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Abstract

Nowadays, titanium and its alloys are widely used materials in implantology. Nevertheless, the greatest challenge
is still its appropriate surface treatment in order to induce optimal properties, which facilitates formation
of a permanent bond between the implant and human tissue. The use of electrochemical treatment such as anodic
oxidation or plasma electrolytic oxidation allows for the production of porous coating that mimics the bone
structure and accelerates the osseointegration process. The literature shows that the morphology, thickness,
crystallinity, chemical composition, mechanical properties and corrosion resistance of coatings, as well as their
bioactivity, strongly depend on the parameters of electrochemical processes (voltage, duration, composition
and temperature of the electrolyte). The purpose of this study is to review, summarize, and analyze the latest
accomplishments and trends in the development of coatings used in implantology, produced with the use
of electrochemical oxidation and micro arc oxidation. Recent progress and future challenges associated
with the surface modification of titanium and its alloy for biomedical applications have been discussed.
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1. Introduction

Titanium and its alloys are widely used in medicine due to the diversity of their chemical composition
and properties such as good biocompatibility, high chemical stability in the environment of tissue and body fluids,
good fatigue resistance as well as high tensile and yield strengths (Fig. 1) [1]. Moreover, they exhibit extremely
high corrosion resistance. This is by virtue of its affinity for oxygen, which has a positive effect on the formation
of an impervious, tightly adjacent passive layer on its surface, composed mainly of oxides: TiO3, Ti,Oz and TiO
[2-4]. A particularly important parameter determining titanium and its alloys is the Young's modulus (Fig. 1).
In the case of biomaterials, it should be as close as possible to the Young's modulus of the bone, because
their mismatch may provoke stress shielding, which may result in loosening of the implant. As a consequence,
it may lead to implant reoperation [4-8]. Despite the fact that titanium and its alloys show a lot of positive features
in biomedical applications, there is still a problem with their bioactivity and mechanical properties even closer
to those of bone (Fig. 1). In order to improve the properties of these metal biomaterials, it is crucial that a porous
coating with an appropriate chemical and phase composition is formed on their surface [5-10]. A properly designed
coating should have mechanical properties similar to the bone tissue of the person to be surgically treated.
Establishing the ideal scaffold also involves imitating bone structure. In this case, the porosity of the resulting
coating is very important as it determines the size and shape of the pores that have an impact on cell adhesion,
proliferation and differentiation. Getting the perfect porous structure is a tremendous challenge for scientists
[6,10-14].

Over the years, various surface treatment techniques have been proposed to produce a porous coating. Among
them, there are physical (e.g. thermal spraying [15], plasma surface modification [16], ion implantation [17],
physical vapour deposition [18]), chemical (e.g. sol-gel [19], chemical vapour deposition [20]) as well as
electrochemical methods. Electrochemical methods have gained great popularity in recent times because they are
relatively simple and cheap compared to other methods. In addition, they also allow for the deposition of a coating
on implants of various shapes, and do not require specialized and expensive instrumentation. Furthermore, using
electrochemical methods, it is possible to control the geometry of the coating and predict its mechanical properties.
Anodic oxidation and micro-arc oxidation can be distinguished amid electrochemical methods [21-24]. Variable
parameters such as voltage, processing time and current density, as well as the type of electrolyte allow scientists
to adjust the properties of the coating to obtain a coating with the best properties [6,25-33]. In this article,
the authors focus on the parameters of electrochemical processes and their influence on the properties
of the resulting coating. They devote attention to the micro-arc oxidation technique, as it seems to be the most
promising for biomedical application.
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Fig. 1 Some biomechanical properties of titanium and its selected alloys in comparison with bone. *Variability depending
on the type of bone and direction; **Approximate value for CP-Ti which depends on type of grade [1,3,5,6]. Designed
and illustrated by the authors of the present work.

The issue of electrochemical treatment of titanium and its alloys is often discussed and characterized
in the literature. Particular attention is paid to process parameters, electrolyte / suspension compositions,
mechanical properties of coatings, chemical composition of coatings. Possible methods of surface modification
of titanium and its titanium alloys as well as its properties are discussed [4,7,34—-36]. The authors presented the
influence of the anodizing process parameters on the mechanical properties of the obtained coatings [37-39],
characterized the in-vitro and in-vivo assays of the resulting coatings [25,28,40]. In the case of micro-arc oxidation,
the authors address special attention to the formation of coatings with incorporated various chemical elements with
special properties, e.g. phosphorus [6,33], calcium [6,33], magnesium [6], silicon [41], silver [42], copper [43]
or sodium [41], focusing on the study of the biomechanical properties and the ability to form apatite on coatings.

All the latest papers on optimization of electrochemical treatments can be applied to create porous coatings
on titanium and its alloys. Despite the fact that these studies are at a very advanced level, it is still not possible
to get answer to the critical question “which coating is consummately suited to the human body”. Therefore,
the purpose of this review is to present the latest accomplishments as well as an emerging trend in this field.
This review allows to systematize the achievements and highlight the currently existing shortcomings. Most
importantly, it focuses on characterizing relatively simple and cheap methods, the use of which results in coatings
with promising properties useful in biomedicine. It shows not only the requirements for titanium implants, but also
various process parameters for modification of its surface. The largest part is devoted to the comparatively recently
introduced technique of micro-arc oxidation, which is derived from anodic oxidation. This overview also allows
to find the differences between these two methods, i.e. conventional and modern views, as well as their advantages
and disadvantages. The review focuses on titanium and its various alloys, showing the relationship between the
parameters of a given technique and the mechanical, biological and chemical properties of the coating. Besides,
challenges associated with the usage of titanium and its alloy in the field of biomaterials were discussed.

The methodology of preparing this article was based on several substitutes. Among them, the following can
be distinguished: the subject of research (titanium and its alloys, anodic oxidation, micro-arc oxidation),
publication data (mostly from the last 5 years), addressees (implantologists, surgeons, as well as biomedical,
material and mechanical engineers) and published results (relationship between surface treatment parameters
and electrolyte compositions, and mechanical, biological and chemical properties).

2. Anodic oxidation

The objective of anodic oxidation (or anodizing or electrochemical oxidation) is to modify the surface
of the treated metal in an aqueous solution of electrolytes by creating an oxide layer under the influence
of an external electric field. The formed coating can be solid or porous. Moreover, it is possible to form
an amorphous or crystalline layer, depending on the applied voltage, time of process or the type of post-treatment
[44-46]. Among the parameters influencing the quality, properties and morphology of the obtained oxide layers,
the following can be distinguished: chemical composition of the electrolyte used, process temperature, oxidation
time, value of the applied voltage, type of substrate and/or current density (Fig. 2).

The oxidation process undergoes in an electrochemical cell, usually in a three-electrode configuration,
in which the anode is a titanium material, the cathode is most often platinum, and the reference electrode can be
a saturated calomel electrode. In order to form an oxide layer, it is necessary to diffuse ions from the metal into
the layer being formed. The applied electric field allows to overcome the energy barrier that activates this process,
which in turn leads to the formation of an oxide layer on the anode surface. The coating has a high resistivity
compared to the electrolyte and metal parts of the circuit. Nevertheless, the growth of the oxide layer will be visible
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as long as the applied electric field is strong enough to pass ions through the formed oxide layer [34,46,47].
In general, about 100 V for TiO,, a breakdown of the dielectric occurs (this value varies depending on the chemical
compositions of electrolyte used and other process parameters) [34,46,47]. This is the origin of the micro-arc
oxidation method where higher voltages are applied [7,48] and it is described in detail herein in Chapter 3.

No large temperature gradient can occur
at the oxide-electrolyte interface because
it could result in the formation of porous /
layers with a large amount of bubbles
and poor adhesion to the substrate. /
Electrolyte with a room temperature
is often used but the influence of
temperature on the quality of the coatings

obtained on titanium or its alloys is also

The value of the applied voltage significantly
affects the quality of the coatings obtained.
The value of applied voltage is in the
range 1 to even 150 V. The properties

that are affected by the voltage
value include: morphology (e.g.
nanotubular, nanoporous), thickness,
pore diameters, refractive index and the
roughness of the obtained layer.

studied. Process
parameters
affecting
Can be very short - 12 sec as well as very long, AO When the electrolyte used forms an acidic

up to 2 hours. It mainly affects the thickness
of the obtained layer, i.e. it determines
its mass. In general, the longer the time,
the greater the mass, i.e. the thicker
the obtained layer. After some time,
this parameter does not increase,
because a suitably thick layer formed
constitutes a depletion region and the
movement of ions between the material is
impeded, which precludes further coating growth.

solution, the growth of oxide layers is
faster than in the case of an alkaline
environment. The type of electrolyte
used affects the chemical
composition of the obtained layer.
; When the electrolyte is sulfuric acid,
sulfur is present in the oxide layer, when
the electrolyte is phosphoric acid,
phosphorus is present in the oxide layer.

Electrolyte

Chemical composition
Concentration
pH

Fig. 2 Most often modified process parameters affecting anodic oxidation and their influence
on the coating [21,22,28,37,39,40,46,47,49-55]. Designed and illustrated by the authors of the present work.

2.1. Properties of coating in anodic oxidation
2.1.1. Morphology of coating in anodic oxidation

Anodic oxidation enables the production of titanium alloy coatings with promising application properties
in biomedicine. Due to the possibility of varying various parameters, solid and porous coatings can be obtained.
Porous coatings in particular seem to be future-proof, as they more closely resemble the bone structure and may
allow for the transport of drugs [34,44,46]. Analysing the literature [21,54,56,57] it can be stated, that the porosity
of the coating can be increased by increasing the electrolyte concentration, electrolyte temperature, process
duration as well as increasing the electrical voltage. For example, the effect of changing the electrolyte composition
on the morphology of the oxide layers on the Ti-6Al-4V titanium alloy is shown in Fig. 3. Nonetheless, the size
and distribution of anode oxide pores on titanium alloys depend on the structure of the substrate. For instance,
it was noted that the nanotubes obtained over the a phase on the Ti-6Al-4V alloy were characterized by thinner
walls and larger internal diameters in relation to the nanotubes over the  phase [21]. This may be due to faster
dissolution in the vanadium-enriched B phase than in the o phase [58]. The individual conditions of the oxidation
process on titanium and its various alloys and the morphology of the obtained coatings shows Table 1.

X ST St

Fig. 3 SEM micrographs of coatings applied on Ti-6Al-4V, subjected to AO treatment at a voltage of 30 V as a function
of Na2SO4 concentration (a) 0 M, (b) 0.5 M, (c) 1.0 M, and (d) 1.5 M. More particulars associated with morphology
are detailed in Table 1. Reprinted from [59], with permission from Elsevier (license number 5420341216939).
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Table 1 The individual conditions of the oxidation process on titanium and its various alloys and the morphology/structure/crystallinity of the obtained layers

Parameters Kind of post-
. - treatment and
Material Electrolyte Temperature Time Voltage Current Morphology/Structure/Crystallinity structure after post- References
treatment
1 M H.SO 5,10, 25, 30, 50 12sectolh 5 _ =45
Ti 2504 and 70 °C - == - i .
CP-Ti and 0.08 M HF - mA/cm2 TiO2 tunneling nanotube [53]
25°C 1lh
Glycol-based
solutions with 0.3 M
NH4F and 2 wt%
of deionized water
(ggc Spo/;rln) Glyi(:(rjc;tll-%r;se q 40 °C 1lh 50V - Nanoporous/nanotubular morphology - [22]
solutions with 0.3 M
NHsF and 2 wt%
of deionized water
addition
c d 5V - nano-pits gﬁgnealigg;c
P-Ti 1wt% HF and 1 M Room . —450 °
(tioblast) CH3COOH temperature 20 min 2-25V i >10V Nanopores anatase + rutile [40]
> 20 self-organized nanotubes - .
> 550 °C rutile
. 0.5 wt% NHaF and . - Heat treatment at
(GC;;ZIZ) 5 vol% deionized <30°C 1h 2(;,;;0,1(()58,\?0 002 A 20— 100 V nanotube E;i:tructure and titanium 450 °C for 1 h: 57]
water into C2HsO2 P anatase and rutile
Aqueous solution
1.5 M of H3PO4 with
- Ca(CHsCO2)2 or
CP-Ti K(C2H302) at Room 1 min Max 150 V Max 0.5 A Anodic porous titania - [50]
(Grade 4) temperature
different P
concentration of 0.5,
land15M
“Ti 0 -
(Gcrg dl—l4) 29 3313})&;?“&?3;?; - 30 min 60 V - Nanoporous rods — amorphous TiOz [30]
CP-Ti 1 mol/L NH4SO: and
(Grade 4) 0.15 mol/L NHsF - 2h 30V - Nonregular nanopores - [60]
solution
. - Room Layer of uniform and homogeneous nanotube -
Pure Ti 1M NaF solution temperature 1h 0V - arrays [52]
Aqueous solution
i ° 0, 10, 30, 50,
Pure Ti 6HsO7 (50 mg/mL) + 25+2°C 1h 70 and 90 v/ - Anatase - [61]

graphene oxide
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Parameters Kind of post-
. - treatment and
Material Electrolyte Temperature Time Voltage Current Morphology/Structure/Crystallinity structure after post- References
treatment
Pure Ti 1 M HS0s solution _ 1 min 70V ) 3-dimensional network structu_re; a lot of pores; - [38,56]
anatase and rutile
0.5 wt% HF i ) 20 Vv i
solution
Pure Ti 1.5 M H2SOq4+ Titanium oxide nanotubes - [24,54]
0.3 M HsPO4+ 0.3 M - - 70V -
H202 mixture solution
1.2 M NaOH solution -
Ti-6Al-4V 1.35M NaOH i 2 min 30V i Rutile and sodium titanate ([\laleeOn) with poor i [36]
solution crystallinity
1.5M NaOH solution -
20V —no porous layer
40 V — porous compact layer
30 min 60 V - remnants of this porous compact layer
and the presence of defined nanotubular
structures
C2H60:2 solution 80, 100 V — well-defined nanotubes
containing 20, 40 V — remnants of this porous compact
. Room 20, 40, 60, 80 - ! - -
- - 0, 1 ’ ’
Ti-6Al-4V 0.5 wt% NH4F temperature 60 min and 100 \V/ layer the presence of defined nanotubular [21]
and 2.5 vol% structures
deionized water 60 V, 80, 100 V — well-defined nanotubes
20 V — remnants of this porous compact layer
and the presence of defined nanotubular
120 min structures
40, 60 V — well-defined nanotubes
80, 100 V — nanograss
. . i . i i <20 V amorphous oxide layer )
Ti-6Al-4V Diluted H2S04 2 min 10-90V >80 V crystalline oxide layer (anatase + rutile) [62]
Ti-6AI-4V 15 moI/L_ H2S04 25 °C 10 min 100V ) Nanoporous apatase_—TIOz strupture and small - [31]
solution diffractions of rutile
5, 10, 25, 30, 50 e
Ti-6Al-4V 1 M HzS0s and and 70 °C 12secto1h - = - N4§ TiO2 tunneling nanotube - [53]
0.08 M HF S mA/cm
25°C 1h
. Annealing;
5V — nano-pits y
. 1 wt% HF and Room . 300 -450 °C
Ti-6Al-4v 1 M CH3;COOH temperature 20 min 2-25V i > 10 V nanopores anatase + rutile [40]

> 20 self-organized nanotubes

> 550 °C rutile
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Parameters Kind of post-
. - treatment and
Material Electrolyte Temperature Time Voltage Current Morphology/Structure/Crystallinity structure after post- References
treatment
Anatase (more anatase was formed on the
surface of Ti-6Al-4V substrate with a higher
concentration of Na2SQ4)
Naz2SO4 (0.1_, 0.5,1.0 < 0.5 M NazSO4— flat structure
or 1.5 M) with 0.2 M 0.5 M NazSO4 — some pores
Ti-6Al-4V (CHsCOO0).Ca-H.0 - - 30V - ; = pore - [59]
1.0 M Na2SO4— the surface particulate
and 0.04 M or nodular
CaHCa0sP-5H20 1.5 M Na2SOs — the particulate or nodular
appearance lost (the high dissolution rate of the
anodic oxide surface)
. Electrolyte of
TF','rg'Agr'gg/ C2Hs02 contains Room
P 0.25 wt% NH4F 1h 20V - The uniform nanotubes - [51]
by Selective Laser temperature
h and 2.0 wt%
Melting deioni
eionized water
5, 10, 25, 30, 50
. 1 M H2SO04 T D e 12sectolh ~5 =45 . .
-6Al- and 70 °C - -
Ti-6AI-7Nb and 0.08 M HE : mA/cm2 TiOz tunneling nanotube [53]
25°C 1lh
C2H4(OH)2 + 5 wt% Room -
Ti-25Nb-25Ta of deionized water + temperature 1h 60V - Nanotube matrix [39]
0.5 Wi% of NHaF P
- 1 M H2S04 and 5, 10, 25, 30, 50 =5 — =45 . .
Ti-13Nb-13Zr 0.08 M HE and 70 °C 12sectolh - mA/Cm? TiO2 tunneling nanotube - [53]
1 mol/L NH4SO2 and Nanotube structures. Surface uneven, part
Ti-24Nb-4Zr-8Sn 0.15 mol/L NH4F - 2h 30V - of the nanotubes raised, part - [60]
solution of the nanotubes sunk.
C3HgOs and deionized Annealing;
. water (1:1) with Room > 400 °C — anatase
Ti-10Mo-8Nb the addition of temperature 10.8 ks 20V - Amorphous nanoporous layer > 550 °C — anatase + [28]
2.7 wt% of NH4F rutile
Ti-10V-2Fe-3Al 15 g/L C4HsOs 25+3°C 1lh - 8 A/dm? Amorphous TiO2 + anatase - [49]
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2.1.2.  Thickness of coating in anodic oxidation

The oxide layer obtained by anodizing shows different properties depending on its thickness. The thickness
of the oxide layer can be from tens of nanometres [37] to even tens of micrometres [38]. The optimal thickness
of the film for biomedical application has not yet been clearly defined [63]. Nevertheless, it must be thick enough
to provide adequate corrosion protection and simultaneously thin enough not to promote delamination
of the coating [64].

The process parameters are significant factors influencing the thickness of the coating. As the electrical
voltage and / or electrolyte concentration increase, the layer thickness also increases [37,65]. This can also be
confirmed for nanotube layers, which are often formed during electrochemical oxidation. For those obtained
on Ti-6Al-4V, it is suggested that the increase in tunneling nanotubes (TNTSs) occurs proportionally to the applied
potential, with a growth factor fg ~ 1-5 nm/V [25]. Researches conducted by Mallaiah et al. [62] and by Durdu
et al. [57] confirmed that thickness increases to a certain value in the quantity of voltage applied as a function of
time. The longer the process time, the more mass is deposited on the surface, which results in a thicker layer [53].
However, this coating does not augment ad infinitum, eventually the process inhibits and ultimately stops,
as explained in Fig. 2.

The applied voltage influences the obtained thickness of the oxide layer, while the electrolyte used determines
the rate of growth of the oxide layer, which is the resultant of the rate of reaction of the formation of the oxide
layer and the rate of dissolution of the oxidation products. Summarizing, the thickness of the anodized layer largely
depends on the environment in which the process is carried out, the applied voltage and the process time.

2.1.3.  Crystallinity of coating in anodic oxidation

Depending on the given conditions of the oxidation process, two types of coatings can be obtained: amorphous
or crystalline [66]. The use of low voltages during the anodizing process creates an amorphous layer, while higher
voltages - a crystalline layer [62]. TiO; exists in three crystalline polymorphs: tetragonal rutile and anatase, and
orthorhombic brookite [66,67]. Anatase is formed on titanium and its alloys with the use of lower electrical
voltages, while rutile and / or anatase with higher potentials [38,49,62]. The crystallinity of the coating is also
influenced by the concentration of the electrolyte used. When the electrolyte concentration is very low, an
amorphous coating is obtained. As the concentration increases, it is transformed into a crystalline form - anatase,
and then rutile [37]. Ngyyen et al. [59] confirmed this relationship by observing that more anatase TiO; was formed
on the surface of Ti-6Al-4V substrate with a higher concentration of Na;SOa.

Obtaining rutile (or a mixture of rutile and anatase) is crucial as it causes increased proliferation
and differentiation of cells such as osteoblasts. In the case of anatase, the number of cells decreases in numbers
immediately after they begin to grow on the anatase surface [68]. These differences are due to the fact that rutile
is chemically stable, has a simple structure, and greater hydrophilicity that promotes cell attachment to the surface
(see section 2.1.8 herein for more details). On the other hand, anatase has a large surface area with numerous OH-
groups. Probably the intensive generation of radicals and oxidation cause the decomposition of organic
components of cells, thus inhibiting their growth [68—70]. More differences affecting the bioactivity of anatase
and rutile can be seen in Fig. 4.

Anatase and brookite are meta-stable and convert to rutile above temperatures of 800-900 °C [66]. Therefore,
some scientists use post-treatment after anodizing, to realize this effect. For instance, Louarn et al. [40] applied
annealing after anodizing of the CP-Ti and the Ti-6Al-4V in 1 wt% hydrofluoric acid and 1 M acetic acid. After
heat treatment at temperatures of 300 - 450 °C, anatase and rutile were obtained, and at temperatures above 550 °C,
rutile was reached. A similar relationship is noted in [28], where Ti-10Mo-8Nb was first oxidized in glycerol and
deionized water (1: 1) with the addition of 2.7% in NH4F and then annealed at temperatures of 400-650 °C. Table 1
shows the individual conditions of the oxidation process on titanium and its various alloys and the crystallinity
of the obtained layers. A mixture of anatase and rutile should be achieved, which positively influences cell
proliferation, and thus accelerates the process of osseointegration of the implant with the tissue.

2.1.4.  Chemical composition of coating in anodic oxidation

Anodic oxidation facilitates adjustment of the chemical composition of the coating by changing the chemical
composition of the electrolyte or substances dissolved in the electrolyte. This is especially important as the
appropriate composition of the scaffold can improve the tribological and mechanical properties of the implant,
accelerate the osseointegration of the implant with the tissue and / or impart antimicrobial and immunomodulatory
properties [50,71]. Marenzi et al. [50] have used anodic oxidation with the aqueous solution of 1.5 M of H3PO4
with Ca(CH3COy), or (K(C2Hs0,) at different concentration of 0.5, 1 and 1.5 M to obtain a coating on a pure Ti.
Anodic porous titania (APT) with the uniform, homogeneous incorporated elements of P, O, Ca or K (from the
electrolyte) and Ti (from the substrate), which was examined with EDS, was obtained. The presence of calcium or
magnesium titanates, as well as phosphorus oxides in the scaffold may positively spill over into osseointegration,
causing rapid and strong interaction of the implant with the bone through biochemical bonding [29,71]. In [61]
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aqueous solution of CgHgO- containing reduced graphene oxide (RGO) is used. The anodic oxide film is mainly
composed of anatase TiO, and a small amount of carbon oxides. Adding RGO to citric acid accelerates the growth
rate of oxide barrier layer and reduces applied voltage. Such results may allow for optimization of the process
and reduction of its costs. By selecting the appropriate type of environment in which the anodizing processes
are carried out, layers with a specific, expected chemical composition can be obtained.

Comparison of anatase and rutile

—
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\
Hardness | 6-6.5 Mohs
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Fig. 4 Comparison of anatase and rutile with regard to their potential use in biomedical applications [68-70,72,73]. Designed
and illustrated by the authors of the present work.

2.1.5.  Roughness of coating in anodic oxidation

Roughness is a significant factor describing the implant coating. Orthopaedic and dental implants should have
a roughness that allows for a permanent connection between the tissue and the biomaterial. Its optimal value
supports the proliferation and differentiation of cells because roughness affects the wettability of the surface
[63,74]. Most often, as the roughness increases, the hydrophilic nature of the coating increases [69]. The optimal
roughness value of the coating for biomedical application, despite many studies, is still unknown. This value
should have a positive effect on the increase in cell initiation during osseointegration as well as primary stability
[63]. In addition, depending on the surface roughness, it affects macrophage polarization and, consequently,
the inflammation process [75].

The roughness of coatings on titanium and its alloys obtained by anodic oxidation ranges from a few
nanometres [62] to tens of thousands of nanometres [51]. The roughness values are influenced by the process
parameters and the concentration of the electrolyte used. In general, roughness increases with an increase
in the applied electrical voltage [57]. The chemical composition of the solution can also modify the roughness
of the coating. For example, the roughness of anodic oxide films grown on Ti-6Al-4V substrate decreases
with the increased concentration of Na,SO. [59]. The roughness of the anodized layer affects the osseointegration
processes, the highest roughness values are generally sought.
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2.1.6. Mechanical properties of coating in anodic oxidation

A properly selected set of mechanical properties should ensure the correct cooperation of the implant-tissue-
body fluids system. In an aggressive physiological environment, implants are subject to the simultaneous action
of corrosive, tribological and fatigue processes, which additionally makes it difficult to achieve the goals.
Accordingly, many mechanical properties such as tensile strength, fatigue strength, yield point, elongation,
modulus of elasticity and hardness should be determined for the materials used for implants (Fig. 5) [44,76,77].
The last two are the most frequently examined. Pereira et al. [39] have obtained nanotube matrix
on the Ti-25Nb-25Ta which hardness was 0.7 + 0.1 GPa and elastic modulus >12 GPa. Nanoindentation test
showed that the hardness and elastic modulus profiles increased with depth. Above the discontinuity at 50 mN,
the hardness reached 1.8 + 0.1 GPa and the elastic modulus remained constant in about 40 GPa. In general,
the values of these parameters decreased with increasing voltage. Young's modulus is the basic parameter proving
the suitability of a given material for implants and should be as close as possible to the Young's modulus of bone,
which is about 10 - 40 GPa and depends on the type of bone and direction (longitudinal or transverse) [78]. It can
be concluded that the processing parameters proposed in [39,57] seem to be promising for biomedical application.
The average bone hardness is around 30-50 HV and it is intricate to obtain optimal results for the coatings because
this parameter is related to elastic and plastic deformations [79,80]. Nevertheless, frequently the hardness of coated
biomaterials is higher than that of the uncoated material [37,39,57]. For example, porous oxide coating obtained
on Ti-6Al-4V in various concentrations of sulfuric acid solution and different voltages has increased over 300%
(from 360 HV for the non-anodized sample to 1116 HV for the anodized sample) [37], which is not an optimal
value. The hardness and Young's modulus of the coatings correlate in some way, so their proper adjustment
is complicated, but the possibility of changing the parameters of the anodizing process allows for obtaining fruitful
results that will be used in biomedicine.

Fatigue
strength

Young's
Modulus

Fig. 5 Mechanical properties of an implant biomaterial [44,76]. Designed and illustrated by the authors of the present work.
2.1.7.  Corrosion resistance of coating in anodic oxidation

Corrosion resistance in the case of biomaterials is particularly important because inflammation at the site of
implantation can initiate corrosion processes that damage the materials. This process can consequently cause
metallosis and loosening of the implant [81]. The appropriate corrosion resistance of metal alloys can be obtained
by modifying their chemical properties, and thus changing the microstructure. Titanium and its alloys, in terms
of corrosion resistance, have similar properties, which results from the fact that the passive layer formed on their
surface has essentially the same nature, i.e. it is formed by titanium oxide or TiO [44,47,82,83]. Liu et al. [49]
obtained an amorphous TiO- + anatase coating in 15 g/L of C4HeOs on Ti-10V-2Fe-3Al. Coated Ti alloy possessed
remarkably improved anti-corrosion performance which was additionally enhanced by LDHs sealing. A similar
issue is considered in [61] where the samples anodized at 10-50 V exhibited excellent corrosion resistances.
As speculated by the authors, compared with the uncoated substrate of CP-Ti, the corrosion current density of the
coated Ti alloy at 50 V was decreased by about 94%, such that the corrosion potential experienced an increase
of ~61%. Samples anodized at 70-90 V display worse corrosion resistance than those anodized at 10-50 V (Fig. 6)
which is probably related to the different growth rate of the oxide barrier layer. The goal of scientists is to create
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structures that are resistant to bioelectrochemical corrosion and additionally have appropriate biomechanical
properties [61,76,82].
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Fig. 6 (a) Open circuit potential curves of the ground and anodized pure Ti samples at different voltages; (b) polarization
curves of the ground and anodized pure Ti samples at different voltages. More details about process parameters are specified
in Table 1. Reprinted from [61], with permission from Elsevier (license number 5420341338261).

2.1.8.  Wettability of coating in anodic oxidation

The wettability of the surface is a physicochemical parameter that determines the quality of the material and its
possible use as a biomaterial. In the case of bone implant materials, it is significant that they exhibit a moderate
degree of hydrophilicity [84]. Then the adhesion of cells to the surface is stronger, and their proliferation
and differentiation is faster [30,31,60]. In addition, a large number of bacteria (including Staphylococcus aureus,
which is often identified in orthopaedic infections) prefer to abut to hydrophobic surfaces. Therefore, generating
the hydrophilic surface can reduce the adhesion of bacteria and thus prevent the occurrence of inflammation [84].
This can be explained by the fact that fimbriae or pili that subsist on the bacterial envelope are hydrophobic
in nature, so bacterium will preferentially attach to a hydrophobic surface [84,85].

Thanks to the possibility of changing the oxidation parameters, it is possible to meet these requirements.
For example, the contact angle increases from 42.3° to 67.6° with increasing concentration of Na;SO4 from 0 M
to 1.5 M, respectively [59]. In this case, the greater contact angle induced easier and faster HAp coating formation.
This was due to the fact that the about of calcium (which was also present in the electrolyte) in the coating
increased with increasing Na;SO4 concentration. The presence of Ca improves the formation of apatite
and concurrently activates the hydrophobic interaction near the calcium particle, which increases the contact angle
[86]. The wettability of the anodized coating varies also from oxidation time. The non-treated sample possessed
the most expatiatory contact angle (67.2° + 1°), and the sample anodized over 60 min displayed the lowest value
equalled 15.9° + 1° [25]. The duration of the process often influences the presence of the various phases
of the coating. The use of a shorter time frequently results in the formation of an amorphous coating and its
elongation with a crystalline one [25,87]. Moreover, the probable presence of hydrophilic groups reduced the value
of the contact angle [87]. This enables the cells to adhere more optimally [88]. The above example shows that the
surface of titanium and its alloys can become hydrophilic by anodic oxidation, resulting in a significant increase
in the ability of the surface to engage in cell differentiation and proliferation. Thus, the test of the wettability
of coatings is one of the basic tests that is performed before in-vivo and in-vitro assays are carried out [28,40,57].
It is known that the best value for the contact angle to attach cells to the implant is 55° [89,90], while the most
desirable contact angle value for hard tissue regeneration is 35° to 80° [89,90].

2.1.9.  Surface free energy of coating in anodic oxidation

The surface free energy is another feature of the coating that is related to the biological response of the implant
[91,92]. It is not possible to measure it directly. The measurement of the contact angle is used for this,
and the quantitative result is obtained indirectly - with the utilization of computer modelling and with use
of various approaches [93,94]. The determination of the surface free energy is important because it states
the adhesion between the implant and the aqueous phase, i.e. the body fluids in the human body [91]. In other
words, it affects the interaction of proteins and the differentiation of osteoblasts, which are responsible
for promoting the appropriate implant-tissue interface [95]. This may be explained by the fact that when proteins
or cells are located in close proximity to the implant, their surface domains try to align to achieve the lowest
possible value of the total free energy of this combination [94,95].

The possibility of changing the parameters of anodic oxidation enables to change the surface free energy.
Obtained by Pérez-Jorge et al. [96] nanoporous oxide film (oxidation time 5 minutes) and nanotubular oxide film


http://mostwiedzy.pl

A\ MOST

(oxidation time 60 minutes) on a Ti-6Al-4V titanium alloy using an electrolyte containing 1M H,SO4
and 0.15 wt% HF exhibited different values of surface free energy. To determine them, a contact angle was
measured and then a Fowkes approach was used. Nanoporous oxide film had surface free energy of 72.5 mJ/m?
and nanotubular oxide film of 80.0 mJ/m?. Different surface morphologies show different surface free energies.
It is said that a more complex surface occasions a better connection between the implant and human tissue [34,97].
In addition, the authors investigated the effects of the chemical composition of solution on surface free energy
of coating. The presence of fluoride in the coating increased surface free energy. Similar results were obtained
in [98]. However, it is worth to emphasize that fluorine compounds possess low value of surface energy [99].
Therefore, it is possible that not only the presence of various chemical compounds may change the values
of surface free energy, but also the surface roughness [98]. Moreover, surface free energy and roughness may have
a synergistic influence on cell proliferation [100].

2.2. In-vitro assays of coating in anodic oxidation

In-vitro tests are an excellent way to initially determine the behaviour of living cells in the presence
of a biomaterial. Their main disadvantage is the fact that they do not give real environmental conditions occurring
in a human body. Nevertheless, they open the floodgates of the determination of the biocompatibility
of the material. They are relatively cheap and allow to obtain preliminary results of the reaction of cells
to the material in a short time [52,101]. The in-vitro studies of cells in [28] concerned the development of adipose
tissue-derived stem cells after 1 and 7 days on the uncoated surface of Ti-10Mo-8Nb alloy and after anodic
oxidation treatment, during which a nanoporous coating was obtained. After 1 day of culture, a slight improvement
in the results for the anodized surface was obtained. After 7 days of culture, a slight increase in cell number,
mitochondrial activity, and scattering over the uncoated surface was reported. It is worth emphasizing that smooth
surfaces (in this case non-anodized) favour cell differentiation [102]. However, cells on such a substrate are often
less elongated and overlap, which adversely affects their adhesion to the coating and ultimately the possibility
of using the material as an implant [103]. The duration influences the morphology of the coatings and thus
the viability of the cells. The issue was investigated by Torres-Avila et al. [25]. Samples anodized with mixture
of ethylene glycol, 1 wt% of distilled water and 0.5 wt% of NH4F were reported to increase or maintain metabolic
activity (reading cell growth using the MTT proliferation assay with human fetal osteoblastic cell line), compared
to for uncoated Ti-6Al-4V alloy. The maximum metabolic activity, indicating cell viability and proliferation,
was observed in the anodized sample for 60 min (three-fold change in metabolic activity 14 days after culture).
This was associated with the formation of more hydrophilic coatings with increasing time, which promotes cell
adhesion and differentiation [88]. Expansion of cells after anodizing is often observed [30,52]. The increase
in the number of cells on biomaterials during in-vitro evaluation indicates the possibility of their potential use
in implantology [101].

The crucial objective of the biomaterial surface modifications is the increase in their bioactivity,
biocompatibility, adhesion, and proliferation of osteogenic cells at a simultaneous limitation of bacterial adhesion
and growth at the interface between implant and tissues. The attachment of bacteria on surfaces is affected by the
electrostatic double layer, hydrophobicity, roughness, and various other factors [104-106]. Bacteria need
to overcome the energy barriers to reach the negative energy regions, thereby facilitating the bacterial attachment
[107,108].

2.3. In-vivo assays of coating in anodic oxidation

Positive results of tests carried out during in-vitro assays allow for the referral of a given biomaterial to in-
vivo evaluation [74]. In the first stage, they involve implanting a biomaterial sample under the skin or directly
into a specific organ of a laboratory animal. In the next stages (at the stage of clinical trials), the biomaterial
is implanted in a selected group of people [109,110]. In-vivo assays in the rat model examined by Li et al. [52]
show that the anodized surface of the CP-Ti with layer of uniform and homogeneous nanotube arrays promotes
osseointegration and exhibit a higher bone bond strength compared to the CP-Ti substrate which is not coated.
The presence of nanotubes increases hydrophilicity and promotes an increase in cell adhesion, which has a positive
effect on osseointegration in-vivo [87,88,111]. Another model — a rabbit femur model was used in [40].
Histological analysis after 4 weeks showed direct apposition of bone to the surface of biomaterial. The porous
structure created by anodizing increases the contact between the implant and the tissue, thus improving
their biomechanical interlocking and ensuring greater bond strength. Obtaining such results is very promising
and will probably facilitate the use of the obtained coated biomaterials for preclinical trials [109,110].

Overall, anodic oxidation typically allows one to adjust the properties of coatings in broad aspects
(morphology, thickness, crystallinity, chemical composition, roughness, mechanical properties, corrosion
resistance, surface wettability). Due to possibility of adjusting the process parameters (mainly voltage, current,
deposition time and chemical composition of the solution), it is likely to conform the above-mentioned properties
of the coatings. It should be noted that the change of one process parameter does not necessarily result in a linear
increase/decrease of all properties of the coatings. Moreover, alteration of the electrolyte composition can result
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in the formation of various structures (nanotubes, nanopores, nanocrystals), which can be unforeseeable.
Therefore, process optimization is extremely complicated. Nevertheless, the aforementioned tests and their
analysis are necessary in order to further evaluate the coatings in terms of biological properties (first in-vitro
and then in-vivo analysis) and their possible application in implantology. It is worth mentioning that in the case
of anodic oxidation, the improvement of biological properties is often associated with additional thermal treatment
to obtain rutile and anatase, which show better biocompatibility. Nevertheless, the analysis of the presented papers
allows one to conclude that ‘oxidation and possibly additional thermal treatment allow the production of coatings
on titanium and its alloys with relatively good biomechanical and anti-corrosion properties and have the potential
for applications beyond the laboratory scale’.

3. Micro-arc oxidation

Plasma electrolytic discharge dates back to around 1880, when Sluginov described this phenomenon.
In the meantime, attempts were made to accurately describe them and use them in industrial practice, but it only
happened in the 1970s. It was during this period that the method of producing ceramic coatings on an aluminum
substrate was described using the plasma electrolytic discharge, which was minor contribution to its further
development. It was called anodic spark deposition (ASD). Only about 30-40 years ago, research and their
activities led to the deployment of the method in the first practical applications, and its present-day name is micro-
arc oxidation [112].

Micro-arc oxidation (MAO) is a novel method that facilitates to generate oxide-ceramics coating on the metal
surface as Ti, Al, Mg, Zn, Nb, Be, Ta, Hf, Fe, Zr and their alloys as well as on brass and c-graphite materials
[7,33,112,113]. Another name for this process is anodic spark oxidation (ASO) [114], plasma electrolytic oxidation
(PEO), anodic spark deposition (ASD), plasma chemical oxidation (PCO), anodic oxidation by spark discharge
(ANOF) [112] or plasma electrochemical surface ceramic coating [115]. MAO can be considered as developed
method of anodic oxidation, as it is quite similar. As with anodizing, the following parameters can be changed
when using the MAO method for depositing coatings: electrolyte temperature and composition, deposition time,
voltage, current density and so on [7]. A significant difference between these two methods is the value
of the applied voltage during MAO, because it is much higher and must be above the breakdown limit
of the formed oxides [7,33,112]. According to the Ikonopisov electron avalanche breakdown model, this value
depends on many variables of the electrolyte - its composition, concentration and resistance [116]. However, it was
assumed that this value for TiO; is about 100 V, and the MAO process for titanium and its alloys is often carried
out at a voltage above 150 V [7]. Visible micro-discharges on the substrate or audible cracking often occurs during
the MAO process, resulting in more porous and less uniform oxide layers compared to anodized coatings
[7,114,116]. Unfortunately, the detailed mechanism of the formation of coatings during the MAO process has
not yet been investigated [117].

3.1. Process parameters in micro-arc oxidation

Carrying out the MAO process on titanium and its alloys can lead to obtaining hard, porous coatings with good
corrosion and wear properties, hence it is becoming more and more popular in biomedical applications [7,112,114].
The properties of the coatings depend on many variables: electrolyte composition, voltage, current density,
duration, as well as pre- and post-treatments (Fig. 7) [117,118].

The composition of the electrolyte directly affects the composition of the coating obtained on the surface
of the material. For example, when MAO was executed on TNZ in a mixture of 3.20 mol/dm3 Cu(NOs), in HsPO4
at 450+10 V, a porous coating which contained copper (3.7 £ 0.4 wt%) and phosphorus (18.5 + 0.3 wt%)
was obtained [119]. Performing the process in an aqueous electrolyte solution with 0.08 mol/dm?
C3H;Na,OgP-5H,0 and 0.8 mol/dm® (CH3COO),Ca-H,0 on Ti-3Zr-2Sn-3Mo-25Nb resulted in the formation
of the coating which included Ca and P as well as Ti and O [120]. The composition of the electrolyte
also influences the morphology, porosity, thickness and corrosion resistance of the coatings. This is because
the composition and concentration of the electrolyte affect the sparking voltage [117]. Alteration
in the composition and concentration of the electrolyte appeal to the film obtained using the MAO process,
what will be described in detail in later sections.

The voltage used is one of the most important process factors. Due to the fact that it is high (for titanium
and its alloys it is most often above 150 V), sparks appear on the surface of the material, which affect
the morphology, thickness and crystallinity of the coating [112]. The voltage used to deposit coatings on titanium
and its alloys is usually from 200 V [33] to 500 V [121], however, voltages of as much as 650 V are used either
[122].

Current density is another parameter that acts upon the morphology, surface roughness, corrosion resistance
and composition of the coating deposited on titanium or its alloys [123]. The most common is a constant current
density mode, because with the passage of time in the process, the intensity of the spark discharge increases
and the number of spark discharges decreases. As a result, it is possible to obtain coatings with large micro-pores.
The use of variable current density during MAO is also used. Particularly important is the case of reducing


http://mostwiedzy.pl

the current density over time, as it reduces the intensity of the spark discharge, which will contribute
to the formation of a more homogeneous and less porous coating [117].
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Fig. 7 Factors affecting plasma electrolytic oxidation coatings for biomedical applications [117,118,124]. Designed
and illustrated by the authors of the present work.

The duration of the MAO process is key variable that affects the coating. In general, increasing the oxidation
time increases the size of the micropores, decreases the number of micropores, and increases the thickness
of the coating [125]. The exact influence of time on the quality of the obtained coatings is described in subsequent
subsections.

Before the actual processing, a given material may undergo many processes, called pre-treatment processes,
aimed at improving the properties of the final coating [117]. Among them can be distinguished:

e electropolishing which can affect the chemical composition of the passive layer formed after this

treatment, as well as better the roughness and corrosion resistance of the MAO coating [126,127]

e magnetoelectropolishing (where the magnetic field is applied through electropolishing) that enables one
to determine the morphology of the MAQO coating; pore sizes impose impact on the corrosive
and mechanical properties of the final coating [60,119,127-129]

e particle shot-peening which allows to increase fatigue life and adjust the roughness of the substrate thanks
to which it is possible to control the roughness of the MAQ coating [121,128,130]

e sandblasting, the application of which determines the original morphology of the MAO coating as well
as may alter its chemical composition and mechanical properties [55,130,131]

e pre-anodizing which facilitates refinement of the density of the inner part of the MAO coating, and thus
increases its corrosion resistance. It does not significantly affect the morphology and chemical
composition of the coating [132,133].

Post-treatment processes are aimed at changing mainly the morphology, chemical composition and crystallinity
of the obtained coating [112,117]. Thermal and hydrothermal treatments are mainly used [134].

3.2. Properties of coating in micro-arc oxidation
3.2.1.  Morphology of coating in micro-arc oxidation

The surface morphology has a direct influence on the bioactivity of the coating [135,136]. Fortunately, it can
be shaped depending on the parameters used during process. One of the most crucial variables weighing the surface
morphology is the applied voltage. As the final voltage enhances, the porosity of the coating originally increases,
and after reaching a certain value it tends to decrease [137]. The influence of changes in the voltage and duration
of treatment on the morphology of the coating obtained on the Ti-13Nb-13Zr was investigated in [33]. The mean
pore diameter has been reported to vary from 1.8 to 8.4 um with increasing voltage (200-400 V). For the highest
voltage (400 V), reducing the time (from 15 min to 10 min) under the same current conditions (32 mA) reduces
the pore size, while increasing the current intensity (50 mA) increases the pore size. Similar observations were
noticed by Wei et al. [138] while depositing the coating on Ti-6Al-4V. Once the voltage increases (200-450 V),
the average size of the micropores increases, and thus the number of the coating micropores decreases (Fig. 8).
This dependency is probably due to the connecting of some discharge channels, resulting in a larger vacancy [33].
Another relationship can be obtained when changing the frequency of pulses. In the tests carried out on Ti-6Al-


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

4V by Sobolev et al. [41], a symmetrical bipolar square pulse with a frequency of 200 to 1000 Hz was used. It was
noticed that the change of the pulse frequency influences the size of the pores obtained. As the frequency of the
current increases, the size of the pores decreases and their number increases. In [139], the porosity of the coatings
decreased with increasing frequency. This is because the use of higher frequencies results in more discharges per
unit area [139,140]. On the other hand, the size of micropores and microcracks slightly increased with increasing
pulse width and single pulse energy [125] what is also associated with the change in discharges. Altering the
chemical composition of the electrolyte causes modifications in morphology. It results from [141] that an increase
in the concentration of K;SiOs in the solution caused an increase in the diameter and number of pores of coating
on Ti-13Nb-13Zr. Of course, the treatment time also influences the morphology of the coatings. Many researchers
confirm that as the MAO time increases, the size of the micropores increases and their number decreases
[122,125,135,142]. This is due to the fact that as the time increases, micro-discharges are formed in the pores that
have shaped before, which is caused by the dielectric breakdown [125,143]. The ability to modify the surface
morphology as well as the size and number of micropores is crucial in the case of implants. MAO has a wide range
of variable possibilities, thanks to which it is possible to obtain an optimal porous structure. This is particularly
important as the appropriate porous titanium coatings induce the formation of a tissue-implant interface without
the need for additional osteogenic cells or osteoinductive agents [144].

Table 2 shows the individual conditions of the micro-arc oxidation process on titanium and its various alloys
and the morphology/structure of the obtained layers. The analysis shows that the parameters of the MAQ process,
especially the voltage, electrolyte composition, pulse width and single pulse energy, have an important influence
on the size and diameter of micropores and microcracks.

o 4 — p - m ‘ R po -
Fig. 8 SEM images of the MAO coatings applied on Ti-6Al-4V treated at a different voltages: (a) 200 V, (b) 255 V, (c)

300V, (d) 350 V, (e) 400 V and (f) 450 V. More specifics attributable to the morphology are detailed in Table 2. Reprinted
from [138], with permission from Elsevier (license number 5420341489313).

3.2.2.  Thickness of coating in micro-arc oxidation

The dependence of the coating thickness on the processing parameters is similar for each of the described
electrochemical methods. In the case of MAQO, the thickness of the coatings increases (to a certain value)
with increasing voltage either [33,125,126,138]. However, in the case of an increase in voltage in the constant
current density mode, the coating increases its thickness, but to a much lesser extent than in the case of an increase
in the current density in the constant voltage mode [122]. This should be emphasized that as the width of the
electric pulse increases, the energy of a single pulse increases, which also increases the thickness of the coating
[145]. This is because enhancement the energy expands the film formation rate, which ultimately translates into
a greater thickness. On the other hand, the thickness of the coating decreases with increasing frequency (200 Hz -
2 um, 1000 Hz - 1 um) [41] and with increasing temperature (—3 °C - 13.6 + 0.8 pm, 20 °C - 10.8 £ 0.4 pm) [146].
Sowa et al. [126] reported that the lower the concentration of electrolyte additives, the thinner the coating.
Similarly, with the increase in HA concentration in the electrolyte, the thickness of the coatings increases [147].
During the MAO process, micro-discharges form in the coating, creating pores that allow particles to enter from
the electrolyte. A higher concentration of electrolyte causes an intensified filling with ions, which increases its
thickness [148]. It is generally accepted that the bond strength between the substrate and the oxide layer is more
beneficial with increasing coating thickness [125]. This is important because the implant coating in the human
body should not crack, delaminate or detach from the substrate [117].


http://mostwiedzy.pl

A\ MOST

Table 2 The individual conditions of the micro-arc oxidation process on titanium and its various alloys and the morphology/structure/crystallinity of the obtained layer

Material Electrolyte Temperature Timsarameters\/o' tage Morphology/Structure/Crystallinity References
Solution of 20 g/L. NasPO4-12 Hz0 Biomimetic coati_ngs with_pores. The addition of cak_:ium
acetate caused an increase in porosity and a decrease in the
CP-Ti Solution of 20 g/L 20+1°C - 470V average pore size. Both coatings with the presence of rutile [149]
NasPO4-12 H20 + 25 g/L and anatase. Confirmed the presence of perovskite, HAp and
Ca(CHsCOO0). amorphous calcium phosphates on the second coating.
. Solution of 0.014 M Irregular and complex coating with facets with nonuniform
CP-Ti NazSi0z-5H20, 0.20 M C4He04Ca, aggregates and craters with circular pits. Peaks of amorphous
0.50 M NaNOs, 0.0010 M 23.0+15°C 7 min 500 V . - : : [150]
(Grade 2) Ti as well as crystalline phases (anatase and rutile) were
C3H7Na206P, 0.025 M observed
Na:EDTA-2H-0 '
Typical porous morphology with pores of an average size
Phosphate sodium solution (10 g/L) of ~1.2 pm. Confirmed presence mainly of a-titanium and
anatase.
Pure Ti <20°C 5 min 450 V Porous coating with uniform incorporated SiOz nanoparticles [151]
Phosphate sodium solution (10 g/L) into the MAO coating. Confirmed presence mainly of a-
and SiO2 nanoparticles (8 mg/mL) titanium and anatase - no effect of SiO2 incorporation on the
formation of crystalline phases.
pure Ti Solution of Naz2SiOs-9H20 (10 g/L), Smooth and crack-free surface with not uniformly distributed
- (HOCH2CH2)3N (5 mL/L) and HCI <40°C 10 min 50 V diminutive pores. Prevalence of titanium, rutile and a low [136]
(99.9% Ti) -
(1 mol/L) amount of silica.
Aqueous electrolyte solution with Sample surface with numerous micro and submicron pores.
Ti-6Al-4V 10 g/dm? Na2COsz and 2 g/dm? 30°C 15 min 250V Presence of the titanium phase and two phases of titanium [41]
NazSiO3z-5H20 oxide - rutile and anatase.
Aqueous electrolyte solution with
. 10 g/dm3 NaAlO2, 5 g/dm3 NasPOs, o Coatings with evenly distributed micropores. They mainly
Ti-6Al-4V 0.5 g/dm?® Na2EDTA and 0.05 mL/ 20-40°C ) 440-410v contain rutile, anatase and a large amount of Al2TiOs. [145]
dm? C3HgO3
Aqueous electrolyte solution with
. 0.025 mol/dm? Ca(CH3COO)z2-H20, Porous coating mainly with anatase, rutile and a small
Ti-6Al-4v 0.075 mol/dm? Ca(H2PO4)2-H20 ) ) 500V amount of amorphous phase (calcium phosphate) [121]
and 0.045 mol/dm® NaOH
Porous and rough coatings. For -3 °C a coating with a large
Solution of 0.1 M _3°C r]lumberoof closeq micropores (op_en-porosities: 48+ O._Z_%).,
_ Ca(CH3CO0)2-H:0, 0.05 M _ or 20 °C a coating with open micropores (open-porosm_es.
Ti-6Al-4V CsH7Ca0eP-H20. 0.15 M 20 min 290V 8.1 £ 0.5%). Th(_e presence of anatase and rutlle._Decreasmg [146]
CioH1sN2Na:00and 20 g/l NaOH 20 °C the temperature increases the intensity of the rutile peak and

descends the anatase peak, as well as reduces the intensity of
the peaks originating from the substrate.
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Parameters

Material Electrolyte Temperature Time Voltage Current Morphology/Structure/Crystallinity References
Ti-6AI-4V S(algtclzoﬁzngNzi 25'8313:__'/8 z(ai\((; g|_/||(':)| <40 °C 10 min 50V ) Granular structure with pores. Occurrenc'e.of titanium, rutile [136]
and a modest amount of silica
(1 mol/L)
. . Porous and rough coatings.
Aqueous electrolyte solution with 1,5, 10, 20, . . .
Ti-6Al-4V ! (CH3COOy)t2Ca and <30°C 40, 60 or - 0123 Alem? 2120 min: Céy“a”'“e phases based o HAp and Czﬂc'an’] [125]
CsHs(OH2)POLCa 120 min apatite (secon ary struc_:tures). Crystallinity increased wit
increasing processing time
200 V - low intensity anatase; homogeneous coating
250-300 V - pronounced anatase and amorphous calcium
Aqueous electrolyte solution with phosphate; the surface of the coating relatively regular and
) 6.3 g/dm® Ca(CHsCOO)2-H20, 13.2 o . porous
Ti-6Al-4V g/dm? Ca(H2POa)2-H20, 15.0 g/dm? 40°C 5 min i 8 Afdm? 300-400 V - pronounced anatase and amorphous calcium [138]
EDTA-2Na and 15.0 g/dm3 NaOH phosphate; rough, irregular and porous coating
450 V - anatase, rutile and amorphous calcium phosphate;
rough, irregular and porous coating
Aqueous electrolyte solution with The morphologies of the Y-doped and undoped coatings are
0.2 M (CH3COO)2Ca, 0.1 M similar. Volcano-like structures formed on their surfaces.
Ti-6Al-4V NaH2P04-2H20 and 25°C 10 min 380V - Rutile and anatase are mainly detectable in all coatings. No [152]
CsHoOsY:xH20 (0.0 g/L, 1.0 g/L, influence of yttrium addition on the phase composition of
1.5¢g/Lor2.0g/L) TiOz coatings. Yttrium not detected by XRD.
Porous coatings (the porosity decreased with increasing HAp
concentration).
Aqueous electrolyte solution with 0 g/L of HAp - only Ti and anatase phases.
Ti-6Al-4V 0.12 M NasPOs and HAp (0.0 g/L, <35°C 5 min 300V 0.5 A/dm? 1.0 g/L - 2.0 g/L of HAp - anatase, HAp and tricalcium [147]
1.09/L,1.5g/Lor2.0g/L) phosphate.
The increase in HAp concentration in the electrolyte
increases the intensity of HAp and TCP reflections.
Solution of Ca(CH3COO)2-H20
(6.3 g/dmd), Ca(H2POa)2-H20, (13.2
Ti-6Al-4V g/dm3), EDTA-2Na 40 °C 5 min 230V - Porous coating with the presence of calcium and phosphorus [55]
(15 g/dm3) and NaOH
(15 g/dmd)
5 g of NasPOs, 3 g of CaFs, Beforzeggr((:)cess: Coat(;nbg Wit_h irre(,;gur:ar microporgs with dih;erent sizss .
Ti-6Al-4V 2 g of KOH in 1000 mL distilled _ 10 min Max 400 V 1A (captured by crimped shape pores). Presence of seven phases: [153]
water After ptocess. fluorapatlte_, HAp, tr!caluum phos_phate, anatzflse, rutile,
53 °C aluminium oxide and vanadium (V) oxide.
Porous coatings with unevenly distributed pores. Increasing
Selective Aqueous electrolyte solution with 0.2,0.5, 1,5, the processing time reduces the number of micropores and
Laser Melted 0.1 M C4HsCaO4-H20, 0.06 M - 10, 150r 20 - 9 A/dm? simultaneously increases the porosity (more larger pores). [154]
Ti-6Al-4V Na2HPO4, and NaOH min Prolonging the duration escalates the intensity of the anatase

and rutile diffraction peaks. Presence of peaks from substrate.
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Material

Electrolyte

Parameters

Temperature Time Voltage Current Morphology/Structure/Crystallinity References
Aqueous electrolyte solution with
Ti-6AlI-7Nb  0.252 mol/dm? NazHPOs and 0.115 - 1,50r10min 240 or 290 V 2.5-10 All samples are porous. Presence of anatase for each sample. [135]
3 mA/cm No matrix elements and presence of Na and P (low level).
mol/dm? NaH2PO4
Selective Aqueous electrolyte solution with Room 10 0r 15 min 200. 300 or 32 mA A porous coating with an increasing mean pore diameter
Laser Melted 0.1 mol/dm3 C3H7CaOeP and 0.15 temperature 4’00 v ——  from 1.8 to 8.4 um with increasing tension. Anatase at lower [33]
Ti-13Zr-13Nb mol/dm? Ca(CHsCOO0): P 10 min 50 mA voltages and anatase and rutile at higher voltages.
0.1 M Ca(H2PO2)2 solution with All coatings are porous. Presence of mainly anatase and
Ti-13Nb-13Zr additions ofOCiase.i(g(z)zx)z, CaSiOs3 5 min 350 or 450 V 150 mA/cm bioactive compounds in coatings. [155]
A coating with a large number of submicropores and
Aqueous electrolyte solution with micropores. No cracks at the interface between the coating
Ti-39Nb-6Zr g 2 5 a/dm® KOH - 10 min 400V - and the matrix. A coating with anatase (TiOz), rutile (TiOz) [156]
>0 and Nb20Os phases as well as monoclinic ZrOz and ZrTiOs
phases.
. . A porous structure with micron-sized pores, being a mixture
- Aqueous electrolyte solution with . .
Ti-3Zr-2Sn- 0.08 mol/dm? CsH7Na»OsP-5H20 + <50 °C 7 min 250, 500 V ) _ of _T|Oz and a sr_nall amount of amorphous ph_ase with [120]
3Mo-25Nb 3 titanium peaks. TiO2 present as anatase and rutile, but the
0.8 mol/dm?® (CHsCOO)zCa-H20 - . -
intensity of anatase peaks stronger than that of rutile.
Ti-29Nb- Aqueous elgctrolyte solution with _ 12 mA _ _ ) _
13Ta-4.67 0.1 mol/dm?® CsH7CaOsP and 0.15 - 8 min - (312 Alm?) Thick porous oxide layer with rutile and anatase [6]
a-a.oc1 mol/dm3 CsHsMgO4
Ti-35Nb-2Ta- Solution of Naz2SiO3-9H20 (10 g/L), Rough, porous surface where fine pores are nested in the
37 (HOCH2CH2)sN (5 mL/L) and HCI <40°C 10 min 400V - bigger pores. Micro-cracks are visible. Distribution of [136]
(1 mol/L) anatase, rutile, Nb2Os and NaNbOz confirmed.
Ti-152r- Aqueous electrolyte solution with
7 5Mo 0.1 mol/dm3 C3H7CaOeP - 10 min 400V 31.2 mA/cm? Porous amorphous oxide layer [9]

and 0.15 mol/dm?® C4HsCaO4
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3.2.3.  Chemical composition of coating in micro-arc oxidation

The appropriate selection of the chemical composition of the coatings is a pivotal task because its optimization
often results in the acceleration of the growth of permanent implant-tissue interface. Often, materials that have not
been properly treated do not show bioactivity [157]. The chemical composition of the coating is mainly modified
by changing the chemical composition of the electrolyte [48,158]. In [126] the deposition of coatings on Ti-13Nb-
13Zr was carried out with the use of MAO in an aqueous electrolyte solution with 0.01 mol/dm? Ca(H2PO,)., as
well as in an aqueous electrolyte solution with 0.1 mol/dm?® Ca(H2PO,); and 0.1 mol/dm?® H3PO4. All samples were
covered with relatively homogeneous oxide layers containing the substrate elements (Ti, Zr and Nb) and the
components of the aqueous electrolyte solution (Ca and P). The addition of phosphoric acid to the electrolyte only
slightly increased the amount of P in the coating. An increase in the amount of one of the elements occurs along
with its increase in electrolyte concentration [159]. Simka et al. [141] reported that the amount of silicon on the
coatings increased with the concentration of K;SiOs in the solution (from aqueous electrolyte solution with
5g/dm® KOH and 0.1 mol/dm® K,SiO; to aqueous electrolyte solution with 5 g/dm® KOH and 1.0 mol/dm?
K2SiO3). A similar concern was raised in [160] where the dependence of the concentration of H,SO4 and H3PO,
in the solution was investigated. This is because the concentration of the electrolyte affects the quality and quantity
of the discharges by altering the quantity and diameter of the generated pores, thus modifies the probability of ions
filling of the pores [141,148]. Another variable that appeals to the chemical composition of the coating is the
voltage. In [141] samples treated at 100 V revealed appearance of TiOz, Nb,Os and ZrO,, but silicon was not
detected. For the samples at 200 V, the presence of oxygen and silicon was found, which could indicate the
formation of SiO». For the voltage of 400 V, the presence of a significant amount of silicates which the Si/O atomic
ratio equals 0.46 or 0.50 was confirmed in the coatings. There was also a high concentration of potassium. This is
also due to the change in micro-discharges with increasing voltage. The influence of the applied current frequency
on the chemical composition of the coatings was investigated in [41], where the coating was deposited on the Ti-
6Al-4V alloy in an aqueous electrolyte solution with 10 g/dm® NaCOs; and 2 g/dm® NaySiO3-5H,0. The
investigations confirmed the presence of Ti, Al and V (from the matrix) as well as Si and Na (from the electrolyte).
The chemical composition of all samples was almost the same and did not depend significantly on the current
frequency used (from 200 to 1000 Hz). As can be seen, the process parameters can significantly act upon the
composition of the coatings obtained in the MAO process. However, it is mainly transformed by altering the
composition of the electrolyte. As a result of this, it is possible to intercorporate elements with different properties
into the coatings (Fig. 9). Most often, in order to obtain a biocompatible coating on titanium and its alloys, calcium
and phosphorus compounds are used [33,125,126,140,161], which ions in the MAO process form a hydroxyapatite
phase on the coating. This phase possesses biocompatible and bioactive properties, supporting osseointegration
of the implant with human tissue [161,162]. In addition, the chemical compounds to the solutions used in the MAO
process include, inter alia, the following:
e molybdenum, which improves the electrochemical stability of the coating, thereby increasing its
corrosion resistance [163,164]

o silver showing high antibacterial properties (however silver nanoparticles have been reported to be toxic)
[42,43,113]

e zinc, which also has excellent antibacterial properties and is essential in a variety of biological processes,
including bone biomineralization [113]

e  copper as an anti-bacterial factor in coating [113]

e magnesium, which promotes calcium deposition and also regulates cell proliferation [165].

Moreover, many scientists in their research attempt to incorporate several components simultaneously, such
as strontium and silicon [43], magnesium and zinc [166], zinc and silicon [167], magnesium, manganese, silicon,
strontium and zinc [168] molybdenum and silicon [164], graphene nanosheets and nanoHAp [169] and even
polymers [170]. Such activities are aimed at creating coatings with the best properties, adapted to the human body.
The range of chemical compounds used in this area is tremendous.
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SILICON
enhances mechanical properties of coating
and its bioactivity, may enhance osteogenesis

displays antibacterial qualities, plays role
in the DNA synthesis and biomineralization

exhibits antimicrobial activity, minimizes
the pathogenic microorganisms growth

promotes the osteoblast differentiation and bone
matrix mineralization, can inhibit bone resorption

SILVER

exhibits antibacterial properties regulates apatite formation

MAGNESIUM
regulates grown, proliferation and signaling
of cells as well as promotes calcium deposition

enhances the biocompatibility and osseointegration

CALCIUM
promotes osseointegration and biocompatibility

Fig. 9 Elements incorporated in MAO coatings on titanium implants and their effect on the human body
[41,43,51,73,113,140,165,167,171,172]. Designed and illustrated by the authors of the present work.

3.2.4.  Crystallinity of coating in micro-arc oxidation

The crystallinity of the coating is an extremely important parameter, especially in biomedical applications.
As mentioned, titanium dioxide exists in various crystallographic forms [67]. In the case of implantology,
crystalline phases have exceptional properties, because they favour osseointegration to a significant extent
(compared to amorphous phases) [173]. In general, anatase occurs at lower voltages, while a mixture of anatase
and rutile or rutile appears at higher voltages [33]. This dependence is confirmed by Wei et al. [138] who deposited
the coating on Ti-6Al-4V. They noticed that at low voltage (200 V) the diffraction reflex of anatase transforms
into rutile at higher temperatures with enhancing dielectric breakdown [33]. Moreover, in this study, for the
coatings above 250 V, an amorphous baseline appeared, the intensity of which increased with the increase of the
applied voltage. It may be assigned to the amorphous phase of calcium phosphate (CaP) [33,174]. In [41], the
process was carried out at 250 V, but the frequency of the current was changed in the range from 200 to 1000 Hz.
The coatings had a titanium phase as well as rutile and anatase. With the increase in the treatment frequency, the
content of the anatase phase decreased and the rutile phase content increased at the same time. This may have been
due to the transformation of anatase into rutile when the process reached the dielectric breakdown temperature
[41,66]. The MAO process carried out by Kazek-Kesik et al. [155] on Ti-13Nb-13Zr in 0.1 M Ca(H2PO5), solution
with additions of Cas(PO4)2, CaSiOs or SiO; at 350 V and 450 V resulted in the formation of coatings consisting
mainly of anatase and not rutile. Despite the applied high voltage, the transformation of anatase into rutile probably
did not occur because, as mentioned, the breakdown value of the oxides also depends on the compaosition, intensity
and resistance of the electrolyte, which is consistent with the Ikonopisov electron avalanche breakdown model
[124]. However, it is worth noting that these researches confirmed the presence of bioactive compounds in coatings
(mainly calcium and phosphorus, which are part of hydroxyapatite [162]). The presence of HAp in the coatings
was confirmed by researchers in [125]. The process was carried out in an aqueous solution of electrolyte made
of acetate (CH3COQ),Ca and calcium glycerophosphate -CsHs(OH2)PO4Ca for 1 - 120 min. Crystalline phases
based on hydroxyapatite and calcium apatite have been reported to form in the coatings over 5 minutes. The
crystallinity of these phases increased with increasing processing time. The highest amount of amorphous HAp
was obtained for the coating produced in 5 min, and the highest amount of crystalline hydroxyapatite phase was
obtained for the coating produced in 120 min. This is coherent with the fact that the thickness of the layer increases
with time, which in turn intensifies the micro-discharges that result from the dielectric breakdown, thereby
increasing the temperature and changing the crystallinity [125,143]. The influence of electrolyte composition
at 400 V was investigated by Karbowniczek et al. [12]. The coating obtained with the use of an aqueous electrolyte
solution with 7 g/dm® Na;HPO, and 20 g/dm® C4Hs04Ca-H.O had crystalline phases: hydroxyapatite, rutile
and anatase, as well as CaTiOs. The coating deposited in an aqueous electrolyte solution with 7 g/dm® CsHoOgP
and 20 g/dm® C4Hs04Ca-H20 did not have a hydroxyapatite phase and was mainly amorphous, although
the presence of anatase, rutile and CaTiO3z was confirmed. On the other hand, for the aqueous electrolyte solution
with 7 g/dm® Na;HPO, and 20 g/dm3 C3H;CaOsP-H.O also no HAp phase was observed, and the coating
was mainly amorphous, although anatase and rutile were present. This is because the composition of the electrolyte
affects the sparking voltage, so as the composition changes, it changes the breakdown value of the dielectric
[34,46,47].
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Table 2 shows the individual conditions of the micro-arc oxidation process on titanium and its various alloys
and the crystallinity of the obtained layers.

3.2.5.  Roughness of coating in micro-arc oxidation

Despite recent developments in the field of biomaterials, the optimal value of implant surface roughness for
osseointegration is still ambiguous [63,149]. However, experience has shown that an appropriate increase
in surface roughness promotes bone adhesion directly to the implant surface and minimizes the risk of fibrous
layer formation [175]. The micro-arc oxidation process causes an increase in surface roughness,
which is confirmed by various studies [126,141,156]. In general, the surface roughness of the coatings increases
with increasing voltage applied during the process [121,155]. It is worth emphasizing that this increase is not
linear. For example, in [141] during the MAO process on Ti-13Nb-13Zr in an aqueous electrolyte solution with
5 g/dm® KOH and 0.1 mol/dm?® K,SiOs, an increase in coating roughness was observed for all deposition voltages
(compared to uncoated Ti-13Nb-13Zr). However, at 100 and 200 V, the increase was slight. On the other hand, at
avoltage of 400 V, a significant increase in roughness was noticed (from 0.15 um to 5.54 um). This may be because
a change in the voltage value changes the number and size of the micropores, which is directly related to the
roughness of the coating [33]. Sowa et al. [126] noted that for coatings obtained under constant voltage (400 V),
the surface roughness increased with the concentration of the electrolyte solution. A similar relationship was
observed in [15], where the roughness of coatings on Ti-6Al-4V increased with increasing HAp concentration in
the electrolyte [147]. By increasing the concentration of the electrolyte, more ions fill the pores and thus the surface
roughness increases [141,148]. High roughness and surface development can promote a good bond between the
implant and the tissue. An improvement in properties for roughness Ra = 0.39—1.6 um is noted [173]. However,
other properties such as morphology, crystallinity, chemical composition, etc. also influence osseointegration
[67,149,173].

3.2.6. Mechanical properties of coating in micro-arc oxidation

Metals, including titanium and its alloys, are widely used in hard tissue engineering because they exhibit very
good mechanical properties that are sufficient to withstand the stresses that arise during the use of the implant.
Nevertheless, various types of treatments (e.g. micro-arc oxidation) are often used to increase the mechanical
strength of the material, such as hardness and wear resistance [30,176]. Young's modulus is one of the basic
parameters characterized during the researches [78,84]. The research carried out in [33] confirms that the use
of MAO with an aqueous electrolyte solution with 0.1 mol/dm® C3H;CaOgP an 0.15 mol/dm*® Ca(CH3;COO);
on Ti-13Zr-13Nb at 200 - 400 V changes the Young's modulus. The values of the modulus of elasticity for all
MAO coatings were closer to the bone values, with the best value obtained for a voltage of 400 V. A decrease in
the value of this parameter was also observed in [177]. Formation of a porous structure on the surface of the
titanium alloy could cause reduction of the Young's modulus of the material [178]. The surface hardness after
MAO treatment in most cases increases [156]. For example, in [179] the Vicker’s hardness increased from HV g g5
323 £ 16 to HVo5 712 £ 58. It is presumed that the increase in microhardness is due to the formation of crystalline
anatase and rutile. It is worth emphasizing that the hardness of the coating is largely influenced by the composition
of the electrolyte. Lederer et al. [139] reported that the addition of zirconia nanoparticles to the electrolyte
increased the hardness of the coating to an average value of 12.8 GPa [compared to the untreated sample (4.1 GPa)
and PEO samples without the addition of nanoparticles (8.5 GPa)]. According to the [180] addition of Al,Os
and ZrO,, there is no significant improvement hardness of MAO coatings. Different hardness values in [181] were
detected, where the coatings produced in aluminate-phosphate electrolytes and in silicate and aluminate-silicate
solutions were investigated. The former showed the Knoop microhardness of 575 kg/mm?, the latter 305-375
kg/mm?. The composition of the electrolyte influences the hardness of the coating mainly because it changes the
sparking voltage, changing the crystallinity of the coating [34,46,47]. Moreover, the composition of the electrolyte
also influences the adhesion of the coating to the substrate [176]. It is esteemed, that the adhesion strength of the
MAO coating to the implant substrate is signally higher than that of traditional coating deposition methods [182].
However, Yerokhin et al. [181] reported that the coatings produced in the silicate and aluminate-silicate solution
did not show strong adhesion, while the coatings produced in the aluminate-phosphate electrolytes had a high
adhesion value. This is mainly due to the fact that in the silicate electrolyte, the formation of silicate oxides is
characterized by an outward growth. Whereas in the phosphate electrolyte it mainly takes place from the oxidation
of the substrate and the growth of the oxides inwards [176]. It was reported in [147] that with the increase in HAp
concentration in the aqueous electrolyte solution with 0.12 M NasPOs, the coating adhesion strength deteriorated.
Also, in [121] it was noted that the fatigue strength of all samples with the MAO coating decreased compared to
the alloy without the coating due to the brittleness of the ceramic coatings. Obtaining the appropriate mechanical
properties is a complicated issue and requires the selection of many process parameters: voltage, chemical
composition of the electrolyte, deposition time, etc. However, obtaining a coating that has optimal properties
is crucial in implantology [10,11,183].
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3.2.7.  Tribological properties of coating in micro-arc oxidation

Titanium and its alloys have poor tribological properties, mainly characterized by a high coefficient of friction,
high adhesive wear and low abrasion resistance [184,185]. The spontaneously formed oxide layer on their surface
does not guarantee adequate protection of the material in an aggressive environment such as the human body
[3,114]. In addition, the use of an implant may result in infections due to the accumulation of the wear debris [184].
In the case of tribological properties, the electrolyte composition [151,176] and the appropriate pre- and post-
treatment [118,185] have a particular influence on the quality of coatings. Chen et al. [156] conducted MAO on
Ti-39Nb-6Zr in an aqueous electrolyte solution with 2.5 g/dm® KOH at 400 V for 10 minutes. In one of the samples
the top loose layer of the MAO film was polished by emery paper up to 2000 grade and a dense layer was left.
This sample is named as P-MAO. The second sample is MAO, only after micro-arc oxidation treatment. Both
coatings were reported to exhibit greater wear resistance than uncoated titanium alloy (under dry friction
conditions at ambient temperature, 200 °C and 400 °C). Moreover, the MAO and P-MAO coatings had a low wear
indicator at ambient temperature. The polishing of the MAO coating led to a reduction in the wear indicator of the
coating at high temperature (compared to the MAO coating without polishing). Post-treatment resulted in a
reduction in the coefficient of friction. It should be stresses that both coatings showed mainly adhesive wear, while
the uncoated titanium alloy abrasive, adhesive and oxidizing. In [121], coatings on Ti-6Al-4V were produced with
the use of micro-arc oxidation and with a combination of two processes: micro-arc oxidation and fine particle shot-
peening (FPSP). The wear resistance was reported to be greater for the FPSP-MAQ samples compared to the MAO
samples. This is probably due to the fact that FSPS reduces the body wear by introducing a "dimple" structure on
the surface of the FPSP-MAO coating [121,186]. In the case of coatings formed in different electrolytes, the added
chemical compounds are of importance. In [181], the coatings created in the phosphate solution with the use of
MAO decreased the friction coefficient. On the other hand, the layers formed in the aluminate-phosphate
electrolyte led to an increase in the minimum wear rate of the sample, however, the friction coefficient remained
in the range of 0.6-0.7, which was probably caused by the transfer of material from the counterface.

3.2.8.  Corrosion resistance of coating in micro-arc oxidation

Titanium is a material that, due to its self-passivation, hardly corrodes in a neutral environment (including
solutions containing chloride ions). Titanium alloys have corrosion resistance similar to that of pure metal [3].
Consequently, they are often used in implantology. However, their very good properties deteriorate
in the aggressive environment of body fluids. As a result, the treatment is often necessary in order not to cause
allergic reactions, which can lead to e.g. the implant loosening [81]. Sobolev et al. [41] reported that the corrosion
resistance of the MAO coating formed on Ti-6Al-4V in an aqueous electrolyte solution with 10 g/dm® Na,COs +
2 g/dm® Na,SiOs3-5H,0 at 250 V is 40 times greater than that of the uncoated alloy. Moreover, the higher
the frequency of the current pulses (from 200 to 1000 Hz), the higher the corrosion resistance of the obtained
coating was. This was probably due to the surface morphology, as the higher frequency resulted in a more compact
and low porosity oxide coating. Significant improvement in corrosion properties was also observed in [123]
and in [187], where the open-circuit potential values of the coated samples were much higher
than that of the untreated sample (Fig. 10). For almost all samples (the variable was a voltage of 150-450 V),
the polarization resistance also increased (calculated from Tafel slopes from polarization curves — Fig. 11).
In addition, no pitting corrosion up to a potential of 3 V was observed and the samples had very good corrosion
resistance in Ringer's solution. The influence of the chemical composition of electrolyte on corrosion resistance
was investigated in [181]. It was noted that the electrolyte coating with silicates was the most resistant to corrosion
in sulfuric acid solution and had the lowest corrosion rate at potentials up to 1.7 V. On the other hand, the
electrolyte coatings with phosphates showed better corrosion properties in NaCl solutions and physiological fluids,
and also showed relatively low corrosion rates up to 2.0 V (value twice as low as uncoated titanium alloy). Such
values are mainly due to the chemical stability of the phases contained in these films and the dense structure of the
coating. Anatase, rutile and HAp which are often detected in MAQ coatings exhibit good anti-corrosion properties
[188].
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Fig. 10 Open circuit potential curves for the uncoated and micro-arc oxidized Ti-13Nb-13Zr samples at 350 and 450 V
on baths with different chemical compositions. TNZ-350-TCP150 - bath with 0.1 M Ca(H2PQ2) and 150 g/dm?3 Casz(PQa)2,
TNZ-350-W150 - bath with 0.1 M Ca(H2POz2)2 and 150 g/dm?3 CaSiOs; TNZ-350-S150 - bath with 0.1 M Ca(H2PO2)2
and 150 g/dm?3 SiO2. Reprinted from [187], with permission from Elsevier (license number 5420350082693).
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Fig. 11 Polarization curves for the for the uncoated and micro-arc oxidized Ti-13Nb-13Zr samples; legend as in Fig. 10
Reprinted from [187], with permission from Elsevier (license number 5420350082693).

3.2.9.  Surface free energy of coating in micro-arc oxidation

Surface free energy is indirectly related to surface wettability and is also responsible for proper cell
differentiation and proliferation [95]. The higher the surface free energy, the easier it is for the surface to interact
with biological samples [25,91]. Therefore, it is necessary to determine the surface free energy of the MAO
coating. Echeveryy-Rendon et al. [189] investigated the influence of various parameters of the MAQO process
on the properties of the coating on the CP-Ti (Grade 2) and Ti-6Al-4V titanium alloys deposited in an electrolyte
containing H3sPO4 and H2SO4. In order to determine the value of the surface free energy, the contact angle was
measured 22 days after the MAO process, and then the Neuman method was used. It was noted that higher surface
energy occurs in those coatings where both anatase and rutile occurred. On the other hand, for the sample, of which
coating was composed only of anatase (the deposition process was shorter and at a lower voltage compared
to the above-mentioned samples), this value is lower. It may be due to the thermodynamical nature of these
polymorphs of titanium dioxide [190]. Nevertheless, no correlation was found that would allow to determine the
exact relationship between the process parameters and the surface free energy of the coating. Takebe et al. [191]
investigated CP-Ti (Grade 2) micro-arc oxidized at 350 V in an electrolyte containing 0.01 M B-glycerophosphate
and 0.15 M calcium acetate monohydrate. In order to determine the surface free energy, the contact angle was
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measured, and then the method of Owens was used. The lowest value was obtained for CP-Ti, a much higher value
for CP-Ti after the MAO process, and the highest value for CP-Ti after the MAO process and hydrothermal heating
with high-pressure steam at 300 °C. This is probably due to changes in the surface morphology that occurred after
the heat treatment. The more complex surface of titanium implants can lead to better bonding at the implant-tissue
interface [34,97].

3.3. Inducing apatite films — immersion tests after micro-arc oxidation

An important type of in-vitro test to check the bioactivity of the scrubbed coatings is the simulated body fluid
(SBF) immersion test, which reflects the aggressive nature of the human organism's environment. It is because
the SBF solution in its composition contains mineral ions in concentrations very similar to the concentration
of human blood plasma [153,192]. The consumption of phosphates and calcium ions that are present in the SBF
solution should contribute to the unprompted growth of bone-like apatite nuclei on the surface of the coating.
Therefore, the formation of apatite on the surface of the biomaterial during the immersion test is considered
a successful development of new bioactive coatings [193]. This is due to the fact that during the formation
of a permanent connection at the tissue-implant interface, the generation of a bone-like layer of apatite
on the surface of the implant plays an important role [113,194,195]. The immersion test consists in soaking
samples with coatings formed in the micro-arc oxidation process under appropriate temperature conditions (most
often 37 °C) [120], removing the samples after a specified number of days (1, 2, 7, 14, 30 or more days) [4,120,196]
and finally submitting the sample to tests such as: SEM, EDS, XRD or others [120]. In [120] the induction
of apatite on coatings formed on Ti-3Zr-2Sn-3Mo-25Nb in an aqueous electrolyte solution with 0.08 mol/dm?3
C3H7Na,06P-5H,0 and 0.8 mol/dm3 (CH3CO0),Ca-H,0 was investigated. The study showed that after 7 days
of immersion, the samples showed a large amount of white, scale-like particles. However, after 14 days, scaly
particles covered the entire porous surface of the samples. XRD examination confirmed the presence of apatite
peaks already 7 days after immersion. It can be predicted that apatite was probably formed on the surface
of the coatings. Positive results of the bioactivity study were also obtained in [121,177] as well as in in [197]
where the surfaces of Ti-6Al-4V and Ti-6AlI-7Nb oxidized in an aqueous electrolyte solution
with (CH3COO0),Ca-H,0 and NasPO4 were covered with hydroxyapatite (HAp was not deposited on untreated
alloys). The MAO coatings were covered with numerous minor flakes and micron spherical deposits, rich
in calcium and phosphorus. In [126], a different apatite induction rate was observed depending on the voltage
and concentration of Ca(H2POy). in the solution used during the MAO process. For the sample at a voltage
of 200 V and in an aqueous electrolyte solution with 1 mol/dm?® Ca (H.PO,),, after 7 days, crystallites appeared
at the pore boundaries, but there was a small amount of them. However, for the sample at a voltage of 400 V and in
an aqueous electrolyte solution with 0.1 mol/dm® Ca(H.POy),, the formation of crystallites was observed after
7 days, and after 28 days, they began to transform into clusters. The compound that precipitated out was tricalcium
phosphate and crystalline titanium. It was also noted in [155] that the amount of apatite particles on the coating
was higher when MAO was performed at a higher voltage (450 V) compared to the process performed at 350 V.
However, this trend continued in the first days of the immersion test. After 28 days of the test, apatite crystals
covered all surfaces with layers of apatite.

The bioactivity of coatings can also be tested in Hank's solution. The test principle is the same
as for the immersion test in SBF. The concentration of ions in such a solution is similar to the concentration of ions
in the extracellular fluid. This allows for the initial determination of the bioactivity of the coating in order
to activate faster bone regeneration and to remedy the endamaged tissues [48]. Dziaduszewska et al. [33]
performed the MAO process on Ti-13Zr-13Nb in an agueous electrolyte solution with 0.1 mol/dm® C3H;CaOsP
and 0.15 mol/dm® Ca (CH3COO); at 200, 300 and 400 V. The specimens were immersed in the Hank's solution
at 37 °C for 72 h. The tests showed that the obtained coatings possessed the ability to form calcium phosphate.
The films obtained had a high Ca/P ratio, which indicates a good bioactivity of the coatings. The value of the Ca/P
ratio closest to the stoichiometric hydroxyapatite was obtained at a voltage of 300 V. In [6], tests were carried out
in Hank's solution without glucose. Ti-29Nb-13Ta-4.6Zr samples after the MAO process in an aqueous electrolyte
solution with 0.1 mol / dm® C3H;CaOsP and 0.15 mol/dm® C;HsMgO, and uncoated samples were tested. After
immersion of the samples for 7 days, Ca and P were detected on both the clean sample and the treated TNTZ
sample. However, the concentration of Ca and P for the MAO sample increased significantly with the immersion
time. The MAO-treated TNTZ was completely covered with a layer about a few micrometres thick, which was
made of calcium phosphate, after only about 7 days. Negative results of bioactivity tested in Hank's solution
without glucose were obtained by Tsutsumi et al. [9], who deposited a coating on Ti-15Zr-7.5Mo. The immersion
test was run for 7 days and the solution was changed after 3 and 5 days. Scientists did not observe any deposit
formation on the MAO coating, so no calcium phosphate had formed on the layer. This was probably due to the
high amount of Zr in the coating obtained after the MAO process, which reduced the ability to form calcium
phosphate. However, it can be seen that the presence of phosphorus and calcium in the electrolyte positively affects
the bioactivity of the coatings [113].
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3.4. In-vitro assays of coating in micro-arc oxidation

Cell culture systems are responsible for assessing the biocompatibility of implant materials before their
introduction to further research (in-vitro tests on animals and finally clinical trials on humans). They allow
the study of the mechanisms of action during the interaction of the tissue with the implant [113,198]. Consequently,
their popularity is growing and the types of cells used for research are diverse (Fig. 12). Lim et al. [55] investigated
the biological response to SAOS-2 cells lines. The cell proliferation rate, alkaline phosphatase activity and cell
adhesion for the MAO shell formed on Ti-6Al-4V were significantly higher compared to the Ti-6Al-4V samples
which were machined and grit-blasted. The SAOS-2 cell lines in the MAO

Osteoblast cells derived from

Human bone marrow mesenchymal = .
- Mus musculus calvaria MC3T3-E1

stem cells (HBMMSCs) «~

Human bone osteosarcoma
epithelial cells U20S -

Osteoblast cells SAOS-2 «

Fig. 12 Types of cell lines used for in-vitro assays [55,60,120,126,150,155,177,187,197,199,200]. Designed and illustrated
by the authors of the present work.

coatings were evenly distributed over the surface, strongly adhered and were well differentiated. The SAOS-2
proliferation studies conducted at 37 °C were also carried out in [197]. The MAO process favoured the integration
of the cells as they were evenly distributed over the shell and showed a spherical morphology. Moreover, SAOS-
2 cells showed a faster proliferation rate to the oxide layer formed on Ti-6Al-4V than Ti-6Al-7Nb. In-vitro studies
with hBMSCs were performed by Sowa et al. [126], who deposited a coating on Ti-13Nb-13Zr. For the coating
deposited at 400 V and in an aqueous electrolyte solution with 1 mol/dm?® Ca(H2PO,),, the viability of hBMSCs
after 10 days of cultivation was approximately the same. However, after 21 days of breeding, the viability dropped
significantly. In addition, decreased hBMSCs ALP activity was reported compared to the uncoated sample. On the
other hand, the collagen production was increased by about 25-fold and the ECM mineralization was increased
by about 60-fold. For the coating, it was deposited at a voltage of 400 V and in an aqueous electrolyte solution
with 0.1 mol/dm?® Ca(H2PO2), and 0.1 mol/dm?® H3PO,, there was an increase in cell viability after 10 days, but also
a decrease after 21 days. Under these conditions, the MAO coating did not affect the activity of ALP, collagen
production and ECM mineralization of hRBMSCs. In [120] other cells were used, namely MC3T3-E1 cells derived
from mouse tissue. The MAO coating deposited on Ti-3Zr-2Sn-3Mo-25Nb was porous and contained an active
NH_ group as well as Ca and P ions. Their presence strongly influenced the response of cells, which showed good
proliferation and differentiation. In [155] cytocompatibility of the modified Ti-13Nb-13Zr samples was
determined by the MTT cell viability assay using MG-63 osteoblast-like cells. MAO was carried out in an alkaline
solution with various bioactive additives: tricalcium phosphate, wollastonite or silica at a concentration
of 150 g/dm®. The research confirmed that the presence of Ca, P and Si (from wollastonite) in the coatings
stimulates cellular metabolism better than layers composed of tricalcium phosphate or silica particles.
On the surface deposited in the electrolyte with the addition of tricalcium phosphate, many cells died, while on the
coatings deposited in the electrolyte with the addition of wollastonite, only single dead cells were observed.
Wollastonite (and thus Ca, P and Si) promote the adhesion and proliferation of cells on the oxide layers formed
in the PEO process. The positive response to MG-63 cells proliferation on the coating with calcium and phosphorus
ions was also confirmed in [177]. In [200], the proliferation of fHODb cells was carried out for 26 days on various
media subjected to the MAO process. The nature of metabolic activity, collagen production as well as matrix
formation and mineralization were comparable on B-Ti-13Nb-13Zr and B-Ti-45Nb coatings to CP a-Ti and (o+p)-
Ti-6Al-4V coatings. The addition of phosphorus to the electrolyte in the MAO process increases the possibility
of osseointegration without inhibiting the activity of osteoblasts or introducing an unwanted inflammatory
response.

In Table 3, the selected published data of biological in-vitro and/or in-vivo properties of MAO coating
on titanium and its alloys are specified.
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Table 3 The selected published data of biological in-vitro and/or in-vivo properties of MAQO coating on titanium and its alloys

Immersion Test

In-vitro Assay In-vivo Assay References
. (Environment;
Material - .
Apatite Forming Cells Results Model Results
Ability)
CP-Ti Slmulate_d -Body Cell adhesion and proliferation noted on deposited coatings. The number of
Fluid; MG-63 - . - - [196]
(Grade 2) ves pseudopodia responsible for cell anchored depends on the process parameters.
CP-Ti Simulated Body No effect of the coating on the viability of fibroblast cells. The coating is
(Grade 2) Fluid,; hGFs biocompatible as it promotes adhesion and proliferation of fibroblasts. Protein - - [150]
yes adsorption increased (almost 2-fold) compared to uncoated CP-Ti.
Exalted biocompatibility with no explicit cytotoxicity. The elongation of
CP-Ti B MC3T3-E1 duration process occasion increasing cell proliferation after incubations for 1 i i [182]
(Grade 2) and 5 days, which is due to the accrued amount of HA on the coatings. Good
viability of cells confirmed.
The bioactivity of four different samples was tested: after HA blasting, after
CP-Ti sandblasting and acid etching (SLA), after SLA and anodi(; oxic!ation (AQ) as
(Grade 4) - MC3T3-E1  well as after SLA and MAQO. Cellular attachment and proliferation are higher - - [30]
for SLA-AQO and SLA-MAO compared to the rest. Adhesion strength was
higher for SLA-AOQ than for SLA-MAO.
CP-Ti ) MC3T3-E1 Improved cell proliferation and differentia_tion have been found in some areas [201]
(Grade 4) of the coating.
Cell proliferation varies depending on the solution used. The addition of
calcium acetate causes a reduction in cell proliferation by about 15% compared
to the coating deposited without calcium acetate. Deposition of the RGD-
. derivative of (3 - {[3- (2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl) propanoyl]
CP-Ti i MG-63 amino} -1-hydroxypropane-1,1-diyl) -bis - (phosphonic acid) (RGDC-BMPS-B) i i [149]
on the coating (oxidized without calcium acetate) gives the best cell adhesion
and proliferation. The bioactivity of the sample with RGD is 37% elevated
compared to the coating without RGD.
Simulated Body The formation of the PEO coating in the doped-Ag bath has a positive effect on
CP-Ti Fluid,; MC3T3-E1 the differentiation of cells. The coating doped with Ag20 exhibits increased cell [42]
yes differentiation activity compared to the coating doped with Ag.
. Comparable nature of metabolic activity, collagen production, matrix formation
CP-Ti and mineralization for each medium. No difference in the release of TNF-a and
- fHOb IL-10 cytokines from CD14+ monocytes. Possibility of osseointegration without - - [200]
Ti-6Al-4V inhibiting osteoblast activity or introducing an unwanted inflammatory
response.
Simulated Body
Ti-6Al-4V Fluid; - - - - [121]

yes
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Immersion Test In-vitro Assay In-vivo Assay References
. (Environment;
Material - .
Apatite Forming Cells Results Model Results
Ability)
MC3T3-E1 The proliferative capacities similar for each sample in the number of adhered
. cells on the coating after one day. Further cultivation reveals that the number of
Ti-6Al-4V - e . - . - - [152]
hGFs cells augments alqng with increasing concentration of yttrium and was
considerably higher than non-doped sample.
Osteoblast growth and differentiation observed for each sample. The values
vary depending on the chemical composition of the electrolyte. The highest
Ti-6Al-4V ) MC3T3-E1 cyftocompatib_ility was demor_lst_rated for the_ pure T_i -4_AI-6V alloy but the values ) ) [202]
or the coatings were at a similar level. Differentiation of preoastablasts was
possible on each sample and the values were similar. The PEO-Si/F-180s
response was the highest.
The rate of cell proliferation, alkaline phosphatase activity, and cell adhesion for
Ti-6Al-4V - SAQOS-2 the MAO shell increased significantly. The cell lines were evenly distributed - - [55]
over the surface, strongly adhered and were well differentiated.
Simulated Body
Ti-6Al-4V Fluid; - - - - [153]
yes
Initial cell attachment is better for a MAO-coated sample.
. Samples after the MAO process exhibit better cell proliferation compared to the
Ti-6Al-4V i MG-63 uncoated alloy only after 7 days of cultivation. On days 1 and 3, they show i i [158]
lower proliferation rates than the untreated sample.
The proliferation ability of osteoblasts is relevantly enhanced after MAO. The
hierarchical morphology with grooves/pores of coating manufactured in
Ti-6Al-4V - MC3T3-E1  aqueous electrolyte with 0.1 Na2B4O7 + 0.25 KOH displays more preferable - - [203]
adhesion and spreading of osteoblasts (in comparison with coating produced in
aqueous electrolyte with 0.1 Naz2B407).
Ti-6Al-4V S|mullza}te_ccjj .Body SAOS-2 The MAO process greatly promotes cell integration. SAOS-2 cells show a faster 197
uid; i proliferation rate to the oxide layer of Ti-6Al-4V alloy than Ti-6Al-7Nb - i [197]
Ti-6Al-7Nb yes
Simulated Body Th S N .
Ti-6AI-7Nb Fluid: MG-63 e cell line is well dlgtrlbut_ed on the surface of the sample produced in an ) ) [177]
yes ’ aqueous electrolyte solution with 7 g/dm3 NazHPO4 + 20 g/dm?3 CsHsO4Ca-H20
Selective Laser  Simulated Body
Melted Fluid,; - - - - [154]
Ti-6Al-4V yes
Simulated Body Viability negative. Collagen production depends on mineralization ECM
Ti-13Nb-13Zr Fluid; hBMSCs .d o - - [126]
ves epends on electrolyte composition.
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copper). The presence of copper in the coatings has an advantageous impact on
the adhesion and viability of cells.

Immersion Test In-vitro Assay In-vivo Assay References
M . (Environment;
aterial . .
Apatite Forming Cells Results Model Results
Ability)
Ti-13Nb-13Zr Hank sy(se(s)lutlon, ) ) . ] [33]
Simulated Body Cell viability better on all post-MAO samples compared to uncoated alloy. Cell
Ti-13Nb-13Zr Fluid,; hBMSCs adhesion, proliferation and differentiation more significant for calcium lactate - - [195]
questionable electrolyte coatings than for calcium formate coatings.
Simulated Body Many dead cells on the surface produced from tricalcium phosphate. On the
Ti-13Nb-13Zr Fluid,; MG-63 coatings produced with wollastonite, only single dead cells and an increase in - - [155]
yes cell adhesion and proliferation.
Titanium alloy Comparable nature of metabolic activity, collagen production, matrix formation
similar to B-Ti- and mineralization for each medium. No difference in the release of TNF-a and
13Nb-13Zr - fHOb IL-10 cytokines from CD14+ monocytes. Possibility of osseointegration without - - [200]
. inhibiting osteoblast activity or introducing an unwanted inflammatory
B-Ti45Nb
response.
. Hank’s solution
T|-294Né)éi3Ta- without glucose; - - - - [6]
yes
Hank’s solution
Ti-15Zr-7.5Mo  without glucose; - - - - [9]
no
The activated MAO coating is
covered with new bone and no
_ Simulated Body fibrous tissue. On_ the sprface
Ti-32r-2n- Fluid; MC3T3-E1 Significant increase in cell proliferation and differentiation. Rabbit of the MAQ coating without [120]
3Mo-25Nb e activation, only slight osteoidal
y and lamellar deformations, not
having any specific features of
bone ingrowth.
The samples after the MAO process in the copper-containing bath exhibit more
beneficial adhesion, growth and proliferation of cells (compared to the uncoated
Ti-15Mo - MG-63 alloy and the alloy after the MAO process in the bath without the addition of - - [204]
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3.5. In-vivo assays of coating in micro-arc oxidation

In-vitro tests are a valuable clue regarding the potential behaviour of the implant in the human body [109].
Unfortunately, their results cannot be directly translated into the behaviour of the implant in the human body.
Therefore, after the positive results of in-vitro tests, it is possible to conduct in-vivo tests, as their results also show
the dynamics of the growth of the connection between the tissue and the implant. In-vivo studies are essential
before starting clinical trials [110,117]. Sen et al. [120] conducted in-vivo studies on rabbits of the coating
deposited on Ti-3Zr-2Sn-3Mo-25Nb. Two types of coatings were tested: only after the MAO process
and the coating activated with the aid of the ceric ion technique. The surface morphology of the implants
was determined after 2, 4, 12 weeks of implantation. After 12 weeks, almost the entire surface of the active MAO
coating was covered with new bone and no fibrous tissue was found at the interface. On the other hand,
on the surface of the MAQ coating without activation, only small osteoidal and lamellar deformations were found,
which do not have features responsible for bone ingrowth. In-vivo studies on rabbits were carried out in [173],
where Ti-13Cr-3Al-1Fe implants covered with MAO coating were placed in the distal femora. Observations were
made 4, 8 or 12 weeks after the surgery. It was found that MAO-coated implants allowed better bone induction
compared to the uncoated sample. The coatings were osteogenic in nature, possibly due to the alignment
of the lattice with apatites and numerous hydroxyl groups. These types of implants may find application in future
clinical application.

In Table 3, the selected published data of biological in-vitro and/or in-vivo proper-ties of MAO coating
on titanium and its alloys are shown.

Although plasma electrolytic oxidation is a relatively modern method of producing coatings on various
materials, it is currently experiencing a blooming period. Similarly to anodic oxidation, it allows the modification
of the properties of coatings (morphology, thickness, chemical composition, crystallinity, roughness, mechanical
and tribological properties, corrosion resistance and wettability as well surface free energy) by changing
the process parameters (especially the variables are voltage, current density, temperature and composition
of electrolyte, duration, frequency). Again, the change of a parameter is not linearly correlated with all properties
of the coating. Inadequately selected parameters (e.g. too large pulse width and energy of a single pulse or too high
temperature) may cause the coatings to crack. Nevertheless, a comprehensive analysis has shown that the coatings
obtained by this method possess very good adhesion to the substrate and high corrosion resistance. In addition,
when using electrolytes with calcium and phosphorus, the coating often consists of anatase and rutile, which
significantly increase the biocompatibility of the coating. Moreover, bioactive elements or metal oxides can be
successfully incorporated into the coating, which can also improve their properties.

4. Comparison of the electrochemical surface modification treatment for titanium and titanium alloys

There are many different methods of surface modification of titanium and its alloys for biomedical applications.
The key is to select the appropriate technique to the requirements of a given environment of the potentially placed
implant. The proper modification of the surface allows to adjust the properties of the implant. In general,
electrochemical treatments can alter the surface morphology, transform the chemical composition and crystallinity
of the coating, improve the wettability, corrosion and strength properties of the implant (Fig. 13), and increase
osseointegration compared to uncoated material.

Table 4 presents the advantages and disadvantages of electrochemical technologies presented in this article.

Table 4. Comparison of the electrochemical technologies used for the generating coatings on titanium and its alloys
[7,34,113,182,205-208]
Method Advantages Disadvantages
- short processing time
- simple apparatus

- the possibility of depositing uniform coatings - the possibility of creating various structures

on substrates of complex shape depending on the composition of the electrolyte

- easy to adjust the composition, thickness (nanotubes, nanopores, nanocrystals), which can
Anodic oxidation and morphology of the coating be unpredictable

- low cost of the process - sometimes thermal treatment is necessary

- possibility of creating coatings showing higher to obtain coatings that improve biocompatibility

hardness, higher mechanical properties, enhanced (rutile and anatase)
corrosion resistance, and even better biocompatibility
compared to uncoated material
- short process time
- relatively simple apparatus
Micro-arc oxidation - PEO surface pretreatment is simpler compared
to anodizing
- creating highly adhesive coatings to the substrate

- the process consumes a lot of electricity and
energy

- due to the above most often used for samples
with a small surface (less than 0.5 m?)

A\ MOST
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Method Advantages Disadvantages

- coating with high hardness, excellent abrasion - machining of large items most often includes
resistance and increased corrosion resistance elements of high added value in the defence

- the most common forms are anatase or anatase and aviation industries.

and rutile, which significantly improves - necessary control of inherent porosity,

the biocompatibility of the biomaterial which can reach up to 20%

- cooling is required while the process is
running; otherwise, the electrolytic system may

overheat
Comparison of AO and MAO
Anodic Micro-arc
oxidation oxidation

No any porous coatigns,
porous coatings <+——  Morphology = —> Highly porous coatings
or nanotubes

< tens of pm -« Thickness — < hundreds of pm

Amorphous or with poor Mainly crystaline (with

<«—— Crystallinity —

crystaline anatase and/or rutile)
<1 pum -« Roughness — <6 pm
100 — 400 HV D Hardness — 300 — 800 HV
Lower Da— Adhesion — Higher
Lower -« S:(;Ii:asi(cn; — Higher

Hydrophilic coatings <+— Wettability —  Hydrophilic coatings

Low - Cost I High

Fig. 13 Comparison of anodic oxidation and micro-arc oxidation coatings with regard to their potential use in biomedical
applications. All properties of the coating depend on the parameters used during the process. Designed and illustrated
by the authors of the present work.

5. Conclusions and future aspects

Although titanium and its alloys have many fascinating properties (high strength, high corrosion resistance,
appropriate chemical composition - a small amount of toxic elements), the problem of their bioactivity in the body
still remains. Therefore, various surface treatments (physical, chemical, biological, electrochemical) are used
to reproduce the human bone. The purpose of each implant treatment is to change the morphology and chemical
composition of the coating, which is to result in improving the life of the implant in the human body
and minimizing the possibility of stress shielding. Nevertheless, undesirable reactions of the body may still occur.
The most common complications include infections, embolism, thrombosis and loosening of the implant.

Electrochemical treatment has many significant advantages that are necessary to improve the mechanical
and biological properties of the material. It is characterized by a short process duration, relatively low costs, simple
apparatus, the possibility of depositing any shapes and easy modification of parameters, resulting in obtaining
coatings of different quality. Often these methods use electrolytes/suspensions containing Ca, P, HA or chitosan,
which support the osseointegration process and improve corrosion and wear resistance of the coatings.
Furthermore, it is increasingly common to use compounds with antibacterial properties in electrolytes (most often
Ag, Cu, Zn nanoparticles or their oxides), which exhibit bactericidal activity against S. aureus and E. coli.

Despite the many advantages of anodic oxidation and micro-arc oxidation as a coating technology for titanium
and its alloys, there are significant disadvantages and challenges to which special attention should be paid. Future
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research should rely on an in-depth understanding of the mechanisms of coating formation (including nanotubes)
in electrochemical techniques and a hybrid combination of several coating deposition techniques. In addition,
it might be expedient to incorporate drugs into the coatings.

The mechanical and biological properties as well as the corrosion resistance of electrochemical coatings quoted
in the literature are different for the same substrate. Big differences result mainly from the process conditions:
voltage, temperature, electrolyte composition and duration of the process. It is expedient to optimize these
components so that the coated material meets the requirements for implants. New biocompatible coatings are
immediately required; therefore, a combination of electrochemical or other methods like heat treatment or plasma
surface modification could prove highly effective modification of titanium and its alloys, which would allow their
efficient and wide application. The development of MAO coatings with a mixture of natural and/or synthetic
polymers and nanoparticles, which are already successfully used individually in tissue engineering, should also
be considered. In this search, particular attention should be paid to the corrosion resistance and surface free
energies of the coatings, as there are few studies that consider these aspects. It may be particularly important
to investigate the surface free energy of the coatings and its influence on the bioactivity of the implant, and to find
the correlation between this feature of the coating and the parameters of the MAQO process. However,
the development of coatings with excellent anti-corrosion properties will enable their use not only in biomedicine,
but also in marine, automobile, aerospace or military. Besides, it is crucial to study and thoroughly understand
the mechanism of coating formation during the MAO process.
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