg alloy, Fe-containing ceramic coatings were fabricated on WE43 Mg alloy
by micro-arc oxidation (MAO) in a nearly neutral pH solution with added 0, 6, 12, and 18 g/L
ferric sodium ethylenediaminetetraacetate (NaFeY). The results show that compared with the bare
Mg alloy, the MAO samples with developed Fe-containing ceramic coatings significantly improve
the degradation resistance and in vitro cytocompatibility. Fe in anodic coatings is mainly present
as Fe2O3. The increased NaFeY concentration favorably contributes to the enhancement of Fe content
but is harmful to the degradation resistance of MAO coatings. Our study reveals that the developed
Fe-containing MAO coating on Mg alloy exhibits potential in clinical applications.

Keywords: magnesium alloy; micro-arc oxidation; iron; degradation resistance; cytocompatibility

1. Introduction

Due to the similar specific density and Young’s modulus to natural bone, and many Mg
ion-associated biological functions in vivo, magnesium alloy is believed to be excellent for biodegradable
metallic implants [1–3]. However, too rapid degradation in bilogical environments restricts its clinical
applications [1,2]. In fact, the degradation resistance of Mg alloy can be improved by using alloying,
surface treatment, or mechanical processing [1,2].

Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation, is an innovative surface
treatment method for Mg alloy and titanium alloy [1,4–6]. MAO treatment not only significantly
improves the degradation resistance and wear resistance of Mg alloy, but also produces multiple
biofunctional ceramic coatings [3]. The properties of MAO coatings are determined by several factors
including substrate materials [7] and electrolyte composition and concentration, as well as electrical
parameters [3]. Due to the long-term temperature stability, very good mechanical property, and low
toxicity of rare earth elements, WE43 alloys are widely used as biomedical Mg alloys [1,8]. During MAO,
the electrolyte composition and concentration significantly determine coating properties by affecting
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the coating chemical composition, phase structure, and surface characteristics (morphology, pore size,
and thickness) [1,9]. Besides substrate materials and electrolytes, electrical parameters including
frequency, duty cycle, current density, and treatment time are also closely correlated with the coating
property [10].

Besides Mg alloy, zinc and iron meet the requirements used for biodegradable orthopedic metals in
terms of toxicity, mechanical property, biocompatibility, and corrosion resistance [11]. The degradation
products of iron (Fe) mostly consist of Fe oxides and hydroxides, which are biocompatible with the
human body [12]. Fe is found in four classes of proteins and enzymes [13]. Fe-containing proteins
and enzymes exert a variety of functions including transporting, storing, and activating molecular
oxygen [14]. In addition, Fe is an essential element for normal metabolism, growth, development,
and maintenance of bones [15,16]. Recent studies show that proper dietary Fe intake may play a positive
role in the prevention of osteoporosis in the female subgroup [16], while Fe deficiency adversely affects
the cognitive development of children, increases maternal and infant mortality [17], and significantly
influences bone mineral density, content, and fragility [18].

Thermal control ceramic coatings containing Fe, Co, Ni, and W elements are black and they
are prepared on titanium alloys due to their wide applications in aerospace, satellites, and many
other fields [6]. Recently, Fe-containing MAO coatings with improved thermal and optical properties
were fabricated by using Fe2(SO4)3 on AZ31 Mg alloy [19] and K3[Fe(C2O4)3] on MB2 Mg alloy [20].
However, the preparation of an Fe-containing coating on medical Mg alloy has not so far been
reported. In this study, the highly water-soluble ferric sodium ethylenediaminetetraacetate (abbreviated
as NaFeY, Y=[(OOCCH2)2–N=CH2CH2=N(CH2COO)2], which is a popular fortificant due to its
high bioavailability that can significantly increase Fe and zinc availabilities in porridges [21], was
used as the key electrolyte component and Fe-containing biomedical ceramic coatings were firstly
fabricated by MAO on Mg alloy. The surface morphology, elemental valence state, and degradation
resistance, as well as the in vitro cytocompatibility of MAO-treated samples were measured by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), potentiodynamic polarization
measurements, and CCK-8 assay.

2. Experimental

Extruded WE43 Mg alloy was provided by Suzhou Chuan Mao Metal Materials Co., LTD
(Suzhou, China) and its composition is listed in Table 1.

Table 1. Chemical composition of WE43 Mg alloy (in wt.%).

Element Y Zr Gd Nd Cu Ni Fe Mg

Standard value 3.7–4.3 0.4–1.0 0–1.9 2.0–2.5 ≤0.02 ≤0.005 ≤0.01 Balance
Tested value 4.01 0.47 1.72 2.35 0.003 0.004 0.0003 Balance

WE43 Mg alloy was firstly separately machined down to 45× 50× 8 mm3 for surface characteristics
and 10 × 10 × 8 mm3 for electrochemical tests. Prior to MAO treatment, all machined samples were first
ground using SiC waterproof abrasive paper from 80 to 3000 grits, then cleaned successively using tap
and distilled water. A unipolar constant current mode was used in the study and the applied electrical
parameters were a current density of 60 mA/cm2, a duty cycle of 35%, a pulse frequency of 2000 Hz,
and a treating time of 3 min using a homemade MAO5D power supply (Chengdu, China). A sample
for MAO treatment and a stainless steel barrel containing the MAO solution were separately connected
with the anode and the cathode. The used ammonium bifluoride (NH4HF2), hexamethylenetetramine,
phosphoric acid (PA), and NaFeY were of analytical reagent grade. Phytic acid (IP6) with a purity of
70% was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). In a nearly neutral
base solution containing 6 g/L NH4HF2, 360 g/L hexamethylenetetramine, 35 g/L PA, and 8 g/L IP6,
samples of 0, 6, 12, and 18 g/L NaFeY were separately added and the fabricated samples were named
Fe-0 g/L, Fe-6 g/L, Fe-12 g/L, and Fe-18 g/L, respectively.
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After being sputtered with gold, the as-prepared MAO samples were measured by SIGMA
scanning electron microscopy (SEM, Zeiss Sigma, Oberkochen, Germany) with an accelerating voltage
of 20 kV and coating compositions were analyzed by energy-dispersive spectrometry (EDS) attached
to SEM. X-ray photoelectron spectroscopy (XPS, Kratos Analytical, Manchester, UK) was used to
determine elemental valence states in MAO coatings. The binding energy values of each element
were calibrated according to the adventitious C 1s signal, which was set at 284.6 eV. The degradation
resistance was evaluated using a conventional three-electrode electrochemical cell at 37 ± 0.5 ◦C in
Hank’s solution, which was composed of 8 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L NaHCO3,
1.0 g/L C6H12O6, 0.2 g/L MgSO4·7H2O, 0.1 g/L KH2PO4, and 0.06 g/L Na2HPO4·7H2O. At a scanning rate
of 1 mV/s using a Gamry Reference 600 electrochemical workstation (Gamry Instruments, Lafayette, IL,
USA), potentiodynamic polarization curves were measured from −0.25 V to the open circuit potential
(OCP) toward a noble direction until film breakdown.

The cytotoxicity of the as-prepared samples was evaluated by the Cell Counting Kit-8 (CCK-8,
Beyotime, Shanghai, China) assay. The mouse pre-osteoblast cells (MC3T3-E1) were seeded on the
samples in 96-well culture plates at a density of 5 × 103 per well and incubated for 24 h to allow cell
attachment. Then, the culture medium (α-MEM supplemented with 10% FBS) was replaced by extracts
(the preparation method according to Reference [22]) supplemented with 10% FBS. After incubating
for 1, 3, and 7 days, all samples were transferred to new wells. α-MEM supplemented with 10% CCK-8
was added into each well and cultured for another 2 h. The absorbance was measured by using a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm. The experiments were
independently performed at least in triplicates.

3. Results

The variations in the working voltage with treatment time during the MAO process in the base
solution with added 0, 6, 12, and 18 g/L NaFeY are shown in Figure 1.

Figure 1. Variations in the working voltage with treatment time in the base solution with added 0, 6,
12, and 18 g/L NaFeY.

In the four solutions containing 0, 6, 12, and 18 g/L NaFeY, the working voltage increased very
fast, separately reaching 319, 272, 255, and 248 V during the first 20 s. In the base solution without
NaFeY, the voltage went up to 398 V at 40 s and then the increasing rate slowed down. After 145 s,
the voltages began to fluctuate. When Mg samples were treated in the solutions containing 6, 12,
and 18 g/L NaFeY, the working voltages continually increased. The final voltages in solutions with 0, 6,
12, and 18 g/L NaFeY were 460, 457, 455, and 448 V, respectively (Figure 1). Compared with the base
solution without NaFeY, the increased NaFeY concentrations decreased the working voltage but the
final voltages did not exhibit evident differences.
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Figure 2 shows the surface morphologies and EDS spectra of MAO coatings developed on
WE43 alloy. The coating on Fe-0 g/L was uneven and the maximum pore size was about 6.0 μm
(Figure 2(a1)). After the addition of NaFeY, it was clear that the pore size and the distance between two
adjacent pores decreased (Figure 2(b1–d1)). EDS analysis showed that Fe-0 g/L contained 14.11 at.% C,
51.33 at.% O, 2.43 at.% F, 18.40 at.% Mg, and 13.72 at.% P (Figure 2(a2)). The fabricated Fe-6 g/L,
Fe-12 g/L, and Fe-18 g/L were composed of 0.78, 1.53, and 2.27 at.% Fe, respectively (Figure 2(b2–d2)).
This suggests that the enhanced Fe content in the coatings is closely pertinent to the increased
NaFeY concentration.

Figure 2. Surface morphologies (a1–d1) and chemical compositions (a2–d2) of micro-arc oxidation
(MAO) coatings fabricated in the base solution with different NaFeY concentrations: (a1,a2) Fe-0 g/L;
(b1,b2) Fe-6 g/L; (c1,c2) Fe-12 g/L; (d1,d2) Fe-18 g/L.

The high-resolution XPS spectra of O, P, Mg, and Fe elements in Fe-12 g/L are shown in Figure 3.
The O 1s spectrum could be divided into three peaks at the binding energy of 530.0, 531.6, and 532.2 eV,
corresponding to Fe2O3 [14], PO4

3− [23], and OH− [24], respectively. The binding energy of Mg 1s was
centered at 1304.0 and 1304.9 eV (Figure 3b), indicating that the magnesium element in MAO coatings
existed as MgO and magnesium phosphate [25], respectively. The P 2p spectrum showed two peaks
at 133.4 and 134.1 eV (Figure 3c), assigned to PO4

3− and HPO4
2− [23], respectively. Figure 2d shows

that the Fe 2p peaks with a binding energy of 2p3/2 at 711.1 eV and 2p1/2 at 724.4 eV correspond to
Fe2O3 [26].

The potentiodynamic polarization curves of the MAO-treated samples are shown in Figure 4.
The relevant electrochemical parameters derived from the potentiodynamic polarization curves are
summarized in Table 2. The achieved corrosion current densities(icorrs) of the substrate, Fe-0 g/L, Fe-6 g/L,
Fe-12 g/L, and Fe-18 g/L were 1.13 × 10−5, 6.26 × 10−7, 8.55 × 10−7, 9.66 × 10−7, and 1.24 × 10−6 A/cm2,
respectively, indicating that compared with the substrate, MAO-treated samples significantly improved
the degradation resistance. However, with the increase in the NaFeY concentration, the degradation
resistance of MAO samples became worse, showing that NaFeY was harmful to the degradation
resistance of anodic coatings.
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Figure 3. High-resolution XPS spectra of Fe-12 g/L: (a) O 1s; (b) P 2p; (c) Mg 1s; (d) Fe 2p.

Figure 4. Potentiodynamic polarization curves of MAO samples fabricated in solutions containing
different NaFeY concentrations.
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Table 2. The electrochemical parameters of MAO samples fabricated in solutions containing different
NaFeY concentrations.

Samples
βa βc icorr Ecorr

(mV/dec) (mV/dec) (A/cm2) (V vs. SCE)

Substrate 313.21 316.26 1.13 × 10−5 −1.6045
Fe-0 g/L 89.571 383.30 6.26 × 10−7 −1.5898
Fe-6 g/L 270.08 497.36 8.55 × 10−7 −1.6260

Fe-12 g/L 220.14 376.65 9.66 × 10−7 −1.6129
Fe-18 g/L 141.88 311.71 1.24 × 10−6 −1.5839

The in vitro cytocompatibility of the MAO-treated samples was assessed by CCK-8 assay and the
results are shown in Figure 5. Compared with the substrate (Figure 5b), polygonal MC3T3-E1 cells
evidently spread on MAO-treated samples with more filose pseudopodium (Figure 5c–f), suggesting
that the MAO-treated samples exhibited better initial cell attachment than the substrate. After being
cultivated with cells in the extracts for 1, 3, and 7 days, each MAO-treated sample fabricated in
four solutions showed significantly higher cell viability than the substrate (Figure 5a). Furthermore,
no significant difference could be observed between the MAO-treated samples and the control,
suggesting that MAO-treated samples achieved good in vitro cytocompatibility.

Figure 5. Fluorescent images of MC3T3-E1 cells after culturing for 5 h on (a) control, (b) substrate,
(c) Fe-0 g/L, (d) Fe-6 g/L, (e) Fe-12 g/L, and (f) Fe-18 g/L, and (g) absorbance values of the MC3T3-E1
pre-osteoblasts cultured for 1, 3, and 7 days on control, substrate, and MAO-treated samples with
different Fe amounts. * p< 0.05 compared to substrate.

4. Discussion

4.1. Formation of Fe-Containing Ceramic Coating

In order to fabricate an Fe-containing MAO coating on Mg alloy, the selection of the Fe-containing
electrolyte is very important. NaFeY, one kind of ferric salt with both excellent solubility in water
and chelating ability, was chosen in the study as the Fe-containing electrolyte. In addition, PA and
IP6 were used as phosphorus-containing electrolytes. According to Figure 2, the fabricated Fe-0 g/L,
Fe-6 g/L, Fe-12 g/L, and Fe-18 g/L were composed of 13.72, 13.19, 13.57, and 13.57 at.% P, respectively
(Figure 2(b1–d2)), indicating that both PA and IP6 took part in the coating formation [27,28]. IP6 exhibits
a strong chelating ability with positively charged multivalent ions due to its chemical structure, namely
six phosphates being connected to one inositol ring [29].Therefore, in MAO solutions, IP6 competes
with FeY4− to combine with Fe3+ ions into phytic acid complexes.

According to Figure 3, Mg3(PO4)2 and MgHPO4 were developed in MAO coatings. During MAO,
FeY−, PO4

3−, and phytic acid complexes migrate toward the anode under the electric field and join in
the coating formation according to the following reactions [10,30]:

Mg − 2e− =Mg2+ (1)
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3Mg2+ + 2PO4
3− =Mg3(PO4)2 (2)

Mg2+ + HPO4
2− =MgHPO4 (3)

FeY−� Fe3+ + Y4− (4)

Fe3+ + 3OH− = Fe(OH)3 (5)

2Fe(OH)3 = Fe2O3 + 3H2O (6)

4.2. Degradation Resistance of Fe-Containing Ceramic Coating

According to our previous results, it is difficult to fabricate a uniform MAO coating with a high
Fe amount on Mg alloy in an alkaline solution containing NaFeY. Only in solutions containing high
concentrations of fluorides and strong alkalines such as NaOH or KOH, can an MAO coating with poor
degradation resistance and a low amount of the Fe element be successfully developed on Mg alloy.
Fluorides are helpful for coating formation on Mg alloy [30,31], but they are toxic to the environment. In
this study, besides a small amount of NH4HF2 (6 g/L), 360 g/L hexamethylenetetramine, which has been
used as the passive agent of Mg alloy [32], was selected to develop an MAO coating in neutral solutions.

After 6, 12, and 18 g/L NaFeY samples were separately added into the base solution, the icorrs of the
fabricated MAO samples continually increased, suggesting that FeY− was harmful to the degradation
resistance of MAO-treated samples. According to Figure 1, NaFeY concentrations did not significantly
influence the working voltage, suggesting that NaFeY may influence the coating degradation resistance
by surface characteristics. Our recent results show that with the increase inNa2CaY concentrations,
the corrosion resistance of MAO samples becomes worse, attributed to the continually decreased
coating thickness [28]. As an organic additive agent with a strong chelating ability, EDTA can improve
the uniformity of MAO coatings but decrease the coating thickness [33]. Combined with the previous
reports [28,33] and our present results, it can be concluded that Y4- decreases the degradation resistance
of MAO-treated Mg alloy. However, the mechanism is not clear and future work will be conducted to
clarify it.

4.3. In Vitro Cytocompatibility of Fe-Containing Ceramic Coating

The cytocompatibility of an anodic coating is determined by several factors, for example,
degradation resistance and chemical composition. Fluorine (F) is an essential trace element and the
proper amount is beneficial to human health. However, when the F amount in an anodic coating is too
high (≥19.00 at.%), the fabricated sample exhibits high toxicity [28]. In this study, 6 g/L NH4HF2 was
added as one kind of passive agent, and the F contents in anodic coatings were lower than 3.02 at.% and
revealed good cytocompatibility. In addition to the F element, the cytocompatibility of anodic coatings
is closely related to Fe presence. The results show that proper Fe ions are beneficial for cell growth [14].
However, in the study, with the increase in Fe contents in MAO coatings, the cytocompatibility did
not significantly improve (Figure 5), which may be attributed to the synergistic effect of the coating
composition and degradation resistance. The results show that the degradation resistance is positively
related to the coating biocompatibility [11]. Once the NaFeY concentration is increased from 6 to
12 and 18 g/L, Fe amounts in anodic coatings continually increase, enhancing the cytocompatibility.
However, the increased NaFeY concentration diminished the coating degradation resistance, which
resulted in a slight decrease in cytocompatibility. Consequently, Fe-6 g/L with a lower Fe content but
higher degradation resistance resulted in better cytocompatibility, whereas Fe-12 g/L or Fe-18 g/L with
a higher Fe content exhibited a slightly lower cytocompatibility.

5. Conclusions

As an essential trace element for life, Fe plays vital functions to maintain human health. It is
meaningful to prepare Fe-containing coatings on Mg alloy with improved degradation resistance
and in vitro cytocompatibility. In a nearly neutral base solution with 6 g/L NH4HF2, 360 g/L
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hexamethylenetetramine, 35 g/L PA, and 8 g/L IP6, Fe-containing coatings were successfully fabricated
on WE43 Mg alloy by MAO treatment. The effects of NaFeY concentrations on the MAO process, surface
morphology, chemical composition, elemental valence state, degradation, and in vitro cytocompatibility
were investigated. Some conclusions are drawn as follows:

(1) In the base solution with 0, 6, 12, and 18 g/L NaFeY, the final voltages were 460, 457, 455, and 448 V,
respectively. The developed MAO coatings in solutions with 6, 12, and 18 g/L NaFeY contained
0.78, 1.53, and 2.27 at.% Fe, respectively. Fe is mainly present as Fe2O3 in MAO coatings.

(2) Compared with the bare sample, the developed Fe-containing MAO coatings significantly improve
the degradation resistance and in vitro cytocompatibility. The increased NaFeY concentration
is favorable to the enhancement of the Fe content but harmful to the degradation resistance of
MAO coatings.

(3) The cytocompatibility of MAO-treated samples is synergistically determined by the degradation
resistance and chemical compositions. MAO-treated samples with low Fe amounts (Fe-6 g/L)
achieved better cytocompatibility than those with higher Fe amounts (Fe-12 g/L or Fe-18 g/L).
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Abstract: Coatings deposited under an electric field are applied for the surface modification of
biomaterials. This review is aimed to characterize the state-of-art in this area with an emphasis on
the advantages and disadvantages of used methods, process determinants, and properties of coatings.
Over 170 articles, published mainly during the last ten years, were chosen, and reviewed as the
most representative. The most recent developments of metallic, ceramic, polymer, and composite
electrodeposited coatings are described focusing on their microstructure and properties. The direct
cathodic electrodeposition, pulse cathodic deposition, electrophoretic deposition, plasma electrochemical
oxidation in electrolytes rich in phosphates and calcium ions, electro-spark, and electro-discharge methods
are characterized. The effects of electrolyte composition, potential and current, pH, and temperature
are discussed. The review demonstrates that the most popular are direct and pulse cathodic
electrodeposition and electrophoretic deposition. The research is mainly aimed to introduce new
coatings rather than to investigate the effects of process parameters on the properties of deposits.
So far tests aim to enhance bioactivity, mechanical strength and adhesion, antibacterial efficiency,
and to a lesser extent the corrosion resistance.

Keywords: coatings; electrocathodic deposition; electrophoretic deposition; plasma electrochemical
oxidation; electro-spark deposition; electro-discharge deposition; bioactivity; antibacterial efficiency;
mechanical strength; corrosion resistance

1. Introduction

The coatings are widely applied for different purposes in the national economies and households.
The metallic and polymeric coatings as paints and lacquers are used for the protection of metallic
ferrous and nonferrous constructions, in buildings and houses for long term anti-corrosion protection
and esthetic effects. The hard coatings are applied to increase the wear resistance. Many functional
coatings have been so far proposed and developed. Just recently, for example, gas-barrier thin film
coatings for food and beverages [1], the coatings for automotive brake discs [2], tribological coatings [3],
functional textile coatings [4], super-hydrophobic anticorrosion coatings [5], and cermet coatings for
erosion-corrosion-protection [6] were investigated.

The various coatings have been applied for many years in medicine to improve the properties of the
interface between implants and tissues, which determine the biocompatibility and healing time. In past
years, the reviews on such functional coatings for dental implantology [7], biocompatible coatings
for bone implants [8], ion substituted hydroxyapatite thin films [9], titanium implants polymeric
coatings [10], ceramic coatings for osteoporotic bones [11], and pulse laser deposited animal-originated
calcium coatings [12] can be found.

The coatings for biological applications, called biocoatings, may be made of metals, polymers,
ceramics, and bioglasses, or can be composite coatings, co-deposited, or formed layer-by-layer (hybrid or
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sandwich coatings). They may be formed by various techniques such as direct electrocathodic deposition
(ECD), pulse electrocathodic deposition (PED), electrophoretic deposition (EPD), plasma electrochemical
oxidation (PEO) called also micro-arc oxidation (MAO) in calcium, and phosphorus-containing
phosphate solutions, chemical vapor deposition (CVD), plasma vapor deposition (PVD), magnetron
sputtering, pulsed laser deposition, and many others. They may coat the solid or porous substrates.
The biocoatings obtained by electrodeposition are included in many reviews and it is interesting to look
for the change of the most popular fabrication techniques from the past till now. Some time ago [13],
typical coating methodologies were the ion beam assisted deposition, plasma spray deposition, pulsed
laser physical vapor deposition, magnetron sputtering, sol-gel derived coatings, electrodeposition,
micro-arc oxidation, and laser deposition. In [14], described methods such as electrodeposition,
electrografting, micro-arc deposition, electropolymerization, and electrophoretic deposition of polymers,
metals, metal oxides, and ceramics on surfaces of titanium, stainless steels, magnesium alloys, and cobalt
alloys were described In another paper [15], the review on surface treatment of titanium alloys focused
on anodization mentioning the plasma electrochemical oxidation (PEO) method. In [16], the sol-gel
and electrochemical deposition methods were described for many covered metals. The excellent
characterization of calcium phosphates, including their coatings, was given in [17]. The achievements
in the deposition of Ca-P coatings by sol-gel, thermal spray, magnetron sputtering, electrophoretic
deposition, and micro-arc oxidation were recently reviewed in [18]. Liu et al. [19] exhaustively described
the PEO technique, plasma spraying, ion implantation, laser surface treatment, sol-gel method,
and friction stir processing for biological applications. The review on surface biofunctionalization
on implantable metals by Ca-P coatings obtained in various ways, including electrodeposition, was
presented in [20]. For popular in recent years Mg alloys applied for biodegradable implants, the cathodic
electrodeposition in [21], and the electrophoretic method in [22] was characterized.

This paper is aimed to critically review the most recent, in significant part, achievements in
two fields. In the first part of the review, the different coatings deposited by any electrodeposition
method (EDM) are described based on their material composition, i.e., metallic, ceramic, polymer,
and composite coatings, with attention paid to the effects of component(s) on the coating properties
and its application. The further section shows several, most popular deposition technologies applied
for biocoatings, and the process parameters, focusing on their effects on properties of coatings.
In particular, the deposition techniques here described are those performed in electrolytes and under
electric field, limited to ECD, EPD, PEO, electro-spark deposition (ESD), electro-discharge deposition
(EDP), and electropolymerization (EP). Thus, the material effects followed by processing effects are
subsequently presented together with, at the end of each of the sections, a short summary of the
state-of-the-art and prognosis concerning future research.

2. Biocoatings

2.1. Metallic Coatings

The electrodeposited metallic coatings for medical purposes are rare. In [23], the bismuth
nanowires were deposited on glassy carbon substrates by the ECD method for electro-reduction
of folic acid and its quantitative determination, constituting in such a way a biosensor. In another
report [24], a new electrodeposited platinum-iridium coating on platinum, as an alternative to the
iridium oxide, was developed for implanted microelectrode arrays being the essential tools in the field
of neural engineering. As to increase the corrosion resistance and improve the hydroxyapatite (HAp)
deposition, the tantalum was put on the titanium oxide film and then modified with organophosphonic
acids [25]. The strontium coating was obtained in [26], demonstrating its positive effect on cell
differentiation. In [19], the graphitic carbon nitride nanosheets were used for the self-templated
electrodeposition of copper and copper oxide nanostructures for the detection of glucose. In other
work [27], the electrodeposition of gold nanowires performed under potentiostatic control, designed as
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biosensors, was carried out. Finally, the nickel nanoparticles were electrodeposited on TiO2 nanotubes by
either direct current (DC) or cyclic voltammetry (CV) methods to obtain the ferromagnetic coatings [28].

2.2. Ceramic Coatings

2.2.1. Phosphate Coatings

The calcium phosphates (Ca-P), in particular, hydroxyapatite (HAp) and nanohydroxyapatite
(nanoHAp), are widely applied in implantology [17] as bone substitutes or bioactive coatings accelerating
the primary fixation time of implants. The healing time and the proper adhesion of the coating to
the substrate, even under imposed mechanical stresses, at simultaneous lack of adverse effects to
the tissues, resulted in an enormous development of HAp bone substitutes and, later on, nanoHAp
coatings. The HAp coatings have been developed for the enhancement of bioactivity on titanium
implants, and the high number of earlier papers has been focused on the optimization of coatings.
Despite that, the characteristic feature of recent research is the use of other than titanium, metallic,
and non-metallic surfaces.

In the past, the Ca-P phosphates, mainly stoichiometric or non-stoichiometric hydroxyapatites,
were developed as coatings mostly for titanium and its alloys by an application of a direct voltage
or current control. For example, in [29] the evolution of the first stages of the crystallization of an
electrochemically deposited calcium carbonate was investigated. During the growth of the initial
nuclei, the surface of the electrode was covered progressively by the growth of flat multilayers having
triangular faces, ranged from one to several molecular layers of calcium carbonate.

The bioactivity is an essential feature of Ca-P coatings. In an early work [30] the electrodeposited
calcium phosphate coatings were transformed into apatites during immersion in the simulated body
fluid (SBF) at 36.5 ◦C for 5 days what is still assumed to be a confirmation of the above property.

Recently, the different methods were applied to improve the properties of coatings and their
adhesion to solid titanium and its alloys, associated often by pre-treatment of post-treatment.
The chemical treatment with H2O2 before PED was also often used, as in research [31], in which the
porous coating comprising of HAp was formed on the treated titanium surface. The coating was
transformed into carbonate- and calcium-deficient HAp layers with a bonelike crystallinity during
further immersion in the SBF. To increase adhesion, Ca-P coatings were obtained on pre-calcified
titanium, demonstrating a presence of the TiOx layer with calcium and hydroxyl groups on the surface
after this chemical treatment and resulting in a lower water contact angle and lower surface energy
than on unmodified titanium surfaces [32]. As concerns the post-treatment, in [33], titanium was
firstly subjected to very short electrodeposition and then post-treated in NaOH solution to improve
the adhesion. Adhesion was also observed to improve [34] with the increasing electrodeposition time
accompanied by a change in the surface morphology from smooth to plate-like, featuring elongated plates,
ribbon-like, and finally sharp needle structures. The adhesion of HAp coating on metallic biomaterials is
a crucial parameter, dependent on the coating type, deposition method, and substrate [35]. Among four
standard techniques of deposition, namely sol-gel, dip coating, electrochemical deposition, and thermal
spraying, adhesion of electrodeposited coatings was reported as the lowest. Such a conclusion explains
the current trend to optimize this significant feature of biocoatings.

Several studies on Ca-P coatings on titanium biomaterials were performed in the last period with
pulse electrodeposition (PED). For titanium irradiated with a high energy electron beam and subject
to PED, the lotus flower-like morphology was observed after deposition in SBF in the presence of
H2O2 [36]. In [37], in the presence of H2O2, the coatings composed of HAp and tricalcium phosphate
(TCP) were synthesized by PED, revealing the important dissolution-precipitation characteristics
and enhanced corrosion protection properties. In another work [38], the application of ultrasonic
waves instead of magnetic stirring during PED resulted in the uniform and refined size of plate-like
Ca-P crystals.
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The HAp and nanoHAp coatings were deposited by EPD on different substrates, for example on
NiTi [39], Ti [40–42], oxidized Ti [43–46], and Ag [47]. The Mg-containing hydroxyapatite coatings
were also obtained on Ti alloy by MEO with destination for dental materials [48]. For the same purpose,
in [49], the HAp nanoparticles were formed on Ti-Nb-Zr alloys by PED followed previous oxidation to
nanotubular oxide surface layer. The simultaneous precipitation and electrodeposition of HAp were
claimed to be useful for dentistry and orthopedic applications [50].

The HAp coatings can be formed on porous surfaces (scaffolds). After deposition [51] of the Ca-P
coatings on the 3D surface of Ti scaffolds made by selective laser melting, the coating morphology
was found to depend on the distance from the surface. The top and the bottom surfaces of SLM-Ti
scaffolds exhibited continuous and instantaneous nucleation, but the EPD processes at different depth
of SLM-Ti scaffolds did not follow the surface processes because of the non-uniform distribution of the
potential and the current inside porous structures.

As a treatment positively influencing adhesion, the presence of a nanotubular oxide layer on
titanium was extensively applied. For example, the nanotubular surface with the tube length of 560 nm
coated with HAp showed higher cell density, higher live cells, and more spreading of MC3T3-E1 cells
than that growing on titanium plate surface [52].

The use of HAp-based composite coatings with antibacterial properties is an important research
direction. In [53], the calcium phosphate coatings were prepared and then loaded with an antiseptic
agent, chlorhexidine digluconate, by a single-step co-deposition. The coating was effective against
Staphylococcus aureus and Escherichia. coli bacteria strains.

Among other metallic biomaterials, the stainless steels were the object of some investigations.
In [54], the HAp coating was deposited on 316L stainless steel (SS) in the presence of a significant
amount of H2O2 by both the direct and pulsed current electrodeposition methods. In [55], the effects
of temperature and H2O2 content on the morphology, structure, and composition of the coating were
confirmed. Surprisingly, in [56], the HAp coatings plated by ECD on 316L steel, but also Ti and Ti6Al4V
alloy, increased corrosion rate, likely because of highly porous coating and crevice corrosion. The PED
seems a more efficient method as shown in [57], in which the perfect coatings of biocompatible HAp
were obtained at various current densities over the SS316 steel. In later research [58], the phosphate
coatings, transformed to hydroxyapatite, had thickness from 300 nm up to 2 μm, depending on the
deposition mode (continuous or pulsed reverse), and voltage or current parameters, and microstructure
of the flake type demonstrating the spontaneous passivation under anodic polarization, and the
corrosion potential improved with the increasing presence of hydroxyapatite phase in the coating.
An interesting process to form bi-layer (hybrid) coatings [59], the nanoHAp and phosphorus-rich
electroless nickel composite coating as an interlayer, was developed before electrodeposition of pure
HA coating on stainless steel.

Another group of biometals deposited with HAp was CoCrMo alloys. In [60], the Ca-P coatings
were obtained consisting of fine crystallized HAp. On the other hand, for such coatings [61], the coating
was weakly hydrophilic, with the phase angle over 85◦.

The next group of biometals deposited with HAp coatings was Ni-Ti alloys. In earlier work [62],
such coatings were developed to improve the cardiovascular stents with less restenosis than
drug-eluting stents. In another study [63], a bipolar pulsed current was used for the electrochemical
deposition resulting in the crystalline coating composed of pure HAp nanowalls. Thorough studies of
microstructure [64] showed for PED of Ca-P coatings that plate-like and needle-like morphologies were
formed in dilute and concentrated solutions, respectively, and HAp appeared at increasing the pulse
current density. The coatings obtained in dilute solution showed the best biocompatibility, the highest
cell density, and cell proliferation, explained by the stability of the plate-like coating in biological
environments. In [65], the surface modification of the NiTi alloy was accomplished before deposition
by anodic oxidation and subsequent heat treatment.

Magnesium alloys have become promising materials in the medical field, particularly in tissue
engineering applications. In [66], the HAp coating, electrodeposited on AZ91D magnesium alloy and
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comprising of brushite, lowered the biodegradation rate of Mg alloy in SBF, being the main aim of
use of such coatings. The deposited coatings on Mg-1Ca alloy demonstrated improved corrosion
resistance in Hank’s SBF [67]. In another work [68], three kinds of Ca-P coatings, brushite, HAp,
and the most stable and corrosion-resistant fluoridated hydroxyapatite (FHAp) were fabricated by
electrodeposition on a biodegradable Mg-Zn alloy. To effectively control the degradation of magnesium
alloys, a uniform nano-hydroxyapatite (nanoHAp) coating was applied on AZ31 magnesium alloy
using both direct and pulse voltage electrodeposition methods [69]. In similar research on nanoHAp
coatings [70] obtained by PED on the porous Mg-2 wt.% Zn scaffold, the corrosion current density
reduced from 8 to 0.15 mA/cm2. The next study on nanoHAp deposition [71] on Mg-2Zn scaffolds
performed by PED and post-treatment with alkaline solution demonstrated better biodegradation
behavior and biocompatibility, and adherence and proliferation of the MG63 cells when compared
to an uncoated alloy. In a more recent report [72], four electrodeposition methods, i.e., the constant
potential method, the pulsed potential method, the constant current method, and the current pulsed
method, were evaluated. Using the constant current and the current pulsed techniques, smooth
uniform coatings were obtained onto AZ31 alloy for both low and high-frequency pulse. Finally,
in [73], the Ca-P coatings on Mg implants were subjected to hydrothermal treatment, anodization,
and plasma electrolytic oxidation.

The HAp coatings were seldom electrodeposited on ceramics. In [74], HAp coatings, from 1 to
10 μm in thickness, were prepared on human enamel by electrodeposition. They exhibited an acicular
morphology and had a tight contact with the substrate.

The HAp coatings were sometimes deposited on polymer surfaces and scaffolds. By the template-
assisted PED, the calcium-deficient polycrystalline HAp nanowires and nanotubes were obtained,
nucleating preferentially on gold nanoparticles polycarbonate membrane, as nanowires on smaller
Au particles and as nanotubes on 400 nm nanoparticles [75]. HAp, carbonate apatite, and dicalcium
phosphate dihydrate (brushite) were deposited on carbon/carbon (C/C) composites [76]. A uniform
and dense nanoHAp coating with the nanorod-shaped structure were fabricated on carbon nanotubes
(CNTs), applied to reinforce the coating [77]. The ultrasonic-assisted electrodeposition was attempted
to prepare uniform and smooth hydroxyapatite HAp coating on the surface of the PLA/PVA filaments,
which can be potentially applied as biodegradable bone scaffolds [78]. The crystal’s growth stages of
HAp went through spherical particles, plate-like, and needle-like crystals when electrodeposited from
15 to 60 min.

2.2.2. Substituted Phosphate Coatings

The substituted hydroxyapatites include fluoridated hydroxyapatite (FHAp) and some other inorganic
ions substituting calcium ions. The main reason for such design is an expectation of antibacterial effects
and better bioactivity. Different substrates and electrodeposition techniques were applied.

As concerns, the titanium alloys, the Sr, Mg, and Zn substituted hydroxyapatite coatings, achieved
by PED, exhibited excellent corrosion resistance on Ti6Al4V alloy, in particular at the prolonged pulse off
time [79] and strontium-substituted calcium phosphate coatings on Ti6Al4V alloy demonstrated the best
osteoblast cells activity and the osteoclast cells proliferation at 5% Sr [80]. In [81], magnesium-doped
HAp (MgHAp) was obtained on titanium with a previously formed nanotubular oxide layer, showing
only slightly increasing the bond strength. For the strontium/copper substituted hydroxyapatite
(SrCuHAp) coatings on titanium, Cu improved its antimicrobial properties, and Sr enhanced the
biocompatibility [82]. In other work [83], strontium and manganese co-substituted hydroxyapatite
(SrMnHA) crack-free and dense coatings on titanium were prepared by ECD resulting in the decrease
in the corrosion current density, strongly hydrophilic surface and better cell morphology, adhesion,
spreading, and proliferation, and expression of alkaline phosphatase (ALP) better than on HAp.
In similar research [84], the presence of strontium in nanostructured SrHAp coating deposited by
ECD was shown again to positively influence the behavior of cells on a titanium surface, i.e., cell
viability, adhesion, cell morphology, and the cytoskeletal structure of bone marrow mesenchymal
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stem cells (MSCs). For the hydroxyapatite doped with silver and manganese (AgMnHAp), deposited
on TiO2 nanotubes [85], corrosion resistance decreased by almost two orders of magnitude, and an
excellent antimicrobial efficacy was observed with a 100% reduction in viable cells. The lanthanum and
copper substituted hydroxyapatite (La/Cu-HAP) coatings made on titanium by ECD demonstrated
excellent biocompatibility and bioactivity [86]. The cobalt-substituted Ca-P coatings on Ti22Nb6Zr
alloy [87], protected the surface against corrosion in the physiological environment and promoted
the development of the cells. The most recently [88], the Ca-P coatings were developed by pulse
current deposition onto Ti6Al4V alloy, and after doped with Zn2+, Mg2+, Sr2+, and Ag+ ions showed
better biocompatibility, but also lowered corrosion resistance compared to no-doped Ca-P coating or
bare metal.

In the case of steels as substrates, the deposition of (Zn2+, Cu2+, and Ag+) substituted FHAp
coatings were obtained on the 316L steel by ECD to further enhance the antibacterial efficiency of
FHAp [5].

For Mg alloys [89], PED in the presence of H2O2 was applied to improve the corrosion resistance
and bioactivity of (nano)FHAP coating on Mg-Zn-Ca alloy. A silicon doped calcium phosphate coating
was obtained [90] on AZ31 alloy by pulse electrodeposition demonstrating slow degradation rate in
SBF, an enhanced corrosion resistance, good cell growth, and enhanced cell proliferation of MG63
osteoblast-like cells, as well as increased activity of ALP. The magnesium-substituted coatings had
excellent biocompatibility and no adverse effect. Recently [91], a Si-HAp coating was achieved by PED
on an Mg-Zn-Ca alloy to improve biocompatibility, bioactivity, and osteoconductivity.

The substituted HAp coatings were also deposited on polymer substrates. Strontium and
magnesium substituted Ca-P coatings were formed on C/C composites by PED, showing the flake-like
morphology with a dense and uniform structure that could induce the formation of apatite layers and
decrease the corrosion rate of the C/C composites in simulated body fluid [92]. In other research [93],
nanocrystalline zinc HAp was prepared by ECD on a titanium-coated silicone provided bioactive
properties based on the fibroblast ingrowth and limiting the number of viable E. coli.

2.2.3. Oxides’ Coatings

The metal oxides for biological applications were seldom deposited. In [94], PED was applied
to co-deposit iridium oxide and human plasma proteins. In [95], a novel electrochemical sensor of
creatinine was constructed on the glassy carbon electrode. The graphene oxide (GO) and dopamine
were transformed to polydopamine and reduced graphene oxide (rGO) film and finally decorated by
PED with the nanoparticles Cu by cyclic voltammetry.

2.3. Polymer Coatings

The most applied polymer for electrodeposited biocoatings was chitosan. In [96], the chitosan
layer was deposited by ECD on a previously formed porous TiO2 film layer. It is noteworthy that there
was an exciting attempt [97] of electrodeposition of bioabsorbable polymer on NP-eluting stent made of
stainless steel. Chitosan-mussel protein coatings were proposed to decrease the biodegradation of Mg
in body fluids [98]. Photo cross-linking copolymer based on methacrylates deposited by EPD decreased
the release of nickel ions from NiTi reducing cytotoxicity inducing by nickel [99]. The polyether ether
ketone (PEEK) coatings [100] demonstrated excellent wear resistance, more than two hundred times
greater compared with that of the uncoated Ti-13Nb-13Zr alloy.

2.4. Composite Coatings

2.4.1. Ceramics-Ceramics Coatings

The highest group of such coatings is based on hydroxyapatite-phosphate composition with often
some ceramics. In [101], a coating composed of HAp and Ca-P phosphate was synthesized over 316L
stainless steel through PED showing an increased corrosion resistance and good bioactivity. HAp
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and HAp/ZrO2 composite coatings were [102] electrodeposited on 316L stainless steel to improve
electrochemical behavior and bonding strength. When adding ZrO2 at a concentration of 10 g/L,
the corrosion resistance was improved 30 times, and bonding strength between the coating and
the substrate increased from 11.6 MPa in pure HAp to 20.8 MPa in composite coatings. Another
approach [103] was a deposition of a composite coating comprised of HAp, Ca-P, and multi-walled
carbon nanotubes (MWCNTs) on SS316 steel surface by PED showing increased the overall coating
modulus of elasticity in the range of 6–10 GPa, a uniform and fast spreading of cells over the coating
surfaces and five times higher corrosion resistance.

The HAp-silicate coatings were also developed. In [104], such porous composite coating
was obtained demonstrating higher bond strength and better corrosion resistance, and enhanced
proliferation of MC3T3-E1 osteoblast cells grown on the HAp/CaSiO3 coating compared to pure HAp.
More complex [105] the electroplated zinc-doped hydroxyapatite-silicate coatings presented porous
structure, higher corrosion resistance than bare Ti, and improved cell morphology, adhesion, spreading
the proliferation of the MC3T3-E1 cells, and expression of ALP alkaline phosphatase comparing to
HAp coating.

The nanocomposite coating comprising of calcium titanate, sodium titanate nanotubes, and rutile
was prepared on a titanium substrate by a combination of ECD and chemical post-treatment [106]
resulting in similar adhesion strength and increasing hardness and corrosion resistance were increased.

The zinc-halloysite nanotubes/(Sr2+, Sm2+) substituted HAp hybrid coating was obtained on
Ti6Al4V alloy by the ECD. The enhanced corrosion resistance due to Zn nanotubular layer, significant
in-vitro antibacterial efficiency and cell viability studies, and anti-corrosion stability in SBF was
observed [107,108].

The coatings composed of HAp and graphene oxide (GO) [109,110] were deposited by ultrasound-
assisted PED on the anodized heat-treated surface of the titanium bringing out the highest nano-hardness
(3.08 GPa) and Young’s modulus (41.26 GPa). Similar hybrid coating composed of the GO inner
layer and GO/MgHAp outer layer was prepared on carbon/carbon composites [111] with the bonding
strength between the coating and carbon composite over 80% higher than without the oxide.

Carbon nanotubes (CNTs) were also proposed as material for brittle HAp. In earlier research [112],
the CNTs reinforced HAp on the Ti substrate demonstrated high nanohardness, enhanced corrosion
resistance, and cell viability. In more recent work [113], the addition of CNTs increased nanohardness
over 52% and Young’s modulus over 41%, and 16% in the adhesion strength thanks to improving
integrity, crystallinity, and decreasing Young’s modulus mismatch of this coating with titanium
substrate. Such coatings were also prepared on AZ31 magnesium alloy by ECD and EPD [114],
resulting in decreasing seriously corrosion density from 44.2 to 0.7 μA/cm2. In [115], different carbon
nanostructures, namely exfoliated graphene, RGO, and MWCNTs were co-deposited along with
in-situ formed HAp-Ca-P phases. The MWCNTs were deposited together with HAP also by the EPD
technique [116,117].

Some oxides were applied for composite HAp coatings. In [118], HAp-ZrO2-TiO2 nanocomposite
coatings were synthesized with new morphologies of electrodeposited HAp, such as micro-nanorods.
The corrosion current density of coatings was equal to 0.01 μA/cm2 while the bare substrate was
1.5 μA/cm2, and porosity was decreased from 46% for HAp coating to 6% for composite coating.
A ZnO nanoprism/Zn substituted HAp hybrid layer was prepared on carbon fibers by a two-step
electrodeposition method [119].

The HAP was also deposited with borium nitride (BN) by EPD [120] and bioglass and HAp [121].

2.4.2. Ceramics-Polymer Coatings

A novel implant coating material containing graphene oxide and collagen, and HAp was fabricated
on Ti16Nb electrooxidized alloy [122] with increased corrosion resistance, superhydrophilic property,
antibacterial resistance, and adhesion strength. In other research [123], a novel poly(3,4-ethylene
dioxythiophene) based nanocomposite coatings with different contents of FHAp nanoparticles on
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a Ti-Nb-Zr alloy were developed demonstrating enhanced hardness, a contact angle, and corrosion
protection than the pure polymer coatings. The fabricated nanocomposite coating supported the cell
adsorption and proliferation of MG-63 cells and showed antibacterial performance. Another research
showed [124] for a composite coating of HAp-polypyrrole, synthesized by PED over stainless steel,
the increased corrosion resistance by ten-fold as compared to bare polymer coating and supported
the growth of MG63 cells. Finally, in [94], a composite coating of iridium oxide and human plasma
proteins was obtained by PED.

Some antibacterial nanocomposite coatings were developed [125] as the HAp-Ag-chitosan
monolayers or multilayers containing HAp-chitosan and Ag-chitosan layers, with a thickness in the
range of 0–20 μm. As assumed, the Ag+ release rate from the Ag-chitosan layer can be reduced in the
layered structure using a HAp-chitosan layer. The multilayer coatings provided corrosion protection
of the stainless steel in physiological solutions. Similar biocomposite coating containing chitosan,
silver, and hydroxyapatite was developed on anodized titanium substrate by ECD [126]—6-μm thick.
The exhibited antibacterial activity against Gram-positive and Gram-negative bacterial strains was due
to the synergistic effect of silver and chitosan, with no toxicity concerning MC3T3-E1 cells.

The electrodeposition of a chitosan/layered double MgAl hydroxides was applied to obtain
hydro-membranes for protein release triggered by an electrical signal [127]. Chitosan was also co-deposited
with HAp, ZNHAp, and MWCNTS [128].

Another approach based on HAp was attempted by the addition of the poly-l-lysine (PLL) +
3,4-dihydroxy benzyl aldehyde (DHBA) and TiO2 [129] or PEEK [130]. The octadecyltrichlorosilane
layer on HAp coatings was shown to be effective in preventing the acid corrosion of dental samples [131].

2.4.3. Metal-Ceramics Coatings

The nickel-MWCNTs coatings were co-electrodeposited [132]. The chemically shortened nanotubes
were behaved as inert particles and embedded into the nickel matrix, while the long functionalized
nanotubes showed metallic behavior, and during electrodeposition, they were incorporated into the
nickel matrix. The hydroxyapatite-zinc coating was attained [133] using ECD possessing excellent
adhesion to the substrate. In [134], a two-stage electrochemical synthesis method was used to prepare
antimicrobial Ag-HAp composite coatings. In the first stage, a titanium substrate was coated with
HAp by ECD, and in the second stage, silver nanoparticles were deposited onto the HAp layer through
electrochemical reduction of aqueous Ag+ to Ag0. Similar research was described by Bartmanski et al.
for nanoAg [135,136] and nanoCu [137]. The coating composed of nanoHAp, MWCNTs, nanoAg,
and nanoCu were developed to obtain antibacterial efficiency, high adhesion, and mechanical strength
of coatings [138] also with additions of nanoAg and nanoCu. The ultra-fine Pd-Ag-HAp nanoparticles
electrodeposited on protruded TiO2 layer [139] were considered as plausible for dental implants as
increasing their biocompatibility.

The influence of the silver nanoparticle (AgNPs) concentration in solution on the electrodeposition
of Zn-Cu/AgNP composite coatings was studied by PED [140]. Antimicrobial tests revealed 95%–100%
inhibition of bacterial growth after 10 min of contact for the Zn-Cu/AgNP coating with an AgNPs
content of 0.28 wt.% against the E. coli.

2.4.4. Metal-Polymer Coatings

In [141], composite coatings consisting of polypyrrole (PPy) and Nb2O5 nanoparticles were
obtained by ECD on 316L stainless steel resulting in enhanced hardness, superior biocompatibility and
enhanced corrosion protection as compared to pure PPy coatings. Other research [142] developed the
polyethyleneimine film decorated with gold nanoparticles, electrodeposited on glassy carbon electrode,
and forming the platform adequate to immobilize proteins for applications as a tool in biotechnology.
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2.4.5. Polymer-Polymer Coatings

In [143], the alginate/chitosan layer-by-layer composite coatings were prepared on titanium
substrates. No cytotoxicity was observed, and the alginate coating was more beneficial for cells’
growth than chitosan coating. More recently [144], bioactive composite coatings based on polypyrrole
(PPy)/chitosan were obtained by in situ electrochemical polymerizations with enhanced surface
hydrophilicity and enhanced protective performance compared to pure PPy. Recently, partly
biodegradable coating composed of chitosan and Eudragit (copolymer of methacrylic acid used
for controlling drug release) was developed [145]. The gallium-modified chitosan/poly(acrylic acid)
bilayer was proposed for titanium dental implants to prevent their failures [146]. Polymerized
microemulsions of PMMA and soy lecithin on 316L stainless steel were also elaborated [147].

2.5. Effects of Component(s) on Properties of Biocoatings

The coatings used or developed for medical purposes can be made of different materials. That is
determined by existing specific needs or, more often, by a demand to increase biocompatibility and
bioactivity, and implement antibacterial efficiency. Therefore, the coatings are in a great number
designed for metallic implants made of stainless steels, titanium, NiTi alloys.

The one-component metallic coatings were proposed for particular applications, mainly for
construction of biosensors and, only in single cases, for others such as the creation of ferromagnetic
coatings or as additional layers. This main application is related to the dependence of electrochemical
potential of metals (half-cells) on the environmental signals like pH, temperature, and oxygen or
hydrogen amount. The use of some oxides as single layers was scarce.

The ceramic coatings, in the past, were developed as simple phosphates (Ca-P: triphosphate
(TCP), octacalcium phosphate (OCP), hydroxyapatite (HAp), and others). However, such coatings,
even cheap and of good bioactivity, were prone to brittle cracking, often weakly adjacent to the base,
and did not prevent the development of biofilm. Four solutions were then proposed: to modify the
chemical formula of phosphate, to substitute phosphates by other substances, to create the composite
HAp-based coatings, or to look for the best deposition technology and process parameters (as discussed
in next section).

Among substituted phosphates, the fluorohydroxyapatite in which a fluoro group substituted
a hydroxyl group, was often investigated. Besides, the hydrogen atoms were substituted by several
metallic elements such as Zn, Sr, Cu, Ag, and Mn, mainly for titanium made implants. The attempts to
decrease the solubility rate of biodegradable Mg alloys for implants by the development of SiHAp
should also be noted.

Among one-component polymeric coatings, they were used for different purposes: for example,
chitosan for increasing the bioactivity or to decrease the Mg degradation, methacrylates for prevention
of Ni release from NiTi alloys, and PEEK as an anti-wear coating for biopairs.

The one-component coatings are usually relatively cheap, but their applications are limited
as the obtained surface properties are not fully satisfactory. Therefore, the two or three or even
four-component coatings were extensively developed.

The mostly applied are coatings composed of two ceramics such as HAp (or, more and more
often, nanoHAp), silicates, oxides (mainly reduced graphene oxide rGO), CNTs (mainly MWCNTs),
sometimes other substances as BN or halloysite. These coatings often demonstrated enhanced
bioactivity and hardness, but their resistance to cracking, adhesion, and antibacterial action could be
acknowledged as satisfactory only in part.

The promising direction is developing the metal-polymer coatings, which are usually based on
HA with additions of chitosan, collagen, polypyrrole (Py), and others, sometimes implemented also
with oxides. Such coatings may be well adjacent to the surface, stronger compared to pure ceramic
coatings, and possess better biological properties. This research direction seems not so far developed,
but very promising.
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Other composite coatings were less investigated. It noteworthy that the metal-ceramics coatings
based on nanoHAp implemented with antibacterial nanometals Ag and Cu were used for orthopedic
and dental implants. Among the polymer-polymer coatings it is worth noting the appearance of
several biodegradable or protective coatings.

Summarizing, there are two most promising development directions of research coatings. The first
scientific goal is to create the coating highly bioactive, biocompatible, of high adhesion to both orthopedic
and dental implants, but also resistant to corrosion and mechanical stresses, and antibacterial. Such
coatings could be based on (substituted or no) nanoHAp and may include several other components:
polymer for better crack resistance and additional biological properties (chitosan mainly recommended
as a cheap and efficient component), nanoAg (or AgHAp, SrAgHAp, ZnAgHAp, and MnAgHAp).
The second objective, less developed even if very promising, is to create the coatings with some specific
functions as smart coatings for biosensors and long-term antibacterial protection, thin multifunctional
coatings for stents, and wear-resistant coatings. The effect of used material on coating properties and
possible applications is then highly significant, and the influence of applied technology, as demonstrated
in other sections, is sometimes important and in other cases rather minor.

Figure 1 demonstrates the electrodeposition method made (EDM) biocoatings. They have been
divided at first according to whether they are on or multicomponent coatings, and then they have been
listed based on the main materials.

Figure 1. The types of biocoatings created by electrodeposition methods (EDM) as related to the
used materials.
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3. Deposition Technologies

3.1. Electrocathodic Deposition (ECD)

Among the electrodeposition methods, the electrochemical deposition [16], also called (ECAD) or
cathodic deposition, seems the most popular. The crucial determinants of microstructure and properties
of coatings include an electrolyte composition, voltage or current, depending on electrodeposition
mode, and process time. Some research designs and results are described below. The specific
determinants for many investigations are shown in Table 1 for one-component metallic, ceramic and
polymer, and composite coatings.

Table 1. The main determinants of the electrocathodic deposition of biocoatings.

Coating; Substrate Solution and pH
Current Density and/or

Voltage Control
Deposition Time
and Temperature

Reference

Metallic Coatings

Bismuth Bismuth nitrate in acetate pH 4.5 −1.0 V 100 s [23]

Cu-Cu2O; graphitic
carbon nitride H2SO4, Cu2SO4, Ce and Ni salts −0.8 V - [148]

Ni; Ti nickel sulfate, nickel chloride, boric acid 50 mA/cm2 RT
15–60 s [28]

Ni/Au; PC NiSO4, H3BO3, KCl (for Ni)
Au(CN)2 for Ag 1.4 V 1 min (for Ni) [27]

Sr; Ti and TiZr strontium-acetate and acetic acid, Sr-NaF, Sr-NaCl.
pH 5 1.3 mA/cm2 21 ◦C

60 s [26]

Pt-Ir - - - [24]

Ceramic Coatings

Calcium phosphate
(Ca-P); Ti

CaCl2, Ca(H2PO4)2, H2O2.
pH 2.5–6.0 −0.8 V vs. SCE. 1.67–60 min

45–65 ◦C [149]

Ca-P; Ti NH4H2PO4, Ca(NO3)2. - 37 ◦C [150]

Ca-P; Ti NH4H2PO4, Ca(NO3)2, NaNO3.
pH = 7.4 3.33 mA/cm2 159 min

24 ◦C [106]

Ca-P; Ti
Modified SBF: NaCl, NaHCO3,

KH2PO4,
pH 7.4

from −1.5 V to −2.5 V vs.
SCE

1 h
60 ◦C [30,31]

Ca-P; precalcified
(NaOH) Ti

Ca(NO3)2,
NH4H2PO4.

pH = 6
2.5 mA/cm2 60 min

RT [32]

Ca-P; Ti scaffold CaCl2, NH4H2PO4 - - [51]

Ca-P; Ti-Ni

Three different conditions;
(i) Ca(NO3)2,

NH4H2PO4, H2O2.
pH = 4.3

(ii) and (iii) as above, pH = 6

(i) −0.6 mA/cm2

(ii) −0.5 mA/cm2

(iii) −3 mA/cm2 for 1 s
and reverse current 0.1

mA/cm2 for 2 s

(i) 70 ◦C
(ii) and (iii) 65 ◦C [63]

Ca-P; Mg
Ca(NO3)2
KH2PO4
pH = 4.6

3.5 V 90 min
47 ◦C [73]

Ca-P; Mg alloy

NaNO3,
NH4H2PO4, Ca(NO3)2,

H2O2.
pH 5

2.5–20 V 40–60 min
20 ◦C [72]

Ca-P; Mg-1Ca
Ca(NO3)2,

NH4H2PO4.
pH = 5

−2.5 V vs. SCE 20–240 min [67]

HAp; Ti NH4H2PO4, Ca(NO3)2
pH = 7.2 −2.5 V 10 min

80 ◦C [52]

HAp; Ti Ca(NO3)2,
NH4H2PO4. −1.8 V vs. Ag/AgCl 5 s

80 ◦C [33]

HAp; Ti

(i) calcium acetate,
acetic acid.

(ii) Na3PO4, NaOH
pH 9.1

2–4 V 1 h [151]

HAp Supersaturated solution of Ca(NO3)2 and
NH4H2PO4. 1.5 V 80 ◦C

1 and 4 h [50]
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Table 1. Cont.

Coating; Substrate Solution and pH
Current Density and/or

Voltage Control
Deposition Time
and Temperature

Reference

Ceramic Coatings

HAp; Ti-6Al-4V
Ca(NO3)2, NH4(H2PO4),

NaNO3.
pH 4.2

0.6 mA/cm2 45 min
RT [75]

HAp; Ti, Ti6Al4V,
stainless steels

Ca(NO3)2, NH4(H2PO4),
NaNO3, H2O2.

pH 5.5
3 V 1 h

85 ◦C [56]

HAp; CoCrMo
Ca(NO3)2,

NH4H2PO4, H2O2
pH = 4.5

3 mA/cm2 30 min
20 ◦C [61]

HAp; CoNiCrMo Ca(NO3)2,
NH4H2PO4.

From −1.4 to −2.2 V
versus Ag/AgCl) 80 ◦C [60]

HAp; Mg
Ca(NO3)2,

NH4H2PO4, H2O2.
pH = 4.3.

4 V 2 h
RT [66]

HAp; Au, PC, stainless
steels

Ca(NO3)2, NH4(H2PO4),
H2O2.

pH 4.5 or 6

120–250 mA/cm2

or −1.6 V vs. Ag/AgCl
3–10 min

70 ◦C [152]

HAp; enamel Ca(NO3)2, NH4H2PO4, NaNO3 0.5 mA/cm2 1 h
55 ◦C [74]

HAp; PVA/PLA H2O2, CaCl2, KH2PO4 2.5–7.5 mA/cm2 1 h [78]

FHAp; stainless steels

CaCl2,
NH4(H2PO4),
NH4F, H2O2

pH = 4.6

1 mA/cm2 1 min
20–65 ◦C [5]

Brushite (DCPD) or
FHAp; Mg

Ca(NO3)2,
NH4H2PO4.

For FHAp, NaNO3 and NaF added.
pH = 4.4

5 (DCPD) or 0.5 (FHAp)
mA/cm2

RT (DCPD)
or 60 ◦C (FHAp) [68]

AgHAp; Ti

NaCl,
tris(hydroxymethyl)aminomethane, CaCl2,

KH2PO4.
pH = 7.2

12.5 mA/cm2 95 ◦C [134]

AgMnHAp; Ti

Ca(NO3)2,
NH4H2PO4,
Mn(NO3)2,

AgNO3

0.09 mA/cm2 65 ◦C [85]

(La/Cu)HAp

Ca(NO3)2,
La(NO3)2,

Cu(CH3COO)2,
NH4H2PO4, H2O2.

pH = 4.5

1.0 mA/cm2 1 h
65 ◦C [86]

MgHAp; nanotubular
TiO2

Ca(NO3)2,
NH4H2PO4,
Mg(NO3)2.
pH = 4.2

0.85 mA/cm2 35 min
65 ◦C [81]

SrHAp; Ti
CaCl2,

NH4(H2PO4),
SrCl2, NaNO3

3.0 V 1 h
85 ◦C [84]

SrCuHAp
Ca(NO3)2, Sr(NO3)2, CuNO3)2,

NH4H2PO4.
pH = 4.4

0.85 mA/cm2 30 min
65 ◦C [82]

SrMnHAp
Ca(NO3)2, Sr(NO3)2, Mn(NO3)2,

NH4H2PO4.
pH = 4.3

0.85 mA/cm2 30 min
65 ◦C [83]

HAp + CNTs Ca(NO3)2, NH4H2PO4, H2O2
MWCNTs 3 V pH 4.7 [114]

ZnHAp; Ti

Ca(NO3)2
NH4H2PO

NaNO3, H2O2.
2.5 V 2 h

85 ◦C [133]

ZnHAp; stainless steel
Ca(NO3)2,

NH4H2PO4, H2O2.
pH = 4.5

0.5–3 mA/cm2 1 h
65 ◦C [54]

CaCO3; indium tin
oxide

CaCl2,
NaHCO3, NaCl. pH = 8.25 −0.86 V 25 ◦C [29]

146



Coatings 2020, 10, 782

Table 1. Cont.

Coating; Substrate Solution and pH
Current Density and/or

Voltage Control
Deposition Time
and Temperature

Reference

Polymer Coatings

Chitosan; Ti-6Al-4V
CH3COOH,

Chitosan, NaOH
pH = 4.75

0.6 mA/cm2 10 min
RT [96]

Poly
(DL-lactide-co-glycolide)
(PLGA); stainless steel

PLGA solution 2 mA - [97]

Composite Coatings

Ni-MWCNTs NiSO4, NiCl2,
H3BO3, saccharine 80 mA/cm2 - [132]

Pd/Ag/HAp NH4H2PO4, NH4F, HAp, Pd, Ag 23 V 1 h [139]

NanoHAp-CNTs CNTs, NH4H2PO4, Ca(NO3)2, NaNO3.
pH = 7.4 5 mA 15–30 min

100 ◦C [77]

CNTs-HAp Ca(NO3)2,
K2HPO4, CNTs −1.4 V vs. SCE 1 h [112]

HAp-CaSiO3

nano-SiO2,
Ca(NO3)2,

NH4H2PO4.
pH = 4.2

0.8 mA/cm2 30 min
65 ◦C [104]

HAp-CaHPO4;
stainless steels

CaCl2;
NH4H2PO4

5 or 10 mA/cm2;
1 V, 2 V or3 V

RT [58]

ZnHAp-CaSiO3

Ca(NO3)2,
NH4H2PO4, Zn(NO3)2.

pH = 4.2
0.8 mA/cm2 30 min

65 ◦C [105]

ZnO/ZnHAp hybrid
coating;

carbon fiber

Zn(NO3)2,
Ca(NO3)2,

NH4H2PO4.

1st stage: 0.6 mA/cm2

(ECD).
2nd stage: 3 V (EPD).

1st stage: 30 min,
343 K

2nd stage: 60 min
[119]

Zn-halloysite
nanotubes

(HNT)/SrSmHAp
hybride coating;

Ti6Al4V

Ca(NO3)2,
Sr(NO3)2, Sm(NO3)2, NH4H2PO4

1.0 mA/cm2 30 min
RT [108]

Halloysite nanotubes
(HNT)-CeHAp; Ti

alloy

Ca(NO3)2, NH4H2PO4,
Ce(NO3)2, halloysite nanoclay, HCl.

pH = 4.5
- - [107]

HAp-Ag-chitosan; Pt,
graphite or stainless

steel

chitosan
solutions containing HAp nanoparticles and

dissolved AgNO3

0.1 mA/cm2 - [125]

HAp-ZrO2; Ti Ca(NO3)2, NH4H2PO4, NaNO3, H2O2, ZrO2
particles. pH = 4.5 1 mA/cm2 45 min

65 ◦C [102]

HAp-ZrO2-TiO2

Ca(NO3)2,
NH4H2PO4,

NaNO3, ZrO2, TiO2.
pH = 4.2

Constant direct current 85 ◦C
2 h [118]

HAp-GO-collagen;
Ti-Nb

Ca(NO3)2, NH4H2PO4, GO, collagen in SBF.
pH = 4.1–4.3 2 mA/cm2 60 min

33 ◦C [122]

GO (an inner
layer)/GO-MgHAp (an

outer layer); C/C
composites

1st stage (GO inner-layer): Go water suspension.
2nd stage (GO-MGHAp): NH4H2PO4, Ca(NO3)2,

Mg(NO3)2, GO.

1st stage: 30–70 V (EPD).
2nd stage: 3 mA (ECD).

1st stage: 1–7 min
(EPD).

2nd stage: 1 h, 50
◦C (ECD).

[111]

Chitosan-AgHAp on
nanotubular TiO2

Ca(NO3)2,
NH4H2PO4,

AgNO3.

0.85 mA/cm2

35 min at 50◦C
35 min
50 ◦C [126]

Poliethyleneimine
(PEI)-Ag Hydrogen tetrachlorate (III). −1.2 V vs. (Ag/AgCl) 45 s [142]

Polypyrrole-chitosan;
stainless steel

Pyrrole in oxalic acid, with and without the
addition of chitosan. 15 mA 1 h [144]

Polyacrylic acid (PAA)
followed by

Ga-modified chitosan;
Ti

PAA water solution For Ga-modified
chitosan: 1.5 V 15–60 min [146]

Alginate/chitosan
(layer-by-layer coating)

Chitosan water solution
Alginate dissolved in acetic acid 20 V 20 min [143]

Chitosan-protein; Mg Chitosan in acetic acid
Proteins in citric acid 1 mA/cm2 10 min [98]

RT—room temperature. Empty spaces mean that no data have been reported in references.
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3.1.1. Effect of an Electrolyte Composition

As shown in Table 1, the regular baths for the deposition of Ca-P compounds contained such
salts as Ca(NO3)2, CaCl2, CaSiO3, and (NH4)H2PO4, often H2O2, more seldom KH2PO4. The typical
concentration of calcium salt was 0.042 mol/L and 0.025 mol/L of (NH4)H2PO4. Hydrogen peroxide
was added in concentration from 2000 ppm to even 2% [61]. As concerns the other additives, in [114]
the addition of 1% MWCNTs to HAp showed the most positive effect on corrosion resistance.

3.1.2. Effect of Deposition Potential

In deposition performed under constant voltage, its value was usually between 1 and 3 V. The impact
of potential was investigated in a few works. In [58], at 1 V of voltage, 300 to 400 nm thick flake type of
deposition with random orientation was observed together with flakes either parallel or perpendicular
to the coating surfaces, and under 2 and 3 V potential, an average thickness of flakes increased to
around 2 μm. In [33,60], calcium phosphate coatings on the CoNiCrMo substrate were prepared by
electrodeposition at different voltages and the moderate potential sample (−1.8 V vs. AgCl) they
exhibited the most uniform coating. In [30], the calcium phosphates were electrodeposited on titanium
and the coating electrodeposited at −2.0 V (SCE; Saturated Calomel Electrode) in the modified SBF
containing CO3

2− ions was the most bioactive, showing transformation into carbonate apatite similar
to bone apatite. As stated in [152], the desired potential range for HAp electrodeposition may be
comprised between −1.5 and −2.2 V (Ag/AgCl). These results are like each other and the effect of
potential seems moderate.

3.1.3. Effect of Deposition Current

Such studies were carried out usually at current densities beginning well below 1 mA/cm2 up
to even 10 mA/cm2 or more, as shown in Table 1. In [58], under constant cathode current density
of 5 mA/cm2, the broom-like shape of deposition structure was observed, with flakes precisely
perpendicular to the coating surfaces, with one after another originated from a single point with a
wall thickness of around 400–500 nm, and spherical-shaped porous apatite structure with a diameter
around 800–900 nm along with 50–100 nm pores throughout the outer peripheral surface appeared.
At 10 mA/cm2 current density, the continuous coating, and random flake type deposits were observed
with around 1–2 μm wall thickness. In the ultrasonic-assisted electrodeposition of hydroxyapatite [78],
when the current density increased from 2.5 to 7.5 mA/cm2, the grain size decreased from 414 to
265 nm. With the current density increasing from 2.5 to 5.0 mA/cm2, the Ca/P ratio rises from 1.53 to
1.58. Conversely, the Ca/P ratio drastically decreases to 1.25 at a current density of 7.5 mA/cm2.

3.1.4. Effect of Deposition Time

The result of deposition time was not often investigated, and applied values were diverse. In [34],
by increasing the electrodeposition time from 1 to 30 min, the coating thickness increased, but also the
surface morphology of the Ca-P coatings was greatly affected going from smooth to plate-like, featuring
elongated plates, ribbon-like to finally sharp needle structures. The optimum electrodeposition
procedures leading to both good cell-material interaction and sufficient mechanical properties could be
achieved with relatively thin coatings produced at short electrodeposition times. The loading time
increased the HAp crystallinity [149].

3.1.5. Effect of Deposition pH

The pH value, a rule, was buffered between 4 and 6. The HAp crystallization process was favored
by an increase in pH from 2.5 to 6 [149].
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3.1.6. Effect of Deposition Temperature

The deposition processes were conducted either at room temperature or, seldom, about 60–70 ◦C.
In [149], with increasing temperature, the deposited hydroxyapatite was occasionally of plate-like
shape, and the width and the length of the deposited calcium phosphates at 65 ◦C were more extensive
than those at 55 ◦C.

3.2. Pulse Electrocathodic Deposition (PED)

The important determinants are shown in Table 2 for one-component metallic, ceramic and
polymer, and composite coatings.

Table 2. The main determinants of the pulse electrocathodic deposition of biocoatings.

Coating; Substrate Solution
Voltage/Current for Pulsed

Mode Deposition
Deposition Time
and Temperature

Reference

Metallic Coatings

Ni; Ti NiSO4, H3BO3. pH 2 or 5 From 0 to −1.5 V at the scan rates of
20 and 50 mV/s - [28]

Tantalum LiF, TaF5 −2.6 V to 1.6 V 30 s to 2 h [25]

Ceramic Coatings

Ca-P; Ti
Ca(NO3)2, NH4H2PO4, H2O2,

GO.
pH 6

Pulsed mode
15 mA/cm2

duty cycle 0.1
65 ◦C [38]

Ca-P; Ti Ca(NO3)2 NH4H2PO4, H2O2.
pH 4.3

Pulse mode
−1.4 V

Duty cycle 0.5
1–30 min [34]

Ca-P; Ti

Ca(NO3)2,
NH4H2PO4,

chlorhexidine digluconate.
pH 4.2

Pulse mode
2–5 mA/cm2

40–60 ◦C
30 min [53]

Ca-P; Mg alloy

NaNO3,
NH4H2PO4,
Ca(NO3)2,

H2O2.
pH 5.0

Pulse mode
(i) Constant voltage 2.5–20 V or

(ii) Constant current density
10–200 mA/cm2

Duty cycle 0.25–0.75

20 ◦C
(i) 40–60 min

(ii) 2–6 h
[72]

Ca-P; NiTi Ca(NO3)2, NH4H2PO4, H2O2.
pH 4.3

5, 10, 15, and 20 mA/cm2

Duty cycle 0.1
25 min [65]

Ca-P; Ti-Ni

Three different conditions;
(i) Ca(NO3)2,

NH4H2PO4, H2O2.
pH 4.3

(ii) and (iii) as above, pH 6

Constant mode (i)
0.6 mA/cm2, or

(ii) −0.5 mA/cm2

(iii) pulsed mode-3 mA/cm2

duty cycle 0.33

(i) 70 ◦C
(ii) and (iii) 65 ◦C [62]

Ca-P and HAp; stainless
steel CaCl2, NH4H2PO4, NaCl.

Pulsed mode
5, 10 and 20 mA/cm2

duty cycle 0.2

1 h
room

temperature (RT)

[57]

Polymorphic apatites; C/C
composites

Ca(NO3)2,
NH4H2PO4.

Pulse mode
3, 5 and 10 V

Duty cycle 0.2

60 ◦C
3 h [76]

HAp; Ti CaCl2,
K2HPO4, H2O2.

1 mA/cm2

duty cycle 0.2 and 0.8
1 h [36]

HAp; stainless steel

Ca(NO3)2,
NH4H2PO4,

NaNO3.
pH = 5.77

Pulse mode
−1.6 V/SCE, scanning rate 5 mV/s

25 ◦C
26.667 min [55]

HAp; NiTi
Ca(NO3)2, NH4H2PO4,

NaNO3, H2O2.
pH 6.0

Pulsed mode
3.0 mA/cm2

25 min
65 ◦C [63]

HAp; NiTi

Ca(NO3)2,
NH4H2PO4,

NaNO3,
H2O2.
pH 4.3

Pulse mode
1.5–15 mA/cm2

duty cycle 0.2

25 min
70 ◦C [64]

HAp; Mg alloys

Ca(NO3)2, NH4H2PO4,
Na2SiO3,
NaNO3.

pH 4, 5 or 6

Pulsed mode
40 and 60 mA/cm2

duty cycle 0.1, 0.2

30 min
25–100 ◦C [91]
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Table 2. Cont.

Coating; Substrate Solution
Voltage/Current for Pulsed

Mode Deposition
Deposition Time
and Temperature

Reference

Ceramic Coatings

NanoHAp; Mg alloy
Ca(NO3)2, NH4H2PO4,

H2O2.
pH = 4.5

Pulse mode
−3V

Duty cycle 0.2
RT [69]

NanoHAp; Mg-Zn scaffold Ca(NO3)2, NH4H2PO4,
NaNO3

20–40 mA/cm2

Duty cycle 0.1 and 0.2
temperature,

55, 70, 85 and
100 ◦C

1 h
[70]

NanoHAp; Mg-Zn scaffolds

Ca(NO3)2,
NH4H2PO4,

NaNO3.
pH = 5.0

40 mA/cm2

duty cycle 0.1
85 ◦C

1 h [71]

HAp; Au
Ca(NO3)2. NH4H2PO4,

H2O2,
pH 4.5 or 6

Constant mode: 1.6 V vs. Ag/AgCl
followed by a pulsed mode

duty cycle 0.33

45 min
70◦C [152]

HAp-Ca3(PO4)2; Ti6Al4V
Ca(NO3)2, NH4H2PO4, with or

without H2O2.
pH = 4.4

Pulsed mode
8 mA/cm2

21 min
50 ◦C [37]

HAp; nanoTiO2 Ca(NO3)2, NH4H2PO4
2.5 mA/cm2

Duty cycle 0.5
20–120 s [49]

CoCa-P;
Ti22Nb6Zr

Ca(NO3)2, NH4H2PO4,
Co(NO3)2, H2O2.

Pulsed mode
15mA/cm2 15 min [87]

FHAp; Mg-Zn-Ca

NaNO3,
NH4H2PO4

Ca(NO3)2, NaF, H2O2.
pH 5.0

Pulse mode
1 mA/cm2 65 ◦C [89]

SiHAp; Mg alloy
Ca(NO3)2, NH4H2PO4,

NaNO3,
tetraethoxysilane.

Pulse mode
0.4–0.6 V

Duty cycle 0.3

40–80◦C
40 min [90]

SrCa-P; Ti6Al4V Ca(NO3)2, NH4H2PO4,
Sr(NO3)2.

Pulsed mode
15 mA/cm2

15 min
60 ◦C [80]

(Sr,Mg,Zn)HAp; Ti-6Al-4V

CaCl2, SrCl2,
MgCl2, ZnCl2,

NH4H2PO4, H2O2.
pH 4.5

Pulsed mode
1 mA/cm2

duty cycle 0.2 and 0.8

1 h
65 ◦C [79]

(Sr,Mg)Ca3(PO4)2; C/C
composite

Ca(NO3)2 Sr(NO3)2, Mg(NO3)2
NH4H2PO4.

Pulse mode
2.5 V

Duty cycle 0.4.

3 h
50 ◦C [92]

(Zn,Mg,Sr,Ag)Ca-P; Ti6Al4V

Ca(NO3)2,
NH4H2PO4, AgNO3,

Zn(NO3)2, Sr(NO3)2, Mg(NO3)2,
H2O2.

Pulsed mode
400 mA/cm2

duty cycle 0.2
70 ◦C [88]

ZnHAp Ca(NO3)2, NH4H2PO4, H2O2.
pH 4.5

Pulsed mode
0.5–3 mA/cm2

1 h
65 ◦C [95]

HAp + CNTs Ca(NO3)2, NH4H2PO4, H2O2
MWCNTs 3 V pH 4.7 [95]

Composite Coatings

Reduced graphene oxide
(rGO)-polydopamine-
CuNPs-Nil blue; glass

carbon

Cu(NO3)2,
phosphate-buffered saline (PBS).

Pulse mode
from −0.5 V to 0.8 V,

a scan rate of 100 mV/s
- [95]

MCWNT–HAp; stainless
steel

CaCl2, NH4H2PO4,
NaCl.

Pulsed mode
5, 10, and 20 mA/cm2

duty cycle 0.2

1 h
RT [103]

HAp-CaHPO4; stainless
steel

CaCl2,
NH4H2PO4.

Pulsed mode
Either constant current

5 and 10 mA/cm2, or constant voltage
1, 2 and 3 V

RT [58]

Reduced graphene oxide
(rGO)

and MWCNT/ HAp–calcium
orthophosphate phases;

stainless steel

CaCl2,
NH4H2PO4.

Pulsed mode
10 mA/cm2

900 s
RT [115]

HAp-polypyrrole; stainless
steel

Ca(NO3)2, NH4H2PO4,
KNO3, pyrrole monomer.

Pulsed mode
5, 10, and 20 mA/cm2

1500 s
RT [124]
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Table 2. Cont.

Coating; Substrate Solution
Voltage/Current for Pulsed

Mode Deposition
Deposition Time
and Temperature

Reference

Composite Coatings

Graphene oxide (GO)-HAp;
Ti

Ca(NO3)2, NH4H2PO4, H2O2,
GO.

pH 4.2

Constant or pulsed mode
15 mA/cm2

duty cycle 0.1
65 ◦C [109]

Graphene oxide (GO)-HAp;
Ti

Ca(NO3)2, NH4H2PO4, H2O2,
GO.

pH 4.5

Pulsed mode
15 mA/cm2

duty cycle 0.1

50 s
65 ◦C [110]

GO-calcium phosphate; Ti

Ca(NO3)2, NH4H2PO4, NaNO3,
H2O2,

GO.
pH 6

Pulsed mode
15 mA/cm2

duty cycle 0.1
65 ◦C [113]

HAp-CNTs; Mg alloy Ca(NO3)2, NH4H2PO4, H2O2.pH 4.7 −3 V
duty cycle 0.2 RT [114]

Iridium oxide/human
plasma proteins

Iridium chloride, oxalic acid, human
plasma

pH = 10.2

Cyclic voltammetry
from −0.6 to 0.8 V vs. Ag/AgCl

scan rate
10 mV/s

- [94]

Polypyrrole/Nb2O5;
stainless steel

Pyrrole in oxalic acid, with the
addition of Nb2O5

Cyclic voltammetry
−0.6 V to +0.7 V vs. SCE
the scan rate of 50 mV/s

- [141]

Polyacrylic acid (PAA)
followed by Ga-modified

chitosan; Ti
PAA water solution For PAA only: from 0 to −1.2 V 4 min [146]

Poly
(3,4-ethylenedioxythiophene)

(PEDOT)/FHAp; Ti-Nb-Zr

LiClO4, ACN (acetonitrile), monomer
EDOT, FHAp

Sweeping the potential from −600 to
1600 mV

sweeping rate of 0.05 V/s
- [123]

ZnO/ZnHAp hybrid coating;
carbon fiber

Zn(NO3)2,
Ca(NO3)2,

NH4H2PO4.

1st stage: 0.6 mA/cm2 (ECD).
2nd stage: 3 V EPD).

1st stage: 30 min,
343 K

2nd stage: 60 min
[119]

Zn,Cu/AgNPs

CuCl2, ZnCl2,
glycine, cetyltrimethylammonium

bromide (CTAB), AgNPs.
pH = 10

Cyclic voltammetry
from 0.1 to −1.6 V vs.SCE - [140]

RT—room temperature. Empty spaces mean that no data have been reported in references.

3.2.1. Effect of an Electrolyte Composition

As for the ECD, applied electrolytes were prepared based on 0.042 mol/L of Ca(NO3)2 and
0.025 mol/L of NH4(H2PO4). Exceptionally, the SBF solution [58] was used during deposition
(NaCl—7.996 g/L, KCl—0.224 g/L, CaCl2·2H2O—0.278 g/L, MgCl2·6H2O—0.305 g/L, NaHCO3—0.350 g/L,
K2HPO4·3H2O—0.228 g/L, and Na2SO4—0.071 g/L). The increasing Ca and P contents in an electrolyte
affected the morphology of HAp [49], from separated particle to plate-like.

Hydroxyapatite, carbonate apatite, and dicalcium phosphate dehydrate were deposited on
carbon/carbon (C/C) composites [76]. The supersaturation degrees of Ca2+ and PO4

3− changed the
crystalline habit of HAp, led to large crystal size, and transformed crystal shape from belt-like
to a plant-like structure. The H2O2 was added to prevent hydrogen bubbles formation during
electrodeposition and to favor better calcium phosphate crystals nucleation [152]. For HAp coatings
deposited on NiTi alloy by PED, the morphology of the coating changed from needle-like to plate-like
structure as the electrolyte concentration decreased about five times [64].

3.2.2. Effect of Deposition Potential

The deposition under constant voltage was usually run by cyclic voltammetry between to fixed
potential value, come and back. In some reports [152], the pulsed mode was applied, in which the
voltage was imposed for 60 s followed by break-time for 120 s. During the deposition of hydroxyapatite,
carbonate apatite, and dicalcium phosphate dehydrate on C/C composites [76], the increasing voltage
resulted in promoting bioactivity by altering the morphologies and phases. For silver nanoparticles in
solution during the electrodeposition of Zn-Cu/AgNP composite coatings by cyclic voltammetry [140],
the process was shown to occur through two stages with different energies. The first stage occurred in

151



Coatings 2020, 10, 782

the potential range from −0.4 to −0.7 V vs. SCE and was mainly associated with the electrodeposition
of a copper film, while the second stage corresponded to the bulk deposition of Zn-Cu/AgNPs and
occurred from −1.4 to −1.6 V vs. SCE. The increasing HAp nucleation rate vis-à-vis increasing
deposition potential was observed, and the presence of calcium orthophosphate phase was decreased
along [58] with an increased rate of hydroxyapatite phase in the coating.

3.2.3. Effect of Deposition Current

Using the current pulsed methods, smooth uniform coatings were obtained onto Mg alloy when a
current density in a specific range was used (10–30 mA/cm2) [72]. The growth of particles was observed
when low frequencies (50 Hz) and high frequencies (1000 Hz) were applied.

In [58], the effect of current parameters was observed. In other research [91], when Si-HAp coating
was deposited on Mg-5Zn-0.3Ca alloy substrate by pulse electrodeposition, at a low current density
of 20 mA/cm2 a coarse and non-uniform coating was deposited, and at a high current density of
60 mA/cm2, high amounts of hydrogen gas at the interface were produced, and a non-uniform coating
was formed. At the middle current density of 40 mA/cm2, nano-needle like coating was observed.
For higher peak current density, the Ca-P coating consisting of needle-shaped crystals was formed
with pores in between [54]. At lower current density of 0.5 mA/cm2 a more compact uniform plate-like
morphology was observed than those at a higher current density of 3 mA/cm2.

In [152], by the template-assisted pulsed electrodeposition method, the calcium-deficient
hydroxyapatite (CDHA) particles in aqueous baths with hydrogen peroxide were used by both applying
pulsed current density and pulsed potential in cathodic electrodeposition. Deposition in the membrane
was successful only for higher values of current density, so a valid value of 120–250 mA/cm2 was applied.
In other research [101], a composite coating of hydroxyapatite and calcium hydrogen phosphate
over 316L grade of stainless steel performed by PED at 10 mA/cm2 demonstrated the highest weight
percentage and crystallinity of hydroxyapatite phase and a continuous, faster and interconnected cell
growth. For a composite coating of hydroxyapatite-polypyrrole, the coating deposited with moderate
current density (10 mA/cm2) seems to be the optimum one regarding the faster-interconnected growth
of MG63 cells over the coating surface along with highest corrosion resistance and anodic passivation
capability [124]. In [65], the electrodeposition at the higher current densities of 15 and 20 mA/ cm2

increased the possibility of the hydroxyapatite phase formation in the coating rather than the other less
stable calcium phosphate phases. The optimum conditions to create a uniform nano-hydroxyapatite
coating on the Mg-Zn scaffold was found at 40 mA/cm2 and 0.1 duty cycle [71]. Finally, in research [63],
in which reverse current densities of 0.1 mA/cm2 were applied, the porosity was increased by increasing
the current density of the reverse pulse. Also, in this condition, the resulted film was composed
of nanosized HA crystals. It seems that the reverse current step can influence the porosity and the
structure of the coatings by the dissolution of the unstable phases, which are formed during the direct
current stage of the bipolar pulse deposition. For the production of acceptable quality Ca-P coatings
on Mg alloy, the current density should be between 10 and 30 mA/cm2 [72]. In [49], the observed HAp
morphologies consisted of particles, a mixture of particles and plate-like shapes, and entirely plate-like
shapes as related to the increasing number of deposition cycles.

3.2.4. Effect of Deposition pH

The pH value was generally acidic. For deposited SiHAp coating at pH 5, the needle-like
morphology, but the coatings deposited at pH 4 and 6, the plate-like morphology with micro-size
thickness were observed [91].

3.2.5. Effect of Deposition Temperature

The applied were either room temperature or elevated temperatures, like 40–60 ◦C [53], 85 ◦C [70],
or even 200 ◦C [25] temperatures were reported. In [91], tests were made at temperatures ranging
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from 25 to 100 ◦C, at temperatures up to 85 ◦C, the morphology of the SiHAp coating changed to the
nano-sized needle-like blades.

3.3. Electrophoretic Deposition (EPD)

Table 3 illustrates the process determinants of several investigations performed by EPD.

Table 3. The main determinants of the electrophoretic deposition of biocoatings.

Coating; Substrate Electrolyte Voltage/Current
Deposition Time
and Temperature

Reference

HAp; NiTi ethanol 40 V 20 s [39]

HAp; TiO2 - 200 V 1 min [44]

HAp; Ti ethanol 10–45 V 1–8 min [42]

HAp; TiO2 ethanol 60 V 45 s
RT [45]

HAp; Au ethanol and octadecyltri-
chlorosilane 70 V/cm2 1 h [131]

Hap + TiO2 acetylacetone 20 V 30–120 s [43]

HAp + CNTs; NiTi ethanol 30 V 30 s [116]

Hap +MWCNTs butanol 60 V 2 min [117]

Hap +MNWCNTs + nanoAg + nanoCu ethanol, isopropanol 11 and 30 V 2 min
RT [138]

nanoHAp; Ag ethanol 10 V [47]

Nano(Zn/Ca)HAp; (Si)Ti - 10, 50, and 100
V/cm

1 min
pH 12 [93]

nanoHAp; Ti ethanol 10 V 10 min [41]

nanoHAp; (Mg,Zr,Ce) oxides water 380 V 10 min [46]

nanoHAp 0.1, 0.2 or 0.5 g nanoHAp 15, 30, and 50 V 1 min [40]

nanoHAp + nanoAg ethanol
15 and 30 V for

nanoHAp
60 V for nanoAg

1 min for
nanoHAp

5 min for nanoAg
[135]

nanoHAp + nanoAg ethanol 50 V 1 min [136]

nanoHAp + nanoCu; TiO2 ethanol 30 V 1 and 2 min
RT [137]

nanoHAp + borium nitride; Ti ethanol 100 and 150 V 5–20 s
pH 4 [120]

PEEK + HAp ethanol 75 V 45 s
pH 5.5 [130]

HAp+Si +MWCNTs - cathodic - [153]

Chitosan + HAp; TiO2 acetic acid, etanol, water 10–15 V 3–9 min [154]

Hap + ZNHAp +MWCNTs + chitosan - - - [128]

Bioglass + HAp (whiskers) isopropanol 40 V 1 min [121]

Chitosan + bioglass + HAp acetic acid, etanol, water 20 and 30 V 5 and 15 min
pH 3.3, 4, 5 [155]

GO (graphene oxide) +MgHAp; C/C
composites - - - [111]

The poly-l-lysine (PLL) +
3,4-dihydroxybenzylaldehyde (DHBA) +

HAp + TiO2

ethanol-water 50 V - [129]

methacrylates dioxan 15 V 5 min [99]

PEEK ethanol 70–115 V 1 min [100]

Chitosan + Eudragit acetic acid 10 and 30 V 1 and 3 min [145]

PMMA + soy lecithin the microemulsion of
coconut oil and water 1 mA (4–15 V) 30 min

RT [147]

RT—room temperature. Empty spaces mean that no data have been reported in references.
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3.3.1. Effect of an Electrolyte Composition

The electrolyte composition affected biological properties. Galindo et al. [93] studied the effect of
different Zn/Ca ratio on cytocompatibility and antibacterial efficiency demonstrating the best results
at the 5% and 10% content of Zn in the carbonated hydroxyapatite (CHAp). In-vitro bioactivity of
PEEK-HAp coatings was enhanced by increasing the amount of HAp particles, but such coatings had
inferior adhesion to the substrate [130].

The electrolyte also affected corrosion resistance, adhesion, and wettability. The corrosion current,
between 1 and 10 nA/cm2, was significantly higher for undecorated nanoHAp coatings and close to
that of the substrate for decorated nanoHAp coatings [135]. The compact structure of hydroxyapatite
with 20 wt.% silicon and hydroxyapatite with 20 wt.% silicon-1 wt.% multi-walled carbon nano-tubes
coatings could efficiently increase the corrosion resistance of NiTi substrate [153].

The presence of nanosilver particles in the coating improved adhesive properties and reduce
contact angle values [136]. Besides, the presence of nanosilver particles has a significant effect on
homogeneity and quality of coating. In the presence of the silver nanoparticles, a smaller number of
cracks and a smaller dimension of cracks were observed [40]. On the other hand, in [120] the increase
in the amount of BN was insignificant as concerns the coating thickness.

In [121], the electrophoretic deposition of bioactive glass (BG) coatings reinforced by whisker
hydroxyapatite (WHA) particles at 50 and 75 wt.% WHA showed the highest bonding strength and
bioactivity response. Addition of other ceramics, MWCNTs, changed mechanical properties [117]:
the hardness and adhesion strength of the HA coating improved from 72 HV and 17.2 MPa to 405 HV
and 32.1 MPa. Moreover, the results of the biological tests revealed an incredible improvement in
the apatite and bone cell growth on the HA coatings composed of titanium and MWCNTs. For a
duplex coating composed of electrophoretically deposited graphene oxide (GO), inner-layer and
electrodeposited GO/Mg substituted hydroxyapatite (MH) outer-layer on carbon/carbon composites
(CC) demonstrated the bonding strength between the duplex coating and CC as of 7.4 MPa, about 80%
higher than without GO [111]. The composition of HAp and MWCNTs promoted also the osteoblast
adhesion and proliferation [129] and bioactivity [116].

The size of HPa seems to play an important role in biological behavior; the cell adhesion was
better on the small- and middle-sized nanocrystals (SHA, MHA > LHA), which was interestingly
opposite in cell spreading (LHA > SHA, MHA), and then the cell proliferation was again up-regulated
on SHA and MHA [42].

3.3.2. Effect of Deposition Potential

In [42], the increasing potential at EPD of nanoHAp resulted in increasing coating thickness,
the release rate of silver in SBF, resistance to scratch, but in decreasing hardness. On the contrary,
in other reports [120], the voltage effect was insignificant as concerns the thickness.

3.3.3. Effect of Deposition Time

The increase in deposition time results in an increased thickness, decreasing hardness and
increasing adhesion strength, and significantly decreasing the contact angle in wettability tests [137].
When EPD was made on the nanotubular TiO2 surface, at a shorter 1 min EPD time, hydroxyapatite was
deposited inside the nanotubes, between nanotubes, and also formed a thin layer over the nanotubes.
At a longer 2 min, EPD time, the layer of HAp over the HAp-TiO2 composite was thicker. The increasing
thickness with deposition time was observed earlier [120].

3.4. Plasma Electrochemical Oxidation (PEO)

The plasma electrochemical oxidation, also called micro-arc oxidation (MAO), is generally assumed
as a tool to generate a surface with high roughness affecting the adhesion of osteoblasts. However,
PEO, when made in an electrolyte composed of different compounds, may significantly change the
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surface chemical and phase composition. Therefore, the attempts were made to obtain bioactive and
well-adjacent to the substrate coatings using this approach.

The significant part of such research was performed on titanium substrates. In [156], the coatings,
consisting of HAp and titanium oxide, were produced on Ti6Al4V alloy in a solution containing
calcium acetate and β-calcium glycerophosphate. The phases of anatase, rutile, TCP (Ca3(PO4)2),
perovskite-CaTiO3, and HAp were detected, their crystallinity more profound with increasing treatment
time. The friction and wear resistance properties, and corrosion resistance of the PEO coatings were
substantially improved compared to Ti6Al4V alloy. In similar research [157], the HAp/TiO2 composite
coating was prepared on a titanium surface. The flocculent structures were obtained during the early
stages of treatment and, as the treatment period extended, increasing amounts of Ca-P precipitate
appeared on the surface, and the flocculent morphology transformed into a plate-like morphology,
and finally into flower-like apatite. The Ca/P atomic ratio gradually decreased, and the adhesive
strength between the apatite and TiO2 coating was improved. The search for a new complexing agent
was described in [158]. The barium titanate coatings were also obtained [159] on Ti6Al4V alloy, and the
coatings presented lower friction coefficient, higher wear, and corrosion resistance than uncoated Ti
alloys. In [160], the coatings formed in a solution containing Ca and P achieved a thickness of 11.78 μm,
and bond strength 33.69 MPa. Recently [161], two-layer hydroxyapatite CuHAp-TiO2 composite
coating was prepared on titanium in an aqueous electrolyte containing Ca, P, and Cu at a constant
current density of 100 mA/cm2. Yu et al. [48] obtained Mg-containing hydroxyapatite coatings on
Ti-6Al-4V alloy for dental materials by plasma electrolytic oxidation. The increasing Mg content in an
electrolyte resulted in decreasing the irregularity of the surface, pore size, and the number of pores
decreased as the Mg concentration increased.

After 20 min of process, Cu species incorporated into the TiO2 as CuO and Cu2O, resulting in
the formation of Cu-doped TiO2-based coating. Dziaduszewska et al. [162] found the best process
parameters in a similar electrolyte as of 300 V for 15 min, at 32 or 50 mA of current value, which resulted
in the proper microstructure, high Ca/P ratio, hydrophilicity, early-stage bioactivity. The coating
mechanical properties, Young’s modulus, and hardness were close to the values characteristic for
bones, and adhesion was also better than at 200 V of voltage.

In addition to HAp coatings on Ti, also other substrates were covered with HAp for biological
applications. The HAp coatings were grown on Ta samples by PEO at the potential in a range of 350 to
500 V, and treatment time from 60 to 600 s [163]. The formation of crystalline HAp was detected for samples
treated over 180 s at 500 V. In [164], the coating was obtained by PEO on Zr in for process duration of 2 to
30 min. The increasing oxidation resulted in thicker and rougher coatings. The increasing oxidation
resulted in thicker and rougher coatings. In [165], a hydrophilic surface was obtained by PEO on Mg
with a biosynthesized hyaluronic acid and carboxymethylcellulose to improve bonding function.

3.5. Electro-Spark Deposition (ESD)

The ESD method was carried out on Ti6Al4V to deposit a layer on the steel substrates at the
first step, and then the PEO process was employed to improve properties of the alloyed titanium
layer at the second step [166]. The duplex coating consisted of α-Al2O3 (corundum) and γ-Al2O3

phases were formed after the PEO process while AlFe3, TiN, and AlTi3 phases were detected in the
ESD coating. In the next research [167], the HAp coatings were formed on steel again by ESD and
PEO. The HAp-based surface was rough and porous, indicated a hydrophilic character, and improved
bioactivity in SBF.

3.6. Electro-Discharge Method (EDM)

In [168], the hydroxyapatite coating was synthesized on the Zr-based bulk metallic glass surface to
promote cell proliferation. The formation of the nanoporous coating of about 27.2 μm thick appeared,
firmly adhered to adhesive failure at 132 N. A significant rise in cell viability was also shown. In [169],
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the surface modification of the β-type titanium substrate was made by EDT to incorporate MWCNTs
and μ-hydroxyapatite (μHAp) powders in the dielectric medium to promote cell proliferation.

3.7. Electropolymerization (EP)

The electropolymerization is a method applied for some organic coatings. In [170], MWCNTs–
polyaniline composite films were prepared by in situ electrochemical polymerizations on the titanium
from an aniline solution containing a small content of well-dispersed CNTs. Then these composite
films were employed as a substrate for the electrodeposition of platinum nanoparticles forming
the surface highly active for electrocatalytic oxidation of glycerol. In a more recent work [171],
the polypyrrole (PPy)/chitosan composite coating on titanium was obtained by EP method showing
enhanced microhardness and adhesion strength and higher corrosion resistance compared to the
PPy coating.

Some specific environments were also utilized. In [172], the enzyme laccase was immobilized
during the potentiostatic deposition of a thin polydopamine film (PDA) on carbon surfaces.

3.8. Effects of Electrodeposition Method on Properties of Coatings

The electrodeposition methods are important, even not prevalent (the sprayed coatings are the
mostly applied for joint implants) for coatings on orthopedic and dental implants, maxillofacial
implants, and stents. However, the choice of method depends on the designed coating, its predicted
properties, and applications.

The most popular are electrocathodic deposition at either constant or pulse voltage/current, and as
the third, electrophoretic deposition. The same coatings, mainly ceramic or composite ceramics-ceramics,
ceramics-polymer, or ceramics-metal can be obtained by each of these methods. Therefore, the research
was conducted on similar coatings by these methods even if there were few attempts to compare the
coatings of the identical composition obtained by all EDM techniques.

ECD is the simplest and most developed technique in the past. However, it is excellent only for
some metals. As concerns ceramics which cannot dissociate to ions, their deposition on the metal base
is difficult, the surfaces are often non-stoichiometric and non-homogenous. Despite that, it is still the
most popular deposition method, thanks to its simplicity, and it is widely used for Ca-P and HAp
coatings, one or multicomponent layers. The applied voltage is between −1.5 to 2.5 V (SCE) for the Ti
based materials and a little more for Mg alloys. The process is usually made under voltage control,
and for current control, the current values are 0.1–3 mA/cm2. Deposition time depends on a used
compound, and it is very short for metals, 15–60 s, and much longer for ceramics, For Ca-P and HAp
coatings, even up to 1 h. The used bath is based mainly on two substances, Ca(NO3)2 and NH4H2PO4.
The process parameters seem to play a less important role: the electrolyte composition is determined
by the ionic components of designed coating, the voltage must be maintained within some limits, pH
is usually neutral or slightly acidic. The ECD gives then no great possibility to adjust the properties of
coatings by process parameters.

The pulse electrocathodic deposition (PED) gives more possibilities to control the coating.
The voltage or, more seldom, current, is the obvious process parameter, but a duty cycle and number
of cycles (deposition time) allow creating of previously design coating. The electric parameters are like
those used under direct current, the duty cycle is between 0.1 and 0.5, deposition time reaches even 1 h.

The electrophoretic deposition is exceptionally plausible for no dissociated compounds such as
ceramics and polymers. For the PED, process parameters such as duty cycle and the number of cycles
need some preliminary tests. For the EPD, the most significant difficulty is to use the proper bath
components (together with their contents in a bath) and solvent, in which a stable suspension is obtained
and the species possess the proper charge. Ethanol, butanol, and isopropanol are mainly applied,
but this list can likely be extended in the future affecting the process efficiency and coating adhesion
and thickness. It is noteworthy that for the attempts to look for the most optimum electrochemical
conditions: voltage was changed between 10 and 100 V, and once even it was 380 V, and deposition
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time was usually short, between 15 s and 2 min, sometimes longer. The use of such a short time
allows obtaining the thin coatings, particularly suitable for coatings on metallic implants, for which
an excessive thickness may result in a weak adhesion and failure. Therefore, it is a great advantage
of EPD.

The critical factor for adhesion is the surface roughness. As a rule, it is adjusted by mechanical
polishing, chemical etching, oxidation of Ti to nanotubular structure, and others. However,
the micro-arc oxidation, MAO (called also plasma electrochemical oxidation, PEO) is the unique
among electrodeposition methods, as it brings out the rough surface rich in biological elements due to
high voltage oxidation in electrolytes containing Ca and P compounds. For that reason, it is commonly
used for dental implants.

Other methods, such as electro-spark, electrodeposition, and electropolymerization techniques
are less used. Despite that, they can be more intensively developed in the future as they allow creating
the duplex coatings, nanoporous coatings, and polymer coatings.

4. Conclusions

The coatings proposed for medical applications are, to a greater extent, either ceramic or
ceramic–ceramic or ceramic–polymer and, to a lesser extent, either polymer, metallic, and other
composite coatings such as ceramic–metallic, ceramic–polymer, polymer-polymer, and others.

The most applied compounds are phosphates, and the most used substrates are titanium and its
alloys and, to a lesser extent, NiTi alloys.

Three electrocrystallization methods are preferred for deposition of biocoatings such as direct and
pulse electrocathodic deposition, and electrophoretic deposition. Plasma electrochemical oxidation,
electro-spark, electro-discharge, and electropolymerization are not often applied.

The main process determinants include potential or current, and electrolyte composition, more
seldom deposition time, pH, and temperature.

The current progress in biocoatings focuses on an enhancement of their bioactivity, biocompatibility
(hydrophilicity), adhesion to substrates, mechanical strength, and corrosion resistance. Such properties
are determined by microstructure and thickness of coatings, and characteristics of the interface.

Future research is to be directed towards the development of biocoatings possessing efficient
and long term antibacterial efficiency, with no short and long term cytotoxicity, enhancing adhesion,
proliferation, and viability of cells, well adjacent to the substrate, while being resistant to shear and
compressive stresses, environmentally friendly, and economically justified.
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