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Abstract

Hydroxyapatite (HA) is a bioactive calcium phosphate capable of enhancing the implant/bone
connection improving osteoconductivity and osseointegration process. However, the HA
presents mechanical properties limiting its application. A good way to resolve this limitation
is to combine the excellent biological properties of HA with materials with suitable
mechanical behavior, like Ti-25Nb-25Ta alloy. The Ti-25Nb-25Ta alloy is composted by
non-toxic and corrosion-resistant elements, presenting good biological compatibility. In this
work, Plasma Electrolytic Oxidation (PEO) (using direct current-DC) was applied in
conventional mode and Two-Step PEO aiming to produce a porous coating containing HA. It
was not possible to produce a satisfactory coating applying conventional PEO due to
successive spalling during the oxidation process. Adding a pretreatment to the conventional
PEO changed the process to Two-Step PEO allowing to form a porous coating containing
HA. The pretreatment was made by PEO using phosphoric electrolyte to produce a pre-
coating. After that, the pre-coating was re-oxidized with calcium/phosphorus electrolyte. The
Two-Step oxidized surface presented well-known good characteristics to applications in
osseous implant devices such as porous formation, roughness in the micrometrical range,
surface containing calcium and phosphorus, bioactive crystalline titanium oxide, and well-
adhered HA formation. However, the coating morphology and chemical composition of pre-
coating and Two-step oxidized surfaces were not uniform. The non-uniformity of the Two-
Step oxidized surface follows a similar non-uniformity pattern of the pre-coating surface. Two
distinct morphologies were identified on the Two-Step oxidized surface: a “velvety
morphology” with HA formation and a highly porous morphology. Regarding the Ti-25Nb-
25Ta alloy, the Two-Step oxidation produced an adhered coating with porous apatite

distribution interspersed with calcium-rich porous oxide.
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1. Introduction

Hydroxyapatite (HA) is a bioactive material used to replace hard tissue being capable
of improving the bonding between implants and osseous tissues. HA coatings enhance
osteoconductivity, accelerate and facilitate the osseointegration process by forming a bone-
like apatite that integrates strongly with the implant surface [1-3]. In addition, HA formation
is considered the main prerequisite for bone-bonding ability [4]. However, the HA presents
mechanical properties limiting its application. Covering apatite methods over materials, such
as metallic alloys, can combine the good mechanical properties of the alloys with the

biological properties of HA.

Treatments such as biomimetic method [5], Sol-gel process [6], Plasma spraying [7],
Electrophoretic [8], and Electrochemical deposition [9] are capable to cover other material
with apatite. However, some of these techniques may present disadvantages singly or in
combination, such as poor adhesion, the necessity of great sintering temperatures, coating
with cracks, long processing time, complexity in preparation, and high cost [10]. Plasma
electrolytic oxidation (PEO), also is able to produce an oxide coating containing crystalline
apatite on biocompatible metallic substrates like niobium (Nb) [11], tantalum (Ta) [12], and
commercially pure titanium (CP-Ti) grade 4+ alloys [13]. PEO is an easy and fast process,
being able to cover complex metallic geometries and possible to create suitable characteristics
for osteointegration processes like porosity, well-adhered coating, corrosion-resistant

interface, hydrophilic surface, favorable chemical composition, and bioactivity [14-25].

Nb, Ta, and titanium (Ti) present excellent characteristics to be used as implants in
hard and soft tissues, and bioactivity after submitted to specifics superficial treatments[26—
34]. Specifically, Nb, Ta, and Ti have relatively high elastic modulus (108 GPa, 186 GPa, and

118 GPa respectively) when compared to the bone values [28,31,35]. These elastic moduli



differences cause the Stress-Shielding effect in the osseous tissue. According to Wolf’s Law,
insufficient mechanical stimulus on osseous tissue may result in the phenomenon called bone
reabsorption surround the implant and consequently decreasing the bone-implant mechanical
stability [36,37]. When Ti, Ta, and Nb are alloyed, the result may create a metallic substrate
with low elastic modulus like B - Titanium alloys. A - Titanium alloy Ti-25Nb-25Ta present
low modulus (55 GPa), super elastic behavior, excellent corrosion resistance [38], and
superior cellular performance than titanium commercially pure [39]. Thus, the proposed study
aims to treat the Ti-25Nb-25Ta alloy using Two-Step Plasma Electrolytic Oxidation to create

a coating containing HA, with suitable characteristics for osteointegrables implants.

2. Experimental details
2.1. Metallurgical process

The alloy was prepared by melting pure Ti (grade 2), Nb (99.7% purity), and Ta (99.8%
purity) in a controlled atmosphere (Argon gas) and following the percentage in weight 50 %
of Ti, 25% of Nb, and 25% of Ta. After the alloy ingots production, the ingots were subject to
two heat treatments for solubilization:

1- 950 °C for 24 h- cooling with a low gradient of decreasing temperature.

2- 850 °C for 1 h cooling with a high gradient of decreasing temperature [40].
The cylindrical ingots had 10 mm of diameter and were cut by electro-erosion wire technique
with 2 mm of thickness.
To clean the surface before the electrolytic treatment, the specimens were subject to a sanding
process and posteriorly, the specimens were ultrasonic cleaned following the procedure in the

reference [11].

2.2 Plasma electrolytic oxidation (PEO) conditions

A Chroma 62024P-80-60 DC was used to supply the electrical parameters with a

computer coupled to record the electrical current during PEO. The oxidations were carried out



at room temperature, with constant stirring, and using a titanium bar as a cathode. The surface
alloys were exposed to the electrolyte by a hole in the wall of the electrolytic cell, fixed using
a stainless steel screw, and sealed with a Viton O-ring. To perform the oxidations was used an
electrolytic cell of acrylic to contain the electrolyte. The PEO processes were performed in
potentiostatic mode. In this case, the voltage provided by the power source remains constant

at all the oxidation time. It was used to this work two different electrolytes:

1. Phosphoric solution:1 mol.L™ H3PO,4 (80 % vol.) + 35 % hydrogen peroxide
(20% vol.).
2. Calcium + Phosphorus electrolyte: 0.5 mol.L™" Ca(CH3CO,), - H20 (80% vol.)

+ Phosphoric solution (20% vol.)

To verify the influence of the pre-layer, the oxidations were performed in conventional
PEO mode (without pre-layer) and Two-Step PEO. The conventional PEO was conducted

using the same experimental parameters as the second step of Two-Step PEO.
2.2.1 Conventional PEO conditions

The electrolyte used to this condition was the Calcium + Phosphorus electrolyte and a

voltage of 380V was applied during 60s.
2.2.2 Two-Step PEO conditions

This process was made in two steps and each step had different voltage and
electrolyte. The condition used was based in our previous work using niobium[11]. However,
the same condition used to Nb did not produce a satisfactory coating and it was necessary to

regulate the experimental parameters. The better condition found was presented in this work:

2.2.2.1 First-Step Plasma electrolytic oxidation (PEO) conditions



In the first step, the power supply provided 300 V, during 30s, using a Phosphoric
solution. Subsequently, the specimen, counter-electrode, stirrer magnetic bar, and the

electrolytic cell were cleaned with distilled water.

2.2.2.2 Second-Step PEO conditions

For the next step, the electrolyte was changed to Calcium + Phosphorus electrolyte and
a voltage of 380V was applied during 60s. This condition has the same parameters of the

conventional PEO.

2.3 Surface characterization

By using Scanning Electronic Microscopy SEM (TESCAN Vega 3 LMU) and Energy
Dispersive X-ray EDS technique, the surface morphology, and chemical composition were

analyzed. The EDS was running in three different modes:

Q) In mapping mode for visualizing the elemental concentration distributed over
the oxidized areas;

(i) line mode over the grooves formed by the nanoscratch tests to identify where
the oxide was completely removed,;

(iii)  Pointing mode to quantify the atomic percentage in distinct morphologies.

Crystalline phases were characterized by X-ray diffraction (XRD) in the 20° < 26 <
75° range, with Cu Ka radiation (A=1.54 A), using a monochromatic filter, and Bragg-

Brentano pattern.

As the reference for hydroxyapatite, we used a bioactive treated Titanium specimen,
which presented an HA layer after soaked, during 30 d, in simulated body fluid SBF (to make

SBF see [41]). This reference specimen was treated using a process in a previous result [42].

2.4 Scratch test



The scratch test was made by a ZHN Nanoindenter (Zwick-Roell), employing an
increasing force in the 0 — 300 mN range. A spherical diamond tip (radius 5um) produced

three scratches of 300 um onto the Two-Step oxidized surface.

2.5 Thickness Measurement

Setting as thickness zero the point where the region that started to expose the metallic
substrate on the groove made by scratch test, we apply the stereomicroscopy. The
stereomicroscopy was done using SEM TESCAN. Through images superposition, a 3D

perspective was created with a colorized heights-based system.

3. Results and discussion

3.1 Conventional Plasma electrolytic oxidation (PEO)

This test was performed using only the second step of the Two-Step PEO process. That is,
it was performed in a single step, applying a constant voltage of 380 V for 60 s, using calcium
and phosphorus electrolyte. This oxidation was performed to observe the differences between

conventional mode and Two-Step process.

Fig. 1 shows the current density versus time curve of the single-step process. In this curve,
it is possible to observe a more intense peak at the beginning and several other smaller peaks.
At the beginning of the oxidation process, the natural oxide layer is very thin. This layer is an
electrical insulator. Therefore, at this stage, the current density is high and then decreases
rapidly due to the growth of oxide layer thickness during the oxidation process. During PEO it
is normal that small oscillations in noise format occur in the current density curve. This noise
in the curve is due to the dielectric breakdowns being possible to observe in this stage the
spark formations[15]. However, the well-defined peaks, positioned after the first intense peak,
are characteristic of successive spalling and formation of the oxide that occurred during the

conventional PEO process.



Fig. 2 shows the SEM images of oxidized surfaces produced by conventional PEO.
Through the images, it is possible to observe grooves forming parallel lines. That is, after the
successive formation and spalling the formed coating remnant was quite thin because it did
not was able to cover the grooves produced by the sanding process present on the original

bulk.

As previously mentioned, this surface did not keep the oxide adhered to the surface during
the PEO process, presenting successive oxide formations and spalling during the oxidation.
As a consequence of the spalling and formation cycles, it is possible to observe the presence

of remnant fragments on the surface as highlighted in the 10kx magnification image (Fig. 2).

EDS analysis revealed that the surface with the sanding grooves (point 2) has Ca / P ratio
~ 0.6 and the remnant fragments (points 1 and 3) Ca / P ~ 2. That is, there was no formation

of HA on the surface treated by conventional PEO.

A wide range of conventional PEO experimental parameters was applied to Ti-25Nb-25Ta
alloy have been previously performed, however, like this one, they did not form adhered
coatings or formed adherent coatings, but without HA. So, it was decided to add a

pretreatment and run PEO in two steps as shown in the next subsection.

3.2 Two-Step Plasma electrolytic oxidation (PEO)

Fig. 3 shows the curves of Two-Step Oxidation of the Ti-25Nb-25Ta alloy. The gray and
black lines describe the electric current behavior at the first step and the second step,
respectively. Differently from the conventional PEO curve, the Two-Step PEO curve did not

exhibit spalling characteristics during the oxidation process. As expected, the first oxidation



has a taller peak in the curve due to the surface specimen, at this moment, which has poor
electrical resistance. Over time, reactions occurring in the metal surface produces a dielectric
coating that increases with the passing of the electrical current. The thickness growth
provokes the electrical current decrease. When the phosphoric electrolyte was changed to
calcium + phosphorus electrolyte and the voltage was raised from 300V to 380 V, another
current peak appears, and over time, the current again drops down after the electrochemical
process increases the electrical resistance. These curves in an independent way are
characteristic of the PEO process using constant voltage [43,44].

Fig. 4 shows the specimen two-step oxidized surface. It was possible to distinguish two
different morphologies: a morphology containing fewer pores number with larger pore size
and morphology that seems covered by the previously mentioned. The upper morphology has
a “velvety texture”, which appears a morphology obtained by Two-Step PEO in Niobium
using a resembling treatment [11]. In addition, this morphology presents a few similarities
with tooth cementum [45]. The main difference between the coatings on Nb and Ti-25Nb-
25Ta was the possibility to produce a more regular surface on Niobium using similar

treatment.

The measured roughness remains on the microscale surface roughness. As cited, when
occurs the contact between implant and blood there is a dynamic cellular activity preliminary
with leukocytes, platelets, and the action of structural proteins [46]. The initial protein
anchorage depends on surface topography (for example, microtextured-morphology on
Titanium presented better anchorage of these initial proteins than Titanium turned)[46]. In
addition, Lossdorfer et al. found a favorable relation between micro-rough topographies and
decreasing of osteoclast (cells responsible to reabsorb osseous tissue) formation with a

consequent intensification of osteogenesis [47].

By observing Fig. 5 and Fig. 6, it is possible to see the non-uniformity on the pre-treatment

and on the final treatment. There are different morphologies with dissimilar chemical



compositions: “island containing pores” with higher phosphorus atomic percentage (point 1-
Fig. 5) and regions around of the islands containing grooves with a higher metal percentage
(point 2-Fig. 5). However, the atomic percentage of oxygen does not change significantly in

the two different regions.

When the specimen was re-oxidized, the surface morphology completely changes. The
pore size increases and the shape changed to volcano form. Moreover, the chemical and
morphological non-uniformity is present, also, after the Two-Step treatment. Chemically, in
the point 1-Fig 5, there are higher phosphorus and lower metal atomic percentage. The Ca/P
ratio is also higher (Ca/P = 2.98) than the velvety region (point 2- Ca/P = 1.56). The Ca/P
ratio in the velvety region is close to the expected to the hydroxyapatite (Ca/P = 1.6), which is
an indicator of the coating containing HA was produced in some regions over the oxidized

surface.

In an interesting way, as well as, the second treatment produced a non-uniform surface
as the pre-treatment. We can infer the morphology was affected by two levels of PEO
treatment. It was observed by our previous work, using the same alloy and phosphoric
electrolyte, the PEO produced two clearly distinct porous formations with different
phosphorus atomic percentage. The Ti-25Nb-25Ta shown a microstructure with dimension
grains in the range of the two different formation areas (see reference [40] and [48]).
Fushimi and coworkers demonstrated a heterogeneous thickness formation of titanium oxide
in different crystal grains of titanium substrate treated by anodization process [49]. Another
author verified the influence of the Ti substrate orientation in the process of oxide formation
and supposed that the ionic transfer between metal and oxide is controlled by the substrate
packing density [50]. To this alloy, there are clearly morphologically and chemically distinct
regions with similar dimensions to the grain boundaries of the Ti-25Nb-25Ta alloy. It is

possible to assume the substrate orientation of Ti-25Nb-25Ta influenced the apatite



formation. The two-step oxidation of the alloy produced a surface with good porous apatite

distribution, however, the formation is non-continuous and interspersed with porous oxide.

Fig.7 shows the XRD pattern of the sanded substrate, titanium oxidized soaked in
simulated body fluid SBF during 30 days (Ti+HA), and the Two-Step oxidized surface
(specimen). Recalling that the oxidized titanium specimen covered with HA was used only for
comparison with HA peaks found for the specimen produced in this work. Comparing the
Two-Step oxidized with the substrate patterns is clearly that four peaks are coincident. Three
peaks (38.7°, 55.7°, and 70.04°) are referent to the alloy cubic system. A similar pattern was
found by Bertran et al.[38] and Cimpean et al. [39]. However, our diffractogram presents an
additional angle of 42.7° to the substrate. It is not clear what the crystallographic pattern is
correspondent to this mentioned angle since there is only one peak. This peak corresponds to
a titanium metastable phase o”(martensite)[40]. Excluding the Ti and TiO, crystalline
(anatase and rutile) peaks of the specimen covered by HA, only the HA peaks remain.
Comparing these peaks with the Two-Step oxidized specimen peaks, it was possible to see
common angles at 23.0°, 25.8°, 31.7°, 46.7°, 48.1°, and 49.4°. These angles correspond to
hydroxyapatite [11], being the peak nearby to the 31.7° usually intense and large (see [51]
page 4634, [42] page 21, and [30] page 931), because this peak is composed by 3 close peaks.
In addition, relating the XRD HA patterns with a previous work [11], which reached a coating
containing HA through the Two-Step oxidation on niobium, there is a similarity. Despite the
apatite non-uniform formation, the coating produced using Ti-25Nb-25Ta presents more

defined HA peaks than the obtained on Niobium previously (see reference [11]).

Fig. 8 shows the scratch test made over a region with a Ca/P ratio ~1.6. Through the
scratch test was possible to obtain a qualitative measurement of the coating adhesion. The
scratch length was 300 um applying a crescent load of 0 to 300 mN. It was made three
scratches, as can be seen in Fig. 9, and was chosen to show the groove that exposed the

metallic substrate (other two scratches did not be capable to remove completely the coating).



The method used was EDS in line mode along the groove. The EDS provided the
atomic percentage of the elements that compound the coating. However, to demonstrate the
load able to expose the substrate a unique metallic element is enough — in this case, was
chosen Titanium atomic percentage. By observing Fig. 8, there is an abrupt increase of
Titanium atomic percentage to the correspondent load of 275 mN and accompanied by a
lighter region in the MEV image to the respective load. In other words, three scratches were
made and one presented a critical load of 275 mN, which was capable to remove the oxide
coating.

In this work, we proposed a different way to measure the coating thickness. Analyzing
Fig. 8 is possible to have a starting point where the coating was completely removed by the
scratch test. Then, it was marked as a reference point — height zero. After that, using
stereomicroscopy was possible to create an image with a 3D perspective applying a scaled
system based on colors, as can be seen in Fig. 9. Although this technique does not allow us to
see the three (or two) layers that normally form the coating made by PEO, this perspective
presents advantages when compared with cross-sectional images due to roughness and
variations on the thickness, which can be better analyzed using a 3D perspective. Scratch,
EDS, and stereomicroscopy to obtain the thickness are easy and fast techniques, and they are
not limited to a single line and are able more efficiently to give points of maximum,

minimum, and anomalous heights.

The coating thickness is mainly in the 6 — 16 um range. However there some
anomalous points that can reach less than 4 um and more than 18 um. The highest regions are
placed on the groove borders close to the end, due to oxide accumulation caused by

scratching.

4. Conclusions
In this work, Ti-25Nb-25Ta alloy was successfully oxidized by Two-Step PEO. The

process consisted of oxidizing the alloy using a phosphate-based electrolyte to create a pre-



coating, and after, the first coating was re-oxidized using an electrolyte containing calcium

and phosphate ions.

The phosphorus pre-coating played an important role in the formation of the well-adhered
apatite coating and prevented that during the oxidation process there was successive spalling

of the oxide coating on the alloy.

The treatment produced a coating with micrometric roughness, thickness in the 6 — 16 um

range, and there were:

1. A formation of two distinct porous morphologies with two different Ca/P ratio. The
velvety morphology presented the Ca/P ratio (1.57) close to the hydroxyapatite (1.67)
value and the highest porous morphology showed a higher Ca/P ratio (2.98).

2. The non-uniformity of the Two-Step oxidized surface follows the non-uniformity of
the pre-coating surface.

3. Crystalline hydroxyapatite formation in the coating was confirmed by the XRD
technique. In addition, bioactive TiO, phases were present in the coating.

4. The coating produced show good adherence and non-uniform behavior. Scratching 3
times using a nanoindenter with a maximum load of 300 mN, only one scratch was
capable to remove completely the coating containing HA to a critical load of 275 mN.

5. For Ti-25Nb-25Ta alloy, the two-step oxidation produced a surface with good porous

apatite distribution interspersed with calcium-rich porous oxide.
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List of Fig. captions.

Figure 1. Current density vs. time curve obtained by collecting data during the conventional

PEO process.

Figure 2. SEM image showing surface morphologies of the specimen treated by conventional

PEO.

Figure 3: Current density vs. time curve obtained by collecting data during the Two-Step
PEO process. The gray curve represents the first step oxidation and the black curve represents
the second step process.

Figure 4: SEM image showing surface morphologies of the specimen treated by Two-Step

PEO with the respective Ra and Sa roughness.

Figure 5: SEM image showing the morphologies of the pre-treated surface with the

respective chemical composition in punctual and mapping mode.

Figure 6: SEM image showing the morphologies of the Two-Step oxidized surface with the

respective chemical composition in punctual and mapping mode.

Figure 7: XRD diffractions pattern comparing the PEO treated specimen (black curve) with
the sanded Ti-25Nb-25Ta alloy and titanium treated covered with hydroxyapatite (gray

curves).

Figure 8: The Titanium atomic percentage (measured by EDS in line mode along of the

groove) as a function of load applied by the scratch test.

Figure 9: 3D image perspective of the nanoscratches obtained by stereomicroscopy.
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