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Abstract

This study investigates the anodization behavior and surface modification of Ti6Al4V (Ti64)
alloy components fabricated via electron beam powder bed fusion (EB-PBF), aiming to
enhance their performance in biomedical applications. Ti64 samples were manufactured
using optimized EB-PBF parameters to produce a uniform microstructure and surface
quality. Electrochemical anodization at 40 V and 60 V for 2 h generated self-organized
TiO, nanotube layers, followed by a heat treatment at 550 °C to improve crystallinity while
preserving the nanotube morphology. Characterization using scanning electron microscopy
(SEM) and atomic force microscopy (AFM) revealed that a lower voltage produced uni-
form, compact nanotubes with moderate roughness and higher hardness, whereas a higher
voltage generated thicker, less ordered nanotubes with larger diameters, increased rough-
ness, and slightly reduced mechanical performance. X-ray diffraction (XRD) confirmed
the presence of anatase TiO, phases, and energy-dispersive spectroscopy (EDS) analysis
revealed a homogeneous distribution of Ti and O. Mechanical testing via nanoindentation
and nanoscratch techniques demonstrated superior hardness and adhesion in nanotubes
formed at lower voltage due to their compact structure. Electrochemical measurements
indicated significantly enhanced corrosion resistance in anodized samples, attributed to
the dense and chemically stable TiO, layer that acts as a barrier to aggressive ions and
reduces active corrosion sites. In vitro bioactivity analysis further confirmed improved
apatite formation on anodized surfaces. These results demonstrate the synergistic potential
of EB-PBF and controlled anodization for modifying the surface properties of Ti64 implants,
leading to improved mechanical behavior, corrosion resistance, and biological performance
suitable for biomedical applications.
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1. Introduction
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licenses /by /4.0/).

Ti6 Al4V (Ti64) is one of the most widely used alloys in industrial applications due to
its superior mechanical properties, high corrosion resistance, and good processability even
at elevated temperatures [1,2]. Ti64 offers a high strength-to-weight ratio, making it suitable
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for load-bearing implants such as femoral stems [3] and dental implants [4]. Furthermore,
its passive oxide layer (TiO;) protects the surface from aggressive ionic species in body
fluids, providing long-term corrosion resistance and implant longevity [5,6]. However,
despite these advantages, a major limitation of Ti64 in biomedical applications is its low
bioactivity. Although the alloy is biocompatible and does not cause harmful or immuno-
logical reactions, it cannot form strong chemical bonds with surrounding tissue, which
may potentially delay or impair osseointegration [7]. Therefore, surface functionalization
is necessary to integrate the mechanical performance and biological interaction [8]. Among
surface modification techniques, anodization has been recognized as a cost-effective and
controllable method for modifying the surface oxide layer and forming TiO, nanotube
arrays. This electrochemical treatment changes the surface morphology and chemistry
by forming a thick and porous TiO; layer, which can be modified in terms of pore size,
roughness, and topography [9]. These features are known to enhance hardness [10] and
corrosion resistance [11,12]. Anodized surfaces can also serve as platforms for incorpo-
rating bioactive ions or molecules, offering additional functionalization for improved
bone-implant integration [5]. While other methods are used, such as chemical etching [13],
plasma spraying [14], and biomimetic coatings [15], Anodization is distinguished by its
simplicity, reproducibility, and capacity for precise modification of surface characteristics
required for biological performance [16-20].

Electron beam powder bed fusion (EB-PBF), an advanced technology, has significantly
enhanced the production of biomedical implants by facilitating the creation of complex
geometries that are challenging to produce with traditional methods [21-23]. This layer-by-
layer process enables accurate control over porosity, microstructure, and density, which
are key parameters for optimizing mechanical compatibility with the body and promoting
tissue ingrowth. This flexibility for individualization is particularly advantageous in or-
thopedic and dental applications, where load-bearing capacity and biological integration
are critical [24,25]. EB-PBF was selected instead of L-PBF for fabricating Ti64 implants
due to several advantages, particularly relevant to biomedical applications. First, the
high-vacuum environment reduces oxidation and contamination during melting, which is
critical for achieving clean surfaces before anodization [26]. Second, the elevated powder
bed preheating inherent to EB-PBF lowers cooling rates, thus reducing residual stresses and
part distortion [27]. Then, higher beam power and multi-beam scanning enable faster build
rates, making it efficient for fabricating complex components [28]. Among the materials
processed with EB-PBF, Ti64 is known as the preferred material because of its excellent
mechanical properties, corrosion resistance, and biocompatibility [24-26]. However, the
EB-PBF process affects the microstructure of the fabricated components, depending on the
process parameters and cooling rates [29-32]. Ti64 parts manufactured by EB-PBF typically
develop either a fine x-phase lamellar structure or acicular o’ martensite, which differ con-
siderably from the equiaxed microstructure found in wrought Ti64. These microstructural
variations can have significant effects on both mechanical behavior and surface chem-
istry [29,33-35]. Furthermore, the as-built surfaces of EB-PBF components usually show
high surface roughness and specific oxide layer properties due to the vacuum and high-
temperature conditions within the EB-PBF chamber. These surface features are known to
influence post-processing treatments, such as anodization, which are based on electrochem-
ical reactions sensitive to surface composition, oxide thickness, and roughness [36]. As a
result, the anodizing behavior and quality of TiO, nanotube arrays may differ significantly
from those formed on conventionally manufactured Ti64 [17,37-40].

Although most anodizing research has focused on conventionally manufactured [17,39]
or laser powder bed fusion (L-PBF) Ti64 substrates [9,18,41], the behavior of surfaces
manufactured by EB-PBF under anodization conditions remains unexplored [11]. EB-
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PBF provides distinct advantages compared to L-PBF in producing Ti64 substrates. The
higher build temperatures and slower cooling rates of EB-PBF reduce residual stresses
and minimize microstructural defects, resulting in more homogeneous, dense parts with
improved fatigue performance [42]. Additionally, EB-PBF typically produces surfaces with
partially melted particles and a unique distribution of oxide phases, which can influence
subsequent surface modifications and mechanical behavior [43]. Recent studies have shown
that EB-PBF surfaces, which typically feature partially melted particles and increased
oxide phases, affect both the morphology and ordering of TiO; nanotube structures. For
instance, Vasquez et al. [40] analyzed the impact of different manufacturing methods
and anodizing conditions on the formation of TiO, nanotube layers on Ti64 alloy. They
anodized samples at voltages of 15 V and 30 V to grow nanotube coatings and carefully
analyzed the structure and corrosion resistance of the coating. Their findings showed
that the cross-oriented EB-PBF surfaces had higher catalytic activity, enabling the growth
of thicker and more uniform nanotube films compared to both the longitudinal EB-PBF
and forged surfaces. On the other hand, Lepicka et al. [44] investigated how anodizing
influences the corrosion resistance of Ti64 alloy, with a particular focus on the role of
oxide-layer thickness in determining performance. They used untreated alloy samples and
subjected them to anodizing at different voltages to generate oxide coatings of varying
thickness and properties. They performed electrochemical polarization tests to measure
corrosion rates and open-circuit potential measurements for stability assessment over
time in a simulated saline environment. Their findings showed that anodizing generally
improved the corrosion resistance of the alloy. However, unexpectedly, higher anodizing
voltages and thicker oxide layers resulted in worse corrosion protection.

As for the surface modification for Ti64 substrates, various inorganic coatings have
been extensively studied, including hydroxyapatite (HA) and bioglass [45—47]. These
coatings aim to enhance bioactivity and osseointegration [48]. However, TiO, nanotube ar-
rays, fabricated through anodization, offer unique advantages, especially when applied on
Ti64 substrates produced via advanced AM techniques such as EB-PBF [49]. Additionally,
the anodization process is cost-effective and allows for precise control over the nanotube
dimensions, offering reproducibility and scalability [50]. Thus, our study focuses on the
anodization of Ti64 substrates to form TiO; nanotubes, providing a cost-effective, repro-
ducible, and bioactive surface modification that enhances the performance and longevity
of titanium-based implants.

Allin all, in this study, we addressed the limited research on Ti64 substrates fabricated
using EB-PBF technology which offers distinct microstructural and surface features com-
pared with conventional and L-PBF methods by thoroughly investigating their anodization
response through comprehensive characterization, emphasizing how the EB-PBF-specific
surface state influences the formation, morphology, and ordering of TiO; nanotube layers.
This research demonstrates how anodization interacts with the surface, leading to the
formation of nanostructured oxide layers that enhance implant functionality. Furthermore,
our anodization process utilized an environmentally friendly aqueous electrolyte, highlight-
ing a sustainable approach to implant surface functionalization. These findings provide
valuable insights into the interplay between AM and post-processing, contributing to the
development of advanced Ti-based implants.

2. Materials and Methods
2.1. Substrate Preparation
Ti64 substrates were fabricated via EB-PBF using an ARCAM A2 system (Molndal,

Vastra Gotaland, Sweden). The fabrication process followed the standard Arcam A2X
process parameters for Ti64, utilizing an accelerating voltage of 60 kV and a layer thickness
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of 50 um. During the EB-PBF process, a focus offset of 25 mA and a line offset of 200 um
were used. The feedstock material used for fabrication was spherical Ti64 powder. Figure 1a
shows the powder morphology, and the size distribution is presented quantitatively in
the histogram in Figure 1b. Scanning electron microscopy (SEM, Philips XL, Amsterdam,
The Netherlands) analysis of the powder revealed uniformly spherical particles with
smooth surfaces and a few attached satellites, while no internal porosity was observed. As
illustrated in Figure 1b, the average particle size was 68 um, with dyg = 38 um, dsg = 55 pum,

and d90 =88 pHm.
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Figure 1. (a) SEM image of plasma-atomized Ti64 powder with spherical morphology; (b) particle-size
distribution histogram.

2.2. Anodization

In this study, anodization was conducted at applied voltages of 40 V and 60 V. The
anodization process was performed in a two-electrode configuration, with the EB-PBF
Ti64 used as the anode (positive electrode) and stainless steel as the cathode (negative
electrode). The electrolyte consisted of 90 vol.% ethylene glycol, 9 vol.% deionized water,
and 82.8 mg of NH4F in a total volume of 30 mL. During anodization, the electrolyte
bath temperature was maintained at 15-20 °C. Voltage was monitored by connecting a
multimeter in parallel with the circuit, while an ammeter in series measured the current
during the process. The electrodes were spaced 3 cm apart in the anodization bath, and the
process was conducted for 2 h. Upon completion, the anodized samples were immersed in
a bath containing a mixture of deionized water and ethanol for 10 min in the ultrasonic
cleaner. Finally, the specimens were dried in a furnace at 550 °C for 2 h. Figure 2 shows a
schematic representation of the process.
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Figure 2. Process flow for fabricating and anodizing EB-PBF Ti64 samples.
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2.3. Characterization Methods
2.3.1. Surface Characterization

The microstructure and surface characteristics of the as-built Ti64 substrates produced
by EB-PBF, as well as the TiO, nanotube coatings formed by anodization at 40 V and 60 V,
were investigated through multiple complementary techniques. Optical microscopy (OM)
and SEM were employed to examine the substrate microstructure before coating and to
assess the nanotube arrays after anodization. The elemental composition and distribution
on the anodized surfaces were analyzed by energy dispersive spectroscopy (EDS) using
an Oxford Instruments detector at 20 kV. Structural analysis of the as-built Ti64 and oxide
layers was conducted using X-ray diffraction (XRD, Phillips, Amsterdam, Netherlands),
employing Cu K« radiation (A = 1.54 nm) and scanning from 26 = 10° to 90°.

2.3.2. Atomic Force Microscopy (AFM) Test

For evaluation of the surface analysis, topographical texture, and scars of Ti64 samples,
atomic force microscopy (AFM) was conducted using a Nanoscope III (ARA research,
BRISK 2019, Tehran, Iran) in areas of 5 x 5 pm.

2.3.3. Nanoindentation Test

Nanoindentation experiments were conducted to evaluate the hardness and elastic
modulus of the TiO, using a nanomechanical test instrument (Hysitron Inc., TriboScope®,
Minneapolis, MN, USA) with a 2D transducer. The tests were conducted using a Berkovich
diamond indenter in Continuous Stiffness Measurement (CSM) mode. This testing configu-
ration provides the continuous measurement of elastic contact stiffness (S) during loading,
generating depth profiles for both modulus and hardness.

2.3.4. Nanoscratch Test

Nanoscratch testing was conducted to evaluate the adhesion strength and mechanical
properties of TiO, nanotube coatings formed on Ti64 as-built samples anodized at 40 V and
60 V. Figure 3 shows a schematic illustration of the nanoscratch test setup and procedure.
For each modified sample, three nanoscratch tests were performed on distinct surface
regions to ensure reproducibility. The scratch length was set to 500 um, and an increasing
normal load was applied progressively. During the test, continuous measurements of the
normal force, lateral force, and friction coefficient were recorded to detect the onset of
coating failure.

Lateral Force

Dimond Stylus
Nanotubes

Bending

Normal Force

Figure 3. Schematic illustration of the nanoscratch test performed on the modified surface.
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2.3.5. Corrosion Test

The corrosion characteristics were investigated using a PARASTAT 2273 (Princeton
Applied Research, TN, USA). Prior to electrochemical measurements, the specimens were
immersed in simulated bodily fluid (SBF) prepared according to the composition proposed
by Kokubo et al. [51] at a constant temperature of 37° with a pH of 7.2 for 30 min to
stabilize the surface condition. A three-electrode electrochemical cell configuration was
applied, using a saturated Ag/AgCl as the reference electrode, a platinum plate as the
counter electrode, and the prepared sample as the working electrode. The open-circuit
potential (OCP) was measured for 30 min. Then, electrochemical impedance spectroscopy
(EIS) was performed on the OCP, applying a sinusoidal signal of 10 mV of amplitude with
a frequency scan from 100 kHz to 10 mHz. The resulting EIS data were subsequently
analyzed and fitted using Z-View v.40h software (AMETEK, Inc, Berwyn, IL, USA). Finally,
potentiodynamic polarization (PDP) testing was performed by sweeping the potential,
commencing at —0.25 mV relative to a saturated Ag/AgCl reference electrode, with a
scanning rate of 1 mV/s.

2.3.6. In Vitro Bioactivity

The in vitro bioactivity of the TiO, nanotube structures was evaluated by analyzing
their ability to induce HA formation on the sample surfaces. The samples were immersed
in SBF to mimic physiological conditions. The specimens were maintained at 37 °C for
14 days with a surface area-to-volume ratio of 1 cm?/mL. Following the retrieval of the
samples from the SBF, they were rinsed with distilled water and subsequently dried in an
oven. To assess the surface morphology and composition of the samples, SEM and EDS
were employed to confirm the formation of HA.

3. Results and Discussion
3.1. Microstructure of EB-PBF Ti64 Alloy

The characterization of Ti64 after EB-PBE, illustrated in Figure 4, was performed using
XRD, OM, and SEM. XRD patterns mainly showed peaks corresponding to the ot/ «’-phase,
with smaller peaks indicating retained 3-phase, demonstrating the biphasic nature typical
for Ti64 processed by EB-PBEF, as confirmed by SEM. Microstructure analysis provided a
detailed understanding of the characteristics of Ti64 parts produced by EB-PBE. Typical
features were observed, including melt pool boundaries formed during layer-by-layer
solidification, columnar prior-f3 grains oriented along the build direction, and fine x-phase
structures resulting from rapid cooling [24].

The EDS analysis, shown in Figure 5, was conducted on the highlighted region to verify
the elemental composition. The detected elements include titanium (Ti), aluminum (Al), and
vanadium (V), consistent with the nominal composition of Ti64. This confirms the integrity
and compositional uniformity of the alloy after the EB-PBF process. Minor deviations
from the nominal values may be attributed to localized microstructural variations or
measurement limitations associated with the EDS technique.

3.2. Surface Morphology After Modifications

Figure 6 shows the XRD pattern of the specimen anodized for 120 min. After an-
odization, additional peaks related to crystalline TiO; appeared, verifying the successful
formation of nanotubes [52]. Prior studies have demonstrated that anodization can yield
substoichiometric titanium oxide phases such as TiO, on the surface [53]. It is worth men-
tioning that besides TiO,, the anodized oxide layer typically exists in an amorphous form
immediately after fabrication. The subsequent heat treatment used in this study facilitates
crystallization into defined TiO;, polymorphs [54,55]. The anatase structure is of particular
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interest for biomedical applications, as it has been shown to enhance surface energy, protein
adsorption, and bioactivity compared to rutile. Therefore, controlling the post-anodization
heat treatment is critical for modifying the crystallographic composition of the nanotube
layer to optimize biological performance [56].

5
3000 <
3
3
2500
~
= 2000 1
K o~
o
z ~ S
Z1500{ £
8 Z 3
= =
| E P
1000 g = do
~ o] (=% —_—"
z 3 S I
- t=} ~ g
@ 500 = E—
2@ I S ———————
A 30 40 50 60 70 80

Position 26 (°)

100um

20pm

Figure 4. Microstructure and phase analysis of EB-PBF Ti64 using OM, SEM, and XRD before anodization.
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Figure 5. SEM micrograph and corresponding EDS spectrum of EB-PBF Ti64.
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Figure 6. XRD pattern of TiO, formed on the EBPBF Ti64 alloy.

SEM images of Ti64 surfaces anodized at 40 V (Figure 7a,b) and 60 V (Figure 7c,d)
reveal the morphological evolution of TiO; nanotube arrays with increasing anodization
voltage. At 40V, the nanotubes exhibit a relatively uniform, well-organized, and densely
packed array with consistent diameters, indicating favorable self-organization during the
anodization process. In contrast, the samples anodized at 60 V show nanotube arrays
with larger diameters and less uniform distribution. The tubes appear more irregular
and loosely packed, with increased structural disorder, which may be attributed to more
aggressive oxide growth and dissolution dynamics at higher voltages. Therefore, it can be
concluded that the increase in anodization voltage from 40 V to 60 V led to the growth of
larger nanotube diameters and thicker oxide layers based on nanotube diameter and depth,
consistent with the enhanced oxidation kinetics at higher potentials. The morphological
changes suggest that while higher voltages promote tube growth, they may also disrupt the
balance between oxide formation and dissolution, potentially compromising the uniformity
of the nanotube structure [57]. The schematic in Figure 7e illustrates the anodization
mechanism for the formation of TiO, nanotube arrays. In detail, when a voltage is applied,
the titanium surface undergoes oxidation, forming a compact oxide layer. Simultaneously,
fluoride ions (F™) in the electrolyte chemically dissolve the oxide layer [58]. This balance
between oxide growth and localized dissolution leads to pore formation, followed by
self-organization into nanotubular structures.

Nanotube dimensions, including diameter and depth, are detailed in Table 1, which
are also shown in Figure 8a,b.

Table 1. Average thickness and average diameter of TiO, nanotube array layers produced at differ-
ent voltages.

Potential (V) Nanotube Diameter (nm) Nanotube Depth (nm)
40 72.95 145.26
60 80.47 442.03

EDS analysis was used to analyze the chemical composition of the anodized surface.
The presence of titanium (Ti) and oxygen (O) was confirmed, which is primarily associated
with the TiO; nanotubes, as shown in Figure 8c. These elements were uniformly distributed
across the nanotube surfaces for both 40 V and 60 V anodization conditions, indicating
compositional homogeneity. Trace elements present in the raw data were not included in
the figure for clarity, as their contributions are negligible.
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Figure 7. SEM images of TiO, nanotube formation on EB-PBF Ti64 alloy. (a,b) at 40 V and (c,d) at
60 V; (e) schematic illustration of anodization mechanism and reactions.
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Figure 8. SEM images of TiO; nanotube arrays formed on Ti64 at (a) 40 V; (b) 60 V anodization
voltages; (c) high-resolution SEM image with corresponding EDS elemental analysis.
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3.3. AFM Analysis of the Surfaces

AFM images analyze the roughness and topographical properties of the nanotube
surfaces created on Ti64 anodized at two different voltages. Figure 9 illustrates both 2D and
3D AFM images of the surface topographies of the Ti64 anodized sample. As can be seen in
Figure 9a,b, the sample anodized at 40 V exhibits a relatively uniform nanotube surface
with moderate roughness, while the 60 V anodized surface (Figure 9¢,d) demonstrates a
more irregular topography with higher surface asperities and deeper valleys and higher
peaks in the 0-300 nm range, indicating a wider surface height distribution. This difference
is reflected in the root mean square (RMS) roughness values, which increased from 95 nm
at 40 V to 127 nm at 60 V, indicating a significant increase in nanoscale surface texture
with voltage.

300nm

150nm

300nm

150nm

0 2‘.5 Spm

Figure 9. Topographic AFM images of the Ti64 samples: (a,c) 3D topography and (b,d) 2D height
map of the surface anodized at 40 V and 60 V, respectively.

3.4. Nanoindentation Tests of the Surface

Nanoindentation analysis demonstrated the distinct mechanical characteristics of
the TiO, nanotube-coated specimens anodized at 40 V and 60 V. Figure 10 displays the
load-displacement curves, which provides real-time acquisition of hardness and modulus
as a function of penetration depth. As illustrated, both anodized samples showed con-
tinuous loading and unloading curves characterized by smooth profiles without abrupt
discontinuities, indicating stable indentation behavior and the absence of surface fracture
or delamination during testing.

The 40 V anodized sample demonstrated a higher resistance to indentation, reaching
a maximum load at a lower penetration depth (~350 nm), in contrast to the 60 V sample,
which required deeper penetration (~440 nm) under similar loading conditions. This
suggests a stiffer and harder oxide layer in the 40 V sample, consistent with the calculated
hardness and modulus values, 0.21 GPa and 32 GPa, respectively, compared to 0.16 GPa
and 30 GPa for the 60 V sample (Table 2). These differences are also evident in the steeper
unloading slope observed in the 40 V curve, which supports its higher elastic modulus.
The reduction in hardness and stiffness observed for the 60 V sample may be caused by
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its increased surface roughness and morphological irregularity, as previously discussed
in Section 3.3. Higher surface roughness may lead to localized stress concentrations and
diminished load-bearing capacity, reducing the mechanical integrity of the nanotube layer.
Additionally, the larger contact area and lower density of the nanotube walls at higher
anodization voltages may contribute to this mechanical softening.

—— 40V Sample
—— 60V Sample
800
600
Z
=
=
=
5
e
—
400
200 1
o )
0 100 200 300 400

Penetration Depth (nm)

Figure 10. Load—penetration depth curves at 40 V (green) and 60 V (red).

Table 2. Surface and mechanical properties for Ti64 anodized samples.

Potential (V) H (GPa) Er (GPa) Friction Coefficient RMS (nm)
40 0.21 +£0.04 324+0.8 0.75 £ 0.12 95 +3
60 0.16 £ 0.06 3012 0.85 £ 0.18 127 +£5

The indentation behavior also supports the presence of viscoelastic or plastic deforma-
tion, particularly in the 60 V sample, as indicated by the broader separation between loading
and unloading curves. According to the literature, if the final penetration depth-to-peak-
depth ratio (h¢/hmax) exceeds 0.7, pile-up effects may influence the hardness calculation. In
this study, both samples showed h¢/hmax < 0.7, indicating sink-in behavior and confirming
the validity of the extracted mechanical values without significant overestimation due to
pile-up effects [59].

Overall, the nanoindentation results reinforce the correlation between anodization
voltage, nanotube morphology, and mechanical performance. The denser and more uniform
nanotube array at 40 V provides improved hardness and stiffness, whereas the rougher,
more irregular surface at 60 V compromises the mechanical properties despite the thicker
oxide layer.

3.5. Scratch Testing

The adhesion and cohesion behavior of the TiO, nanotube coatings on Ti64 substrates
was evaluated via progressive load nanoscratch testing. The critical loads (Lc), marking
the onset of cohesive or adhesive failure, were measured at approximately 3.0 N for the
40 V coating and around 4.5 N for the 60 V coating. This suggests enhanced interfacial
adhesion in the 60 V sample, likely due to increased film thickness and better mechanical
interlocking with the substrate [60].
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In terms of friction performance, the coating produced at 40 V showed an average
friction coefficient of 0.75, while the 60 V coating had a slightly higher coefficient of 0.85.
The increased friction for the 60 V sample can be attributed to its greater surface roughness
(RMS = 127 nm vs. 95 nm), which increases the number of contact points during scratch
testing. Compared to the uncoated Ti64 substrate, which showed early failure and marked
pile-up deformation under the indenter, the anodized coatings exhibited substantially
improved scratch resistance and mechanical integrity [61].

Table 2 summarizes the surface and mechanical properties obtained from the above
analysis for the Ti64 samples anodized at 40 V and 60 V, highlighting the effect of anodiza-
tion voltage on roughness and tribo-mechanical behavior. The results indicate a significant
correlation between surface roughness and tribomechanical behavior. The higher rough-
ness observed at 60 V results in increased surface interaction and contact area, which
could explain the higher friction coefficient and the corresponding decrease in hardness.
This behavior is aligned with the literature, where increased surface roughness is often
correlated with higher friction and lower mechanical resistance. These effects are primarily
due to the more distinct surface irregularities and localized stress concentrations during
indentation or sliding [32].

3.6. Electrochemical Characterization

The electrochemical behavior of the Ti64 samples, both in their as-built and anodized
(40 V and 60 V) states, was assessed through PDP and EIS in SBF. The polarization curves
in Figure 11a demonstrate a significant improvement in corrosion resistance for the an-
odized samples compared to the EB-PBF Ti64. The electrochemical parameters, specifically
corrosion current density (Icorr), passive current density (Ipass), and corrosion potential
(Ecorr), obtained from the polarization curves are presented in Table 3. Both anodized
samples show a more positive Ecorr and reduced Ieorr, indicating enhanced passivation
due to the formation of protective oxide layers. Notably, the sample anodized at 60 V
exhibits the lowest Iorr. In EB-PBF Ti64, with the increase in the potential from ~ 1.32'V,
the current density suddenly increased, which is caused by the loss of the passive layer
in this sample and the decrease in corrosion resistance. In contrast, the anodized samples
exhibit comparable corrosion potentials. This observation indicates a heightened corrosion
resistance in these particular anodized samples.

Table 3. Electrochemical parameters of the samples based on the PDP curve in the SBF solution.

Samples Icorr (WA/cm?) Ipass (1A/cm?) Ecorr (V)
Base sample 0.81 4+ 0.04 - —0.42 £+ 0.07
40 V sample 0.12 £ 0.02 12.12 £ 0.12 —0.27 £ 0.04
60 V sample 0.04 £+ 0.02 11.23 £0.23 —0.15£0.08

The electrochemical impedance spectra, represented by the Nyquist plot (Figure 11b)
and Bode-phase plot (Figure 11c), further demonstrate the superior performance of the
anodized samples. As illustrated in Figure 11b, anodized samples exhibit inadequate
capacitive semicircles, indicating their effectiveness as barriers against the diffusion of
corrosive solutions. The largest diameter of the capacitive semicircles is associated with
the sample subjected to a 60 V. Following this, the samples with 40 V rank next in terms
of semicircle diameter. Conversely, the base sample demonstrates the smallest semicircle
diameter, reflecting its inferior corrosion resistance. Indeed, the Nyquist plots for anodized
samples show two distinct capacitive loops, suggesting the presence of two-time con-
stants associated with the oxide film and the double-layer interface. The Bode-phase plot
(Figure 11c) also reveals a broader and higher phase angle plateau for the 60 V sample,
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indicating enhanced dielectric properties and a more capacitive behavior, consistent with a
denser and more protective anodic oxide film. This improved impedance response confirms
the formation of a homogeneous and adherent oxide coating on the anodized EB-PBF Ti64
samples [40]. Also, the Bode-phase diagram for the 60 V anodizing exhibits two distinct
peaks: one located near 0.1 Hz and another extending into frequencies exceeding 100 Hz.
The peak observed at lower frequencies is primarily attributed to the thin and dense oxide
layer that forms on the surface of the oxidized substrate. In contrast, the peak at higher
frequencies is associated with the porous structure of the titanium dioxide nanotubes.
The comprehensive body of evidence indicates that the 60 V sample exhibits superior
performance in terms of corrosion resistance and coating efficacy.
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Figure 11. Electrochemical characterization of EB-PBF Ti64 and anodized samples: (a) PDP curves;
(b) Nyquist plots with high-frequency inset; (c) Bode-phase angle plots; (d) equivalent circuit models
for base and anodized samples.

Two equivalent circuits (Figure 11d) were proposed to describe the experimental data.
As depicted, the electrochemical circuit (EC) model was characterized by a single time
constant, specifically for the base Ti64 sample. In contrast, a two-time-constant model
was employed to accurately fit the experimental impedance data acquired from anodized
samples. The components depicted in Figure 11d are defined as follows: Rs represents
the uncompensated resistance of the test electrolyte situated between the working and
reference electrodes. R, (Reoat) denotes the polarization resistance at the interface between
the electrode and the electrolyte, as well as the resistance of the oxide layer for other
samples. Ry indicates the pore resistance of the nanotubes. CPEqyx (CPEcoat) refers to
the capacitance associated with the oxide film, while CPEy pertains to the capacitance of
the nanotubes and the double-layer capacitance and charge-transfer resistance. Notably,
a constant phase element (CPE) is employed in place of a pure capacitance due to the
presence of inhomogeneities in the distribution of relaxation times at the microscopic level
on the electrode surface. The impedance of the CPE is mathematically expressed as follows:
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Zcpg = Q(w™j) ! (1)

where Q, j, and w represent the magnitude of the CPE, the imaginary unit, and the angular
frequency, respectively. Table 4 shows the electrochemical parameters obtained from EIS
spectra using the equivalent circuits in Figure 11d. Considering the data in Table 4, higher
values of Ry (Reoat) than Ry indicated the high compactness and better passivity of the
surface compared to porous nanotubes. The overall results demonstrate that anodization
at 60 V leads to significantly improved corrosion resistance compared to the base and 40 V
anodized conditions.

Table 4. Electrical element values were obtained by fitting the EIS plots.

R CPEdl CPon/coat Rdl Rox/coa

S
Sample (Q.cm?) (uF/cm?.sn?) (uF/cm?.sn?) (Q.cm?) (kQ.cm?)
Base sample 10.8 - 56.12 £+ 0.05 - 78.70 £ 0.08
40 V sample 8.29 0.31 +0.03 76.48 + 0.13 31.52 + 0.05 303.71 + 1.45
60 V sample 11.98 1.24 +0.02 58.34 + 0.11 42.49 + 0.04 802.41 4+ 2.23

3.7. In Vitro Apatite Formation

The in vitro bioactivity of the TiO, nanotube surfaces is primarily related to their
ability to facilitate HA formation when immersed in SBF. The process begins with the
adsorption of calcium ions (Ca?*) from the SBF onto the negatively charged surface of
the nanotubes, followed by the integration of phosphate ions (PO4%™), resulting in the
formation of a layer rich in calcium phosphate. Over the immersion period, typically
14 days, this amorphous phase gradually transforms into a crystalline HA layer through a
solution-mediated precipitation reaction, represented by

10 Ca®* + 6PO4>~ + 20H ™ — Cajg (POy)s (OH) )

The nanotubular morphology significantly enhances this process by offering a high
surface area, improved ion exchange capacity, and favorable surface energy, all of which
contribute to the accelerated nucleation and uniform growth of HA. This bioactive surface
modification is considered as a critical indicator of the material’s potential for osseointegra-
tion and bone-bonding performance in biomedical applications [62]. It is well recognized
that forming a bone-like apatite layer on metallic surfaces immersed in body fluids is
essential for indicating favorable biological interactions and achieving reliable bone bond-
ing [63]. Figure 12 presents the surface morphology and elemental composition of anodized
samples after immersion in SBF for 14 days. As shown in Figure 12a,b, the surface retains
its porous nanotubular structure, with apatite deposition clearly visible, and there is no ob-
vious difference between the two samples. A closer view reveals the formation of densely
packed, globular apatite clusters distributed across the surface. Figure 12¢ provides a
high-magnification image of the red-marked region from Figure 12b, confirming the pres-
ence of uniform, flower-like HA particles coating the nanotubes. The corresponding EDS
spectrum in Figure 12d verifies the presence of calcium (Ca) and phosphorus (P) as domi-
nant elements in the deposited layer. The calculated Ca/P atomic ratio is approximately
1.53, indicating the formation of a calcium-rich phosphate phase, which is consistent with
HA. These results demonstrate that the nanotubular coating, combined with appropriate
thermal treatment, provides a bioactive surface capable of supporting apatite formation,
highlighting its potential application in bone-interfacing biomedical implants [64].
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Figure 12. SEM images of TiO, nanotube-coated surfaces after 14 days of immersion in SBF: (a) 40 V;
(b) 60 V; (c) high-magnification view of (b); and (d) EDS analysis confirming the existence of Ca and
P elements.

4. Conclusions

This work successfully investigated the surface modification of EB-PBF Ti64 alloy

using anodization to fabricate TiO; nanotube coatings. The findings led to the follow-
ing conclusions:

Structural characterization via SEM, XRD, and EDS confirmed the formation of nan-
otubes with distinct morphologies depending on the applied voltage and demon-
strated the presence of crystalline TiO, phases.

At 40 V, anodization resulted in uniform, well-organized nanotube arrays with mod-
erate roughness and superior mechanical properties, including higher hardness and
stiffness. In contrast, anodization at 60 V produced thicker, less ordered nanotubes
with larger diameters, increased roughness, and slightly reduced mechanical perfor-
mance, likely due to morphological irregularities and structural disorder.

AFM and nanoindentation analyses confirmed that increasing anodization voltage in-
creased surface roughness while decreasing hardness and modulus. Higher roughness
at 60 V also led to increased friction coefficients, showing a clear correlation between
topography and tribo-mechanical behavior.

Electrochemical characterization showed both anodized samples outperformed the
base material in corrosion resistance, with the 60 V sample showing the best perfor-
mance due to its denser oxide layer and greater impedance, as confirmed by EIS and
potentiodynamic polarization.

In vitro bioactivity studies in SBF demonstrated that both anodized and heat-treated
surfaces supported apatite formation after 14 days of immersion. SEM and EDS analy-
ses confirmed the deposition of a calcium phosphate layer, validating the biological
potential of the TiO, nanotube coatings.

All in all, this study demonstrated anodization as an effective post-processing tech-
nique for enhancing the surface properties of Ti64 components.
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