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Abstract: Micro-arc oxidation (MAO) showed itself to be a very promising method of fabrication of
functional coatings on titanium-based materials intended for dental implant application. The possi-
bility of mixing the electrolyte components and/or adding the nanopowder opened a way to pro-
duce antibacterial surfaces. In the present work, the microstructure study of MAO coatings was
carried out with the use of cutting-edge electron microscopes to reveal the way of the incorporation
of the metallic and ceramic nanoparticles. These studies showed the possibility of the incorporation
of metallic and ceramic nanoparticles into the MAO coating both from the as-supplied nanopowder
and from the mix of inorganic salts. Produced nanoparticles locate preferentially on the very top of
the coating and areas close to porosity. Furthermore, the use of silver acetate allows the production
of ultrafine nanoparticles (with a size < 10 nm), unachievable for as-supplied nanopowder.
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1. Introduction

Bacterial colonization of the biomaterials placed in the human body and resulting
inflammation of the surrounding tissues induced a need for the development of methods
of surface modification of the implant materials aimed at obtaining an antibacterial effect
[1,2]. Micro-arc oxidation (MAO) turned out to be very popular due to its versatility, con-
trol-ability and environmental-friendliness [3,4]. Simplicity in controlling the electrolyte
components makes the incorporation of antibacterial agents possible [5]. Nanoparticles
(metallic and ceramic) gained in importance as a large surface-area-to-volume ratio allows
substantial amounts of ions of antibacterial additive to be released with the aim to interact
with the outer membrane of the bacteria and subsequently with its DNA disrupting its
functioning [6]. Even if many literature reports confirmed the considerable antibacterial
effect of the MAO coatings with selected nanoparticles, their microstructure formation
remains sparsely investigated [7].

In this work, titanium of commercial purity, subjected to hydrostatic extrusion, has
been micro-arc oxidized in the electrolyte bath containing sodium phosphate and as-sup-
plied nanoparticles (ZnO) or acetates (Ag-acetate) to produce titania coatings with em-
bedded nanoparticles. In this way, metallic and ceramic nanoparticles have been incorpo-
rated. Advanced methods of scanning and transmission electron microscopy were used
to unveil the mechanisms of incorporation of antibacterial additions into the MAQO coat-

ing.
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2. Materials and Methods

In the present work, titanium grade 4 subjected to plastic deformation through hy-
drostatic extrusion (followed by rotary swaging) was utilized as a substrate material for
further MAO processing. Details of this process are mentioned elsewhere [8]. Extruded
rod of 5 mm in diameter was cut out with the use of a diamond wire saw into small cylin-
ders (5 mm in height). Their surface was ground and polished with abrasive papers of up
to 7000 grit and colloidal silica suspension, respectively.

The MAO processing was carried out in stainless steel container filled with the elec-
trolytes with the composition presented in Table 1. The temperature of the electrolyte was
kept at a constant temperature of 22 °C throughout the overall MAO process (3 min). Ti-
tanium substrates were immersed in the electrolyte and the electric signal has been ap-
plied from the bipolar pulsed power supply i.e., 300 V and 60 V of positive and negative
pulse, respectively, with a duration of each of that pulse of 0.6 ms, separated by the breaks
of 0.4 ms.

Table 1. Notation of the samples used in the present work.

Notation of Sample Base Aqueous Electrolyte Additive
MAO +ZnO 14.4 g/L Na2HPOu 2 g/L of ZnO nanoparticles (avg size: 20-30 nm)
MAO + Ag 14.4 g/L Na2HPO4 0.002 M of AgC2H30: (silver acetate)

The surface topography observations were done with the use of a ThermoFisher Scios
2 Dual Beam microscope (Eindhoven, The Netherlands) equipped with a FEG electron
gun, Ga+ source and EDS spectrometer. This microscope was also used for the preparation
of the lamellae for the TEM studies (focused ion beam (FIB) method). The TEM cross-
sectional studies were carried out with the help of a ThermoFisher Titan Themis G2 200
Probe Cs-Corrected transmission electron microscope (Eindhoven, The Netherlands)
equipped with a CCD camera for the acquisition of microstructure images and
ChemiSTEM EDS system for chemical analysis.

3. Results and Discussion
3.1. MAO Coating with Ag Nanoparticles

The SEM/BSE top-view observations of MAO + Ag samples showed a smooth surface
of the titanium oxide coating covering the substrate material with embedded ultra-fine
particles of high-Z material with a size of tens of nm at most, presenting higher density in
the areas closer to the porosity/craters. However, due to the very small size of the observed
particles and the relatively large volume of interaction between the electron beam and the
solid material, it was not possible to determine the type of these particles by SEM/EDS
and assign them unambiguously to silver. Therefore, further analyzes were carried out
using the STEM method on the lamella cut by the FIB technique along the white dashed
line seen in Figure 1a. The HAADF/STEM cross-sectional observations of the cut-out la-
mella, focused on the areas close to the porosity, revealed a string of bright nanoparticles
surrounding the pore (Figure 1b). By combining the HAADF/STEM imaging and EDS
mapping one may assign the particles to the pure silver (Figure 1c).
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Figure 1. SEM/BSE surface image (a), STEM/HAADF cross-sectional image (b) and corresponding
EDS map of Ag distribution (c) acquired from MAO + Ag sample.

3.2. MAO Coating with ZnO Nanoparticles

The SEM observations of the surface topography of MAO + ZnO coatings revealed
that in-between dispersed craters several regular crystals is visible as well as a high con-
centration of irregularly distributed fine particles with an average size < 100 nm (Figure
2a). The TEM sample was cut out from this area with the FIB method in order to confirm
the nature of the fine particles. The TEM cross-sectional observations of the cut-out lamella
proved the embedding of ZnO nanoparticles with a size corresponding to the original
nanopowder added to the electrolyte during MAO processing. The nanoparticles are pro-
truding from the surface of the sample. In addition, the presence of some amounts of zinc
is confirmed in the surrounding amorphous area of the coating.

Figure 2. SEM/BSE surface image (a), STEM/HAADF cross-sectional image (b) and corresponding
EDS map of Zn distribution (c) acquired from MAO + ZnO sample.

4. Conclusions

The microstructure study of the MAO coatings, produced on titanium grade 4 with
electrolytes containing either as-supplied ZnO nanopowder (average particle size in the
range between 20 and 30 nm) or with the addition of the silver acetate, carried out utilizing
cutting-edge electron microscopes allowed to conclude that:

e  Theincorporation of metallic and ceramic nanoparticles into the MAO coating is pos-
sible both from the as-supplied material and from silver acetate. Preferred locations
are the very top of the coating and areas close to porosity.

e The use of silver acetate allows the production of nanoparticles with a diameter of
less than 10 nm, which is not possible with the use of as-supplied nanopowder.

e The TEM method combined with EDS and performed on FIB-produced lamellae al-
lows for unambiguous confirmation of the places of incorporation of nanoparticles
into MAO coatings.
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