E coatings

Article

Combination of Electron Beam Surface Structuring and Plasma
Electrolytic Oxidation for Advanced Surface Modification of

Ti6Al4V Alloy

Hugo Mora-Sanchez >*, Florian Pixner 37, Ricardo Buzolin 34{), Marta Mohedano (%, Radl Arrabal 19,

Fernando Warchomicka 3

check for
updates

Citation: Mora-Sanchez, H.; Pixner,
E,; Buzolin, R.; Mohedano, M.;
Arrabal, R.; Warchomicka, F,;
Matykina, E. Combination of
Electron Beam Surface Structuring
and Plasma Electrolytic Oxidation for
Advanced Surface Modification of
Ti6Al4V Alloy. Coatings 2022, 12,
1573. https://doi.org/10.3390/
coatings12101573

Academic Editors: Qiang Wei and
Chaoqun Xia

Received: 19 September 2022
Accepted: 11 October 2022
Published: 18 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Endzhe Matykina !

Departamento de Ingenieria Quimica y de Materiales, Facultad de Ciencias Quimicas,

Universidad Complutense de Madrid, 28040 Madrid, Spain

2 CIDETEC, Basque Research and Technology Alliance (BRTA), Po. Miramén 196,

20014 Donostia-San Sebastidn, Spain

Institute of Materials Science, Joining and Forming, Graz University of Technology, Kopernikusgasse 24/1,
8010 Graz, Austria

Christian Doppler Laboratory for Design of High-Performance Alloys by Thermomechanical Processing,
Kopernikusgasse 24/1, 8010 Graz, Austria

Correspondence: hmora@cidetec.es

Abstract: The objective of this work is to study for the first time the combination of electron beam (EB)
surface structuring and plasma electrolytic oxidation (PEO) with the aim of providing a multiscale
topography and bioactive surface to the Ti6Al4V alloy for biomedical applications. Ca and P-
containing coatings were produced via 45 s PEO treatments over multi-scale EB surface topographies.
The coatings morphology and composition were characterized by a means of scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The effect on the previous EB
topography was evaluated by means of a 3D optical profilometry and electrochemical response
via potentiodynamic polarization tests. In general, the PEO process, morphology, composition and
growth rate of the coatings were almost identical, irrespective of the topography treated. Minimal
local differences were found in terms of morphology, and the growth rate were related to specific
topographical features. Nevertheless, all the PEO-coated substrates presented essentially the same
corrosion resistance. Electrochemical tests revealed a localized crevice corrosion susceptibility of all
the bare EB topographies, which was successfully prevented after the PEO treatment.

Keywords: electron beam surface structuring; electron beam processing; plasma electrolytic oxidation;
flash-PEO; titanium; crevice; corrosion

1. Introduction

The long-term success of orthodontic and orthopedic metallic devices depends upon
minimizing implant and host bone degradation as well as providing rapid osseointegration.
Titanium and its alloys offer a low toxicity, an excellent corrosion resistance in physiological
media (i.e., a low ion release rate due to the natural formation of a highly stable TiO,
layer) [1] and, in comparison to stainless steels and Co—Cr alloys (~200 GPa), an elastic
modulus (E ~ 110 GPa) that is closer to that of the cortical bone (10 <+ 40 GPa). Although
Ti alloys are known for osseointegration [2], their surface morphology and chemistry
can be tailored to promote further initial cellular interactions towards ultimately rapid
osseointegration [3].

Mechanical and chemical surface-roughening approaches (i.e., sandblasting and chem-
ical etching) have been shown to promote early cell-to-surface interactions such as adhesion,
proliferation and the metabolic activity of osteoblastic cells [4]. Further, it has been shown
that linear surface features such as microgrooves can further improve cell proliferation,
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differentiation and alignment [5]. This approach also provides an improved biomedical
interlocking with the host bone [6-9].

Electron beam (EB) surface structuring is capable of producing linear and complex
microscale topographies (i.e., hexagonal or circular) that are free from cracks, pores and
impurities, with a high degree of repeatability and control [10]. EB surface structuring
is based on the fast melting and solidification of the metallic surface by the action of
a high-speed, high-power focused electron beam. The focused EB leads to local melting
and evaporation. inducing the so-called “keyhole” effect where the high vapor pressure
displaces the molten material away from the center of the beam. A fast and precise de-
flection of the EB causes a material transport behind the beam and a subsequent fast
solidification, leading to the formation of microscale features. This technique was firstly
reported by Dance et al. [11] with the name Surfi-Sculpt® for a wide range of applica-
tions. Ramskogler et al. [10] used this technology to produce 2 mm wide hexagonal struc-
tures with a multiscale topography consisting of radial canal shapes 1.3-9 pm deep and
68.6-119.7 um wide and, depending on the beam travel direction, either a central pin up to
a 305 um height or a 452 um deep depression. The authors showed that all the structures im-
proved the MC3T3-E1 pre-osteoblast cells spreading area with respect to the unstructured
Ti6Al4V alloy for up to 24 h. Based on the same technique, microgrooves were performed
successfully in different titanium alloys to favor a contact guidance for fibroblast cells and
prevent a bacterial contamination at the material’s surface [12]. Grooves with a width of
10 pm and a roughness (Ra) close to 0.2 um showed the ability to align the fibroblast cells.
An additional nano structuring provoked during the structuring reduces the bacterial
adhesion in the first 48 h without using active agents.

Other surface modification approaches to improve the osseointegration of Ti implants
rely on the formation of osteoconductive coatings by techniques such as plasma electrolytic
oxidation (PEO), which has shown clinical success in immediate loading orthodontic
procedures [13]. The PEO is an advanced high voltage anodizing technique that allows
the fabrication of porous and rough ceramic coatings with the aid of short-lived plasma
micro-discharges favoring the incorporation of the bioactive elements (i.e., Ca, P, Zn and
Mg) [14-16]. Compared with traditional anodizing, PEO coatings improve the corrosion
resistance and surface mechanical properties (i.e., the hardness and adhesion). Moreover,
the combination of the surface topography, microstructure and composition of PEO coat-
ings promotes early cell-to-surface interactions [17]. In the last few years, with the aim
being to reduce treatment costs and minimize the impact on the mechanical properties of
the substrate (i.e., fatigue), short PEO treatments (<120 s), termed flash-PEO, have been
developed [18].

Henceforth, the PEO treatment of a multiscale EB-structured Ti surface would combine
the composition (Ca- and P-containing), roughness (S, ~ 0.3-0.6 um), porosity (pore size
0.5 up to 4 um) and corrosion protection of the PEO coating with micro-canals (width:
10-200 pm and depth: 1-20 pm) and sub-millimeter structures (lateral and vertical dimen-
sions between 100 and 500 um). This combination is believed to be a powerful synergy
to enhance the osteoconductive, antibacterial, corrosion resistance and biomechanical in-
terlocking of the Ti6Al4V alloy. To the best knowledge of the authors, there is no study
regarding the PEO treatment of multiscale EB structures. Specifically, it is unknown what
role different structure scales might play during PEO, i.e., micro-meter and sub-millimeter
scales. Therefore, the present work aims to study the PEO treatment of multiscale EB struc-
tures on Ti6Al4V, together with their electrochemical behavior in a physiological media.
For this, it was decided to follow a bottom-to-top approach, treating the characteristic flat
surface separately after the EB, linear EB micro-grooves and linear multiscale EB.

2. Materials and Methods
2.1. Material and Electron Beam Surface Structuring

The material selected for this investigation was the « + (3 alloy Ti6Al4V provided in
a rectangular sheet shape with dimensions 200 x 100 x 2 mm. Prior to the EB processing,
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the surface contaminations were removed mechanically, generating a surface roughness
(Sa) of approximately 4 pm, and the surface was subsequently cleaned with isopropanol.

The surface structuring was performed using an electron beam machine (EB) model
Probeam EBG 45 =+ 150 K14 (Probeam GmbH & Co. KGaA, Gilching, Germany), with
a maximum acceleration voltage and power of 150 kV and 45 kW, respectively. The
structuring of a surface is driven by the melting of the material and its displacement as
the electron beam scans the surface. The melting is dependent on the energy input per
the unit of length (E, [J/mY]), which is ultimately dependent on the acceleration voltage (U,
[V]), beam current (I, [A]) and deflection velocity (v, [m/s]): E = % Due to the “keyhole”
effect, the molten material is displaced behind the beam and subsequently solidifies. It
implies that controlling the deflection of the beam determines the accumulation of the
material and, ultimately, the surface structuring.

Since electrons serve as the energy source, the negatively charged subatomic particles
can be easily deflected by the magnetic lenses in the beam gun column to form geometric
patterns called beam figures. These beam figures can be designed independently and
implemented in the process, which then defines the trajectory of the electron beam. In the
present study, the beam figures were designed using MATLAB R2017a software (Math-
Works, Natick, MA, USA). In addition to the geometric dimensions (x and y coordinates),
each beam figure consists of a number of coordinates/elements.

In order to proceed with the electrochemical characterization and PEO treatment, it
was required that the beam figures/specimens had a square 20 x 20 mm area covered
by EB structures. Henceforth, the EB structure height was fixed at 20 mm. The follow-
ing EB structures/beam figures were designed to study the effect of the microstructure
(i.e., martensitic o’ Ti) separately, multiple topography scales on the PEO treatment and
electrochemical corrosion behavior:

The plain EB surface (designated M): molten and solidified surface with &’ martensitic
microstructure, to form an identical microstructure compared to ii and iii (Figure 1).

a) b)
20 12
11.8 -
c
=
11.6 =
15 £
11.4 E
Detail S
€ E‘11.2 0
E E
@ 10 o 11
= e
3 3
> > 10.8 c
L
S 10.6 E
s
10.4 =
5
10.2
0 ] 10 1 1 1 1 1 1 |
-1 0 1 -1 -08 06 04 02 0 02 04 08 08 1
X-Axis [mm] X-Axis [mm]

Figure 1. (a) Electron beam scan strategy followed to produce the molten surface (M). (b) detailed
view of (a).

The micro-grooves (designated G): 50 + 200 um groove/hatch spacing, 2 + 15 um
deep and dimension (height x width) of 20 mm x 20 mm (Figure 2).
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Figure 2. (a) Electron beam scan strategy followed to produce the micro-grooves (G) over
20 mm x 20 mm area. (b) detail view of (a). (c) 3D reconstruction of beam figure.

The linear macrostructures in the center, termed “Bridge”, has perpendicular micro-
grooves (designated B): 50 < 200 um groove/hatch spacing, approx. a 800 um center height
and a dimension (height x width) of 20 mm x 5 mm (Figure 3). To achieve the required
dimensions (20 mm x 20 mm), four such unit cells (20 mm x 5 mm, Figure 3a) are lined up
(Figure 3c).

Figure 1 shows the designed beam figure for the melting of the surface without any
surface structuring. The beam figure consisted of 1000 elements, i.e., coordinates, arranged
in a vertical alignment over a length of 20 mm. In contrast to the surface structuring of
ii and iii, the machine table was not held stationary but moved in the x-direction at
a travelling speed of 5 mm/s, while the beam figure was traversed at 1000 Hz (i.e.,
1000 times per second). The required power/energy input was determined based on
the preliminary studies, and for the present study, the surface was melted locally with
a power input of 600 W. The parameters are summarized in Table 1.
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Figure 3. (a) Electron Beam scan strategy followed to produce the bridge structures (B). (b) detail
view of (a). (c) arrangement of four bridge structures covering a 20 mm x 20 mm area. (d) 3D
reconstruction of the single Bridge beam figure (a).

Table 1. Summary of input and beam oscillation parameters to achieve: M, plain EB molten and solidified
surface with o’ martensitic microstructure; G1/G2, micro-grooves; B1/B2, bridge macrostructures.

Attribute M G1/G2 B1/B2 Unit
Acceleration Voltage Uace 120 120 120 kV
Beam Current Ipeam 5 2 2 mA
Power Ppeam 600 240 240 W
Welding Speed Virav 5 - - mm/s
Beam Figure Figure 1 Figure 2 Figure 3
Focal Position Surface Surface Surface
Dimension (bop) 20 x 20 20 x 20 20 x 5 mm
Hatch Spacing (bop) d - 100/200 100/200 pm
Elements (bop) e 1000 80,000/40,000 40,000/20,000
Frequency (bop) f 1000 20/10 20/10 kHz
Welding Time tweld 8 4 s
Number of Passes 1 2 2
Scan Speed (bop) Vscan 20,000 1000/500 500/250 mm/s
Energy Input E 240/480 480/960 J/m
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Figures 2 and 3 show the designed beam figures for the surface structuring to produce
(i) micro-grooves and (ii) bridge linear macrostructures, respectively. For the surface
structuring, the beam only was deflected, and the machine table was kept stationary. For
both beam figures, the scan was line-by-line with predefined hatch spacings (i.e., vertical
spacing between the beam trajectories, Figure 2b). While for the micro-grooves the beam
trajectory was unidirectional from one side to the other, the beam trajectory for the linear
macrostructures with perpendicular micro-grooves was multidirectional. Consequently, in
addition to the micro-grooves, the multidirectional beam trajectory leads to a high linear
macrostructure in the center (Figure 3d).

To determine the suitable process and beam oscillation parameters, preliminary studies
were performed and the parameters varied were: (1) the beam current (0.5-2 mA), (2) hatch
spacing (50-200 pm), (3) frequency (1040 kHz) and (4) weld time, i.e., the number of passes
(1-4). The final parameters were selected based on the defect-free surfaces with regular
patterns and the desired feature dimensions. The selection of the specimens to be PEO
treated was carried out using a digital microscope (Keyence VHX-5000, Keyence, Mechelen,
Belgium), 3D analysis and scanning electron microscopy (SEM) observations (TESCAN
Mira 3, Tescan, Brno, Czech Republic).

The final parameters for the further characterization of the microgrooves and lin-
ear macrostructure with perpendicular micro-grooves are listed in Table 1, respectively.
A final power input of 240 W (i.e., beam current 2 mA), hatch spacing of 100 and 200 pm,
frequency of 10 and 20 kHz and two passes for each beam figure were applied. The
EB surface structured micro-grooves with a hatch-spacing of 100 and 200 um are desig-
nated as G1 and G2, and the linear macrostructure with perpendicular micro-grooves with
a hatch-spacing of 100 and 200 pm are designated as B1 and B2, respectively.

2.2. Flash Plasma Electrolytic Oxidation

The EB-structured samples were cleaned in ethanol in an ultrasonic bath for 5 min for
both the PEO treatment and the electrochemical corrosion tests. They were subsequently
attached to a copper wire as an electrical contact and electrically insulated with a commer-
cial stopping-off resin (Lacquer 45, MacDermid plc), maintaining an unmasked 1 or 3 cm?
working area (depending on the specimen size).

The electrolyte was a Ca and P-containing aqueous solution with the following com-
position: 0.05 M C¢H;oCaO 5H,0; 0.055 M NaH,PO4 2H,0; 0.025 M NaOH; and 0.15 M
Nay(EDTA) 2H,0. The PEO treatment was carried out in a double-wall electrochemical cell
with agitation and maintaining the temperature of the bath at ~23 °C. An AC square voltage
signal with a 490 V positive pulse and a 30 V negative pulse (Vrms = 347 V) at 300 Hz and
a 50% duty cycle was used for the treatment. The initial rise of the voltage was controlled
using a 60 s ramp. The current density was limited to a maximum of 300 mA-cm~2. The
total treatment time was 45 s to obtain thin PEO coatings (~2 + 4 pum) in agreement with
the flash-PEO philosophy.

2.3. Surface Metrology and Microstructural Characterization

The surfaces of the non-treated and PEO-treated samples were studied with high-
resolution 3D optical metrology (InfiniteFocusSL, Bruker, Alicona). A 3D reconstruction of
the surfaces provided quantitative information on the surface features. The surface and
cross-section morphology and composition of the PEO coatings were studied by SEM and
energy dispersive X-ray spectroscopy (EDS, Oxford X-Max 20, Gatan, Pleasanton, CA, USA)
in a JEOL JSM-6400 system at 20 kV and a working distance of 15 mm. The cross-section
of the specimens was prepared following the traditional metallographic preparation. The
thickness of the PEO coatings was measured from the SEM cross-section images using
Image] software.
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2.4. Electrochemical Characterization

The physiological medium selected for the present work was a modified «-MEM
solution containing only inorganic compounds: 6.8 g/L NaCl; 0.2 g/L CaCly; 0.098 g/L
MgSOy; 0.4 g/L KCL; 2.2 g/L NaHCO3; and 0.122 g/L NayHPOy (diluted in deionized
water). The pH was adjusted to 7.4 = 7.6 using HCl. The electrochemical tests were
carried out using a Gamry Interface 1010E Potentiostat/Galvanostat/ZRA (Gamry In-
struments, Warminster, PA, USA) and an Ag/AgCl reference electrode and graphite as
a counter electrode. A double-wall cell connected to a water thermostat was used to
maintain the electrolyte temperature at ~37 °C during the experiments. Two specimens
of each condition with a working area of ~2 cm? were tested to ensure the repeatability.
The specimens were immersed in the medium and the open circuit potential (OCP) was
continuously measured for 1 h. It was followed by potentiodynamic polarization tests
(PDP) in the voltage range between —0.5 V and 3.5 V, with respect to the OCP, with a scan
rate of 0.5 mV/s. The electrochemical tests were set up, controlled and recorded using the
Gamry Instruments Framework software (Gamry Instruments, USA). The Gamry Echem
Analyst and OriginPro 8 (version 8.1) were used to analyze and plot the OCP and PDP
resulting curves. The corrosion potential and current densities were obtained from the
Tafel extrapolation of the cathodic branch. The corrosion rates were calculated with the
following formula:

3.272-i- MWry;
ValTi'dTi

where MWTr; stands for the molecular weight of Ti (47.87 g/mol), Valy; for the valence (4),
dr; for the density of Ti (4.51 g/cm?) and i for the corrosion current density in mA/cm?.
The polarization resistance values were obtained from the linear region of the polarization
curves located within 10 mV from the Ecqry.

CR (um/year) = 1

3. Results and Discussion
3.1. EB Modified Surface Topography and Microstructure

Figure 4a,b show the 3D topographic images and profile analysis of the micro-grooves
(G; G1 hatch spacing 100 um, G2 hatch spacing 200 um) and the lined up unit cells of
the bridge structures (B; B1 hatch spacing 100 um, B2 hatch spacing 200 um), respectively.
Notice that the longitudinal, transversal and vertical directions were labelled (LD, TD and
VD, respectively), the LD direction being the main direction of the structures: parallel to
the micro-grooves in G1 and G2; and parallel to the central line of the bridges in B1 and
B2. The TD profiles taken for the G1 and G2 specimens (Figure 4a) are shown in Figure 4c.
It can be seen in both cases the 100 and 200 pm spacing between the micro-grooves in
agreement with the design. A peak profile was found for the G1 specimen, while it had
an asymmetric wave-like shape in the G2 specimen with a total height of almost half of that
of the G1 profile. According to the literature [19-21], the main influence on the total height
of the protrusion is the beam current, i.e., an increase in the beam current directly leads to
an increase in the height of the protrusion, although the scan frequency also has an influence.
While Téndl and Enzinger [21] observed that a decrease in the scan frequency leads to
an increase in the height, Wang et al. [19] found that such a decrease does not necessarily
lead to an increase in the height and that there is a more complex relationship to the
formation of protrusions; i.e., if the parameter combination is chosen such that the liquid
metal reaches a certain high temperature with a low viscosity, the interaction of the surface
tension and vapor pressure no longer contributes much to the formation of the protrusions.
This may be the case in the present study because, although the scan frequency was lower
in G2 compared with G1, the local energy input (heat input) was twice as high. As a result
of the greater heat input, the molten metal downstream of the beam remained at a relatively
high temperature for an extended period of time, so that it did not have a sufficient amount
of time to cool and had not effectively piled up. The protrusions were wider rather than
taller as the increase in the heat input resulted in a wider single bead width, which is also
consistent with the literature [20]. Additionally, the lateral dimensions of the single-bead



Coatings 2022, 12,1573

8 of 23

a)

VD (um)

VD (um)

lines in G2 were larger than the spacing between the subsequent lines, thus displacing the

material from the previous lines, while the G1 strategy allowed for the accumulation of the
material more effectively, despite the lower input energy (Figure 4c).
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Figure 4. (a,b): 3D reconstruction of micro-canals and bridge structures. LD: longitudinal direction
along the main direction of the structures. TD: transversal direction perpendicular to the main
direction of the structures. VD: vertical direction. (c): TD profiles of G1 and G2 specimens. (d): TD
profiles of B1 and B2 samples. (e): LD profiles A and B of B1 and B2 samples. (f): LD profiles C of B1

and B2 samples.

The surface descriptors obtained from the 3D optical metrology of the representative
areas for each structure are presented in Table 2. The G1 structure produced a rougher
surface than the G2 structure, with a larger S10z in correlation with the profiles shown
in Figure 4. The effective area of the G1 specimen was increased by 14%, while one of
the G2 surfaces was increased by only 2.2%. The Sy, parameter indicated the roundness
of both surfaces (Sy; < 3). On the other hand, the Sg parameter indicated that the G1
surface had an even distribution of the peaks and valleys (Sgx near 0) while the valleys
dominated the G2 surface, related to shape (Sgx < 0). It could be concluded that the G1
surface structuring was optimal in terms of the line spacing and input energy to produce
a regular micro-groove topography with evenly distributed rounded peaks and valleys.
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Table 2. Surface descriptors of the bare EB structures obtained by 3D metrology. S,: average surface
roughness. Sq: square root average surface roughness. Sq,: ten-point average height. Sq: skewness
parameter. S,: kurtosis parameter. Areas analyzed: G1 and G2 4.2 mm?. B1: (5.8 x 13) 75.4 mm?.
B2: (5.8 x 13) 86.54 mm?. B1-B, B1-C, B2-B and B2-C stand for the profiles B and C specified in
Figure 4b,e f. *: Rqp, values.

Specimen  Area Ratio (%) Sa (um) Sq (um) S10z (nm) Ssk Sku
Gl 14 57 6.43 18 £ 0.5 0.06 1.7
G2 2.2 23 3.46 10+1 —0.3 1.9
B1 53 58 68 218 £17 —0.6 2.2
B2 9.6 99 116 353 £23 —0.5 22

B1-B - - - *56£0.5 - -
B1-C - - - *74+08 - -
B2-B - - - *86+t14 - -
B2-C - - - *23+1.8 - -

Figure 4b shows the 3D topographic image of the B2 sample. The profile plots in
Figure 4d correspond to the TD profiles of both the B1 and B2 specimens. The LD profiles
for both B1 and B2 along the lines indicated as A and B in Figure 4d are shown in Figure 4e.
The LD profiles along line C in Figure 4e for both Bl and B2 are shown in Figure 4f. It could
be seen that both B1 and B2 consisted of a central structure, i.e., a bridge, with a total height
of ~220 pm and ~350 pm, respectively. The bridges were spaced by ~5 mm in agreement
with the design. It is worth noticing that the structures were not symmetrical in the TD,
having a sharp valley at one end of each bridge (indicated with the arrows in Figure 4d).
This was due to the overlap of the bridges, i.e., a consecutive bridge removed the material
from the previous one. It indicates that a further bridge width and spacing optimization
would be necessary.

The LD profiles (Figure 4e,f) revealed that micro-grooves in the TD were formed while
maintaining the 100 and 200 um spacing distances. These were more regular at the sides of
the bridges (the B and C profiles) than at the top (the A profiles), where the surface was
irregular. It was also observed that their total height increased towards the edges of the
bridge (Table 2).

The roughness parameters of the Bl and B2 samples in Table 2 correspond primarily
to the bridge structures. There was an increase in the area ratio, S, Sq and Sy, in the
B2 specimen with respect to the Bl sample due to the larger amount of material which
accumulated at the top part of the bridge because of the higher input energy (Table 1,
Figure 4).

Considering the profiles shown in 4c (grooves) and 4e (bridge—position B), a similar
height of the grooves for G2 (scan speed 500 mm/s and energy input 480 J/m), B1 (scan
speed 500 mm/s, energy input 480 J/m) and B2 (scan speed 250 mm/s, energy input
960 J/m) can be observed. This confirms previous indications which showed that with
a higher energy/heat input, the height of the grooves cannot be further increased. This is
unlike the low heat input G1 (scan speed 1000 mm/s, energy input 240 J/m), which has
a groove height twice as large. In addition to the formation of the microgrooves, there is
also a macroscopic displacement of material: (1) for the grooves from one side to the other
(Figure 2c), since the deflection of the beam is unidirectional, and (2) for the bridge in the
center (Figure 3d), since the beam travels alternately. The amount of locally melted material
can be related to the heat input, i.e., the higher the energy input, the more material which is
melted and macroscopically displaced. This is of particular interest for the bridge structure,
since the alternating beam travel causes the material in the centerline to be piled up from
both sides. Consequently, for the higher energy input B2, a more pronounced macroscopic
material displacement can be observed in the center (Figure 4d).

Figure 5 shows the SEM images of the bare EB specimens and cross-sections. Figure 5a,b
shows the surface and cross-section of the M sample where a typical o’ martensitic mi-
crostructure was found within the prior 3 grains due to the rapid solidification that con-
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trasts, with respect to the initial equiaxed « + (3 microstructure of the Ti6Al4V alloy
(Figure 5c). The relief formed at the surface by the grain boundaries and «’ needles was due
to the solidification in a vacuum, as described by Ferraris et al. [12]. Figure 5d,g,j,m demon-
strates that the EB structuring was successful in producing reproducible micro-grooves
with the hatch distance being set by the design in each case. These figures also shown that
while the micro-grooves in G1 and G2 had a linear shape, these were curved in the Bl and
B2 due to the different deflection and velocity of the beam. Images 5e, h, k and n show that
the relief on the surface observed in image 5a was also replicated in the structured samples.
Similarly, the o’ martensitic microstructure was seen in the cross-section of these samples
(Figure 5f,i,1,0).

Figure 5. Surface and cross-section SEM images of the bare EB structures: (a-c), M; (d—f), G1; (g-i), G2;
(j-1), B1; and (m-o), B2. (d,g,j,m) correspond to an overview of the structures. (e,h,k,n) correspond
to detail images of the EB surfaces. (f,i) TD cross-section of G1 and G2. (1,0) LD cross-section of Bl
and B2 showing the cross-section of the micro-grooves.
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3.2. Flash-PEO Coatings Fabrication

Figure 6 presents the RMS current density and voltage (irpms and Vrws, respectively)
during the 45 s PEO treatment for all of the specimens. The initial stage of the process
(<15 s) consists of the growth of a TiO, anodic film on the surface of the samples at
a near-constant irps (~50 mA-cm~2) while the Vrys increases at a constant ratio. Beyond
15 s of the process, the irys increases rapidly up to 300 mA-cm =2 (maximum limit set).
The first visible sparks accompanied the current rise on the surface of the specimens. The
current surge’s initiation was the only significant difference between the molten material
and the structured samples. The iryms of the G1 specimen followed a nearly identical trend
to the M sample. The current rising was delayed by ~3 s for the G2 and B1 specimens and
around 5 s for the B2 surface, showing a slower rise. Nevertheless, the current density
reached the maximum in all of the samples for the same treatment time, and the process
continued without any other difference.

350 250
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3004| —* Gl 1%
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200 A _150 g<
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150 100
100 - 75
50
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Figure 6. Evolution of the RMS current density and voltage (irms and Vryis, respectively) during the
PEO treatments.

3.3. Microstructural Characterization of Flash-PEO Coatings
3.3.1. Flash-PEO Coatings on Flat Molten Surface

The PEO-treated molten material (herein M-PEO) showed the characteristic of a rough
and porous surface of this type of Ca- and P-containing PEO coatings (Figure 7a) and
a thickness of 3.2 + 0.8 um [22,23]. The image analysis carried out on 3 areas (10,000 ym?
each) of the surface revealed that the M-PEO coating had a mean pore size of ~0.6 um
and a surface porosity of about 5% (Table 3). The cross-section of the coating (Figure 7b)
presented a sub-micrometer inner nanoporous layer in intimate contact with the substrate
(black arrow in Figure 7b) and a compact outer layer that accounted for most of the coating
thickness. The porosity within the film was also found to be consisting of micro-cavities
and trapped gas bubbles (white arrows in Figure 7b).
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Figure 7. (a,b): SEM of the M-PEO specimen surface and cross-section, respectively. White and black
arrows indicate porosity remarks discussed in the text.

Table 3. Porosity values obtained by image analysis for the flash-PEO coatings on the EB-structured
samples. * G1-PEO-R1 and 2013R2 correspond to image analysis in regions marked in Figure 9a.

Specimen Population/1000 pm? Mean Size (um) Max Size (um) Porosity (%)
M-PEO 148 £+ 26 0.64 +0.42 4.0 5
G1-PEO 238 +£13 0.63 £ 0.41 4.6 6

GI1-PEO-R1 * 239 0.67 £ 0.43 4.1 6
GI1-PEO-R2* 250 0.75 £ 0.53 5.1 7
G2-PEO 168 + 23 0.74 £0.50 5.0 5

A compositional analysis of the surface (Table 4) revealed the main presence of O
and Ti corresponding to the formation of TiO,. The substrate elements Al and V were
also found in a small amount (<2 at.%), indicating their incorporation in the coating. The
incorporation of the electrolyte-derived elements P and Ca was also confirmed, P being
predominant over Ca and with a Ca to P atomic ratio of 0.7.

Table 4. Energy dispersive X-ray spectroscopy (EDS) of PEO-treated specimens. Values given in at.%.

Specimen (0] Na Al P Ca Ti v Ca/P
M-PEO 64.3 0.6 1.7 7.6 5.5 19.6 0.6 0.7
G1-PEO 67.0 0.4 1.5 6.8 53 18.3 0.7 0.8
G2-PEO 65.8 0.7 1.8 7.5 57 17.8 0.7 0.8
B1-PEO 66.3 0.5 1.7 7.1 5.5 18.3 0.6 0.8
B2-PEO 68.1 0.6 24 6.7 52 16.5 0.6 0.8

3.3.2. Flash-PEO of EB Surface Structures

The TD profiles obtained from the 3D topographic images of the G1-PEO and G2-PEO
specimens are shown in Figure 8. It was found that the periodicity, shape and vertical
and lateral sizes of the micro-grooves (Figure 4c) were not altered during the flash-PEO
treatment. The surface descriptors presented in Table 5 were similar to those of the bare
structured samples (Table 2). These results indicated that the flash-PEO coatings did not
modify the EB structures which were produced.
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Figure 8. TD profiles of G1-PEO and G2-PEO specimens.

Table 5. Surface descriptors of the flash-PEO-treated specimens obtained via 3D metrology. Sa:
average surface roughness. Sg: square root average surface roughness. 510z: ten-point average height.
Sek: skewness parameter. Sy,: kurtosis parameter.

Specimen Area Ratio (%) S, (um) Sq (um) S10z (um) Ssk Sku
G1-PEO 11 6.8 7.6 254+ 0.5 0.1 1.6
G2-PEO 1.2 3.2 3.7 15+ 1.0 —0.4 1.9
B1-PEO 2.6 66 74 204 + 14 —0.7 2.2
B2-PEO 9.7 107 123 347 £+ 21 —0.4 2.0

Flash-PEO Coatings on the Micro-Grooves Structures

The SEM images of the G1-PEO and G2-PEO coatings are shown in Figure 9. Figure 9a,c
were taken over the top part of the micro-canals, which was seen as a brighter line in the
image. The adjacent areas descended to the valleys of the beam figure (regions R1 and R2).
Both the G1-PEO and G-PEO samples presented a comparable surface morphology to the
one of the M-PEO (Figure 9b,d). Nevertheless, the surface of the G1-PEO coating seemed
to have a larger number of fine pores at the bottom of the micro-canals. The image analysis
carried out on the G2-PEO coating (Figure 9d) revealed porosity values similar to those of
the M-PEO coating (Table 3). The image analysis of the G1-PEO was carried out over the
side surfaces and (Figure 9b) valleys (regions R1 and R2 in Figure 9a). These three analyses
revealed that the mean and maximum pore sizes were close to the M-PEO coating, but
there were a higher pore population and a slightly higher porosity (Table 3).

The EDS area measurements (Table 4) of the G1-PEO and G2-PEO specimens show the
Ca and P contents in agreement with those of the M-PEO coating. Figure 10 presents the
cross-section of the G1-PEO and G2-PEO specimens, which revealed a similar morphology
and thickness (Table 6) to the M-PEO coating.
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Figure 9. SEM surface of G1-PEO (a,b) and G2-PEO (c,d) samples. Dashed regions R1 and R2 in
image a mark the regions analyzed for porosity in Table 3.

10 pm

Figure 10. Cross-section SEM of G1-PEO (a-c) and G2-PEO (d-f) coatings. Notice that cross-sections
corresponded to the VD-TD plane across the micro-grooves.
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Table 6. Thickness measurements of the flash-PEO coatings on the EB-structured samples. Values
obtained from cross-section images in Figure 7, Figure 10 and Figure 12, respectively.

Specimens Location Thickness (um)
M-PEO - 32408
- 29+0.6
G1-PEO Top—Figure 10b 27+£04
Bottom—TFigure 10c 31+£038
G2-PEO - 2.8+08
B1-PEO-TD Overlap—Figure 12a 32406
B1-PEO-LD Profile B—Figure 12¢ 35+09
Overlap—Figure 12a 33£0.6
B2-PEO-TD Overlap—Figure 12a 23+0.6
Overlap—Figure 12a 45+09
B2-PEO-LD Profile B—Figure 12f 31+£07

To summarize, the most remarkable finding was the greater pore population of the
G1-PEO. The agreement in pore size, thickness and composition between the three samples
indicated a similar PEO growth rate. Henceforth, it is suggested that the higher pore
density in G1-PEO was related to a greater heat diffusion during the PEO, steaming from
a larger surface area, promoting a faster solidification of molten oxide and preventing finer
pores from clogging [24]. On the other hand, a lower heat diffusion allowed for the flow of
molten oxide in M-PEO and G2-PEO, producing a smoother surface near the larger pores.

Flash-PEO Coatings on the Bridge Structures

Figure 11 shows the SEM images of the B1-PEO (a—d) and B2-PEO (e-h) specimens.
Figure 11a,b,e,f were taken where the bridges overlap. Figure 11c,g shows the top part of
the bridges (profile A in Figure 4b), while d and h correspond to the areas over the micro-
canals formed on these structures (approximately profile B in Figure 4b). It could be seen
that the coating grew over the sharp edges and perpendicular surfaces of both structures
without any apparent discontinuities, and it maintained the morphology observed for the
rest of the samples (Figure 11a,b,e,f). The coating formed at the top part of the structures
and over the micro-canals also showed the same morphology and no defects whatsoever.
The EDS area measurements of these samples (Table 4) were taken over the bridge overlaps
since it was expected that any deviations from the M-PEO were most likely to appear in
this region. Nevertheless, no changes in composition were observed.

Figure 12 present the cross-section of the B1-PEO (a—c) and B2-PEO (d—f). Figure 12a,b,d,e
corresponds to the cross-sections in the VD-TD plane at the bridges overlap. Figure 12¢,f
corresponds to the cross-sections in the VD-LD plane along Profile B, indicated in Figure 4,
approximately. In general, the cross-section morphology of these samples was similar to
that of the PEO on the molten surface. The thickness measurements revealed no significant
difference with respect to the M-PEO specimen (Table 6), except at the overlap area in the
B2-PEO specimen (Figure 12d,e). It is evident that the coating at the bottom of the overlap
area (Figure 12e) was noticeably thinner than the coating at the adjacent region: 2.3 um
and 3.3 um, respectively. Additionally, at the top part of the overlap, the coating thickened
significantly (4.5 pm).

This suggested a lower growth rate at the bottom part of the bridge overlap, which
could be linked to the delay in the current density surge of the B2-PEO specimen, as
observed in Figure 6. It is believed that a lower current density passed through this region
due to a poor orientation, with respect to the cathode. It may be also considered that the
gas bubbles arising from the process were not easily detached, further shielding the region.
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Figure 11. SEM of B1-PEO (a-d) and B2-PEO (e-h) specimens: (a,b,e,f) were taken at the overlapping
area; (c,g) at the top part of the bridges; and (d,h) at over micro-canals formed.
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Figure 12. Cross-section SEM of B1-PEO (a-c) and B2-PEO (d—f) coatings. Images (a,b,d,e) correspond
to the VD-TD plane (across the bridge macrostructure) at the bridge overlap region. Images (c,f)
correspond to the VD-LD plane across the micro-grooves of the macrostructures along the profile B
(marked in Figure 4) approximately.

The PEO coatings at the micro-canals on the outer part of the bridge structures
(Figure 12¢,f, approximately the B profiles) were also similar in thickness to the coatings
on the G1 and G2 structures and the molten surface, indicating that these surfaces did
not produce a significant loss of efficiency during the process. Henceforth, these results
suggested that beyond a 50 pm depth, careful consideration should be taken during the
design of EB surface structures to avoid the electrical occlusion of the material.

3.4. Electrochemical Response

Figure 13 presents the OCP evolution during 1 h of immersion time before the po-
tentiodynamic polarization of the non-treated and PEO-treated specimens. The non-
treated samples had negative OCP values, while the PEO-treated samples showed higher
values. Among the non-treated specimens, the EB-structured surfaces presented more
negative OCPs.
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Figure 13. Evolution of the open circuit potential (OCP) over 1 h of immersion in modified
«-MEM solution.
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Figure 14 presents the polarization curves of the non-treated and PEO-treated speci-
mens. The corrosion potentials and current densities (Ecorr and icorr, respectively, obtained
by Tafel extrapolation) as well as the initial potentials and currents of the passive segments
(Epass and ipass) are given in Table 7. The non-treated specimens showed a negative Ecorr
close to those shown during the OCP measurements, making the M specimen the noblest.
The icorr was one order of magnitude higher in the structured samples, with respect to
the molten surface. In turn, the corrosion rates of the bare structured specimens were
found to be one order of magnitude higher (1.1-3.4 um/year), with respect to the molten
surface (0.1 um/year). At the same time, the polarization resistance decreased one order of
magnitude for the groove and bridge structures. Icorr and CR were greater and the Rj, was
lower for the bare bridge structures than for the groove structures, indicating a correlation
with larger surface features. These effects may be assigned to defects within the natural
passive oxide layer. It may be assumed that this layer was homogeneous and compact on
the flat molten surface while it became more defective due to tensile stresses at the top of
the convex features, such as peaks in the grooves’ specimens and the top and the sharp
edges of the bridge structures. Nevertheless, it is worth recalling that all the specimens
presented a passive behavior.
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Figure 14. Potential vs. current density (E and i, respectively) during potentiodynamic polarization
experiments of bare and PEO-treated samples in modified «-MEM solution.

Table 7. Electrochemical parameters of non-treated and PEO-treated specimens. CR stands for
corrosion rate and Rp for polarization resistance. * ipass values correspond to the density current

at Epass.

Specimen OCP (V) Ecorr (V) icorr (A-cm—2) CR (um/year) Rp (©Q-cm?) Epass (V) ipass (A-em—2) * Eo (V)
M —0.12 -0.13 1.34 x 10~° 0.1 4.69 x 107 0.60 481 x 1077 >3
G1 —0.31 —0.30 1.23 x 108 1.1 4.95 x 100 0.18 1.06 x 107® -
G2 —0.32 —0.40 1.29 x 1078 1.1 5.39 x 100 0.13 2.05 x 107 -
B1 —04 —0.36 3.88 x 1078 34 2.13 x 100 0.09 2.16 x 107 -
B2 —0.27 —0.35 257 x 1078 22 3.05 x 100 0.14 1.85 x 107° -

M-PEO 0.48 0.13 3.18 x 1078 2.8 1.37 x 10° 0.25 8.83 x 1078 1.31
GI1-PEO 0.47 0.11 248 x 1078 22 1.75 x 10° 0.25 8.83 x 1078 1.31
G2-PEO 0.46 0.09 246 x 1078 2.1 2.16 x 100 0.25 8.83 x 1078 1.31
B1-PEO 0.4 0.08 3.02 x 1078 2.6 1.87 x 10° 0.25 8.83 x 1078 1.31
B2-PEO 0.28 0.003 425 x 1078 3.7 1.53 x 10° 0.25 1.5 x 1077 1.31
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The molten surface presented a passive region at 4.81 x 10~7 A-cm~2 above 0.6 V.
A second passivation region beyond 1.3 V at about 1.5 x 107® A-cm~2 was observed,
which extended above 3 V. The bare structured specimens had similar passivation regions
(1+2x107% A-cm~2) above ~0.1 V. All the EB-structured samples presented a sudden
increase in current density beyond 107> A-cm~2, which was related to localized crevice
corrosion, as demonstrated by the post-mortem analysis of the tested samples.

The 3D optical topographic images of the micro-canal specimens presented in Figure 15
show that the initiation of the localized crevice corrosion started under the resin mask and
spread laterally underneath it, reaching the nearby canals and advancing along the micro-
canals (Figure 15a, image taken on a sample right after the initiation of the current density
increase). For longer immersion times, the corrosion region spread laterally to several
micro-canals at the initiation point and at the exposed surface near the resin (Figure 15b).
At the same time, the corrosion advanced further along the micro-canals (Figure 15c). In
the case of the bridge structures (Figure 16), crevice corrosion initiated at the overlapping
areas beneath the resin. In this case, the corrosion spread laterally towards the outer parts
of the bridge only at the initiation point (Figure 16a), while within the exposed area of
the surface, the corrosion advanced exclusively along the overlapping area (Figure 16b).
The formation of a loosely adherent light-brown gel on the surface accompanied the
crevice corrosion.

a

tss2888E

Figure 15. Representative 3D reconstructions of localized crevice corrosion on samples G2 (a,c)
and G1 (b). Image (a) shows the initiation of crevice corrosion on sample G2. Image (b) shows
the corrosion pits at the initiation point of corrosion at the end of the test of sample G1. Image (c)
corresponds to the whole area of G2 samples after the completion of the PDP tests.

The crevice corrosion takes place within the restricted volumes where oxidizing
species, such as dissolved Oy, are consumed faster than what is replenished from the bulk
solution, preventing the formation of new oxide. This situation also involves low pH levels
with the hydrolysis of titanium chlorides that form hydrochloric acid and Ti hydroxides
(Ti(OH)¢—), among other products [25-27], and the generation of an electrochemical
microcell between the crevice becomes the anode and the outer exposed surface becomes
the cathode.
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Figure 16. Representative 3D reconstructions of localized crevice corrosion on sample B2 after the
PDP test: (a) initiation point; and (b) whole surface.

Such a localized corrosion has been reported previously in the literature which dealt
with the electrochemical behavior of the DMLS Ti6Al4V pins, where the crevice corrosion
appeared at the superficial porosity and imperfections [25]. The Ti6Al4V alloys man-
ufactured by laser-based powder bed fusion are characterized by an «’/« martensitic
microstructure similar to the one formed in EB structures. Additionally, the formation
of a light-brown gel was also reported and assigned to TiO,-H,O and TiO3-H,O, which
presents a higher solubility and a worse adherence than TiO,. The remnants of these oxides
were observed to be adhered to the specimens shown in Figures 15 and 16. It might be
hypothesized that such products and oxides formed within the crevice extended outside
the crevice and along the micro-canals and overlapping area, occluding these valleys and
leading to under deposit corrosion.

Additional PDP tests were carried out on M specimens at the pH values of 7.5, 3.6
and 2 (Figure 17). Localized corrosion, or any other type of corrosion whatsoever, was
not observed in these specimens. This indicates that the consumption of the oxidizing
species (i.e., dissolved O,) within the restricted volume played a more dominant role in the
localized crevice corrosion of EB-treated specimens than low pH levels.

Finally, a crevice appeared between 1 and 2 V for the G1 and B1 specimens and
between 2.5 and 3 V for the G2 and B2 samples, indicating a correlation between the crevice
potential and the hatch spacing. It is believed that is related to a greater number of possible
crevice locations in G1 and B1, hence increasing the chances for localized corrosion.

All the PEO-treated specimens presented an identical electrochemical behavior with
positive Ecorr (~0.1 V) values, slightly lower than those of the OCP recorded. This shift
is commonly observed for titanium and is related to the charging process of the elec-
trode/solution interface capacitance. Despite the relatively slow scan rate used in this
study (0.5 mV/s), which is a well-known strategy for minimizing this artefact [28], PEO-
treated specimens, unlike bare substrates, showed a sufficiently high charging current to
shift the Ecorr to significantly lower values than the OCP. The icorr values were found in
the range between 2.5 and 4.5 x 1078 A-cm~2, which are in agreement with the values
reported for the PEO coatings on the AM Ti6 A4V alloys in the biological media [29]. The
icorr of the PEO-treated specimens was one order of magnitude higher than that of the bare
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molten surface and of the same order in comparison to the groove and bridge structures.
This can be assigned to the microstructure of the inner barrier-like layer of the PEO coatings
that is in intimate contact with the substrate. Such a layer is known to contain nano-pores
that might explain the higher icorr and CR and lower Rp with respect to the molten surface.
Nevertheless, these specimens presented a strong passive behavior and passive current
densities lower than those of the un-treated specimens. All the samples reached a passive
region at about 0.25 V (Epass) and a passive current (ipass) of ~8.83 x 1078 A-cm—2. Up to
1.3 V, the current density decreased to 3.18 x 1078 A-cm™~2. Finally, the current density of
the PEO-treated specimens increased rapidly beyond 1.5 V due to the oxygen evolution.
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Figure 17. Potential vs. current density (E and i, respectively) during potentiodynamic polarization
experiments of bare molten surface at pH 7.5, 3.6 and 2. PDP curve of M-PEO at pH 7.5 is also given

for comparison.

As a concluding remark, unlike the untreated structured surfaces, the PEO-treated
samples did not reveal any sign of crevice corrosion. It would therefore be recommended
that EB-structured Ti surfaces were treated via PEO to avoid this issue while enhancing the
osteoconductivity of the surface.

4. Conclusions

The PEO treatment of EB surface structures was carried out successfully with only
minimal differences at the onset of sparking. The coating morphology, thickness, composi-
tion and electrochemical properties were identical for all of the coatings. At the same time
the EB structures were unchanged by the PEO process. The following remarks were drawn
as the conclusions from this study:

+  The coating could reproduce the topography carried out with the EB process. The
submicrometer topographical features were only affected by the flash process.

+  The PEO coatings provided a surface with a sub-micrometric roughness and a maximum
thickness of ~3 um, containing biocompatible elements in the composition (Ca/P atomic
ratio of 0.8). The pore density was estimated to contain about 150 < 240 pores /1000 wm?
and with a pore mean size of ~0.7 um.

+  For the groove structures, a higher pore density of the fine pores was found at the
bottom of the valleys in the G1 EB structure which was assigned to a higher cooling
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rate of the topography, leading to a faster solidification of the molten oxide, preventing
the clogging of the pores.

+  For the bridge structures, structures with a hatch-spacing of 200 um (B2) lead to
a slightly less efficient process, delaying the onset of sparking by about 5 s. The only
morphological difference was found at the bottom of the overlapping areas where the
coating was thinner.

+  The topography of the PEO-coating did not incur in any significant differences in the
electrochemical behavior, showing a passive behavior with passive current densities
at approximately 9 x 1078 A/cm~2.

+  The PEO-coatings prevented, effectively, the crevice corrosion in the structured sur-
faces. In future, it is recommended that titanium implants in contact with other
surfaces or with a designed topography are subjected to PEO treatments to prevent
a localized crevice corrosion.

+  From the point of view of the EB structuring design and fabrication, the results on this
work showed that deep topographies might hinder the PEO efficiency and growth,
compromising the functionality and electrochemical performance of the coating.

The combination of both techniques may be of great interest for orthodontic and
orthopedic applications. For that, further investigations may need to address, to improve
the functionalization of the surface, (a) the bonding strength between the PEO-treated
EB surface structures and the bone, (b) a higher Ca/P ratio closer to the hydroxyapatite
keeping the topography of the substrate and (c) the application of PEO treatments to finer
EB structures.
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