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Abstract

The anodic oxidation technique was used for surface modification, resulting in the cre-
ation of a titanium-based nanotube oxide layer on a coarse-grained and ultrafine-grained
Ti-13Nb-13Zr alloy. The modified surface morphology was analyzed using scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM), and X-ray diffraction (XRD). The
electrochemical impedance spectroscopy (EIS) method was employed to evaluate the cor-
rosion stability of the Ti-13Nb-13Zr alloy before and after anodic oxidation. Corrosion
stability was determined by exposing the examined alloy to a solution that simulates
environment in the human organism (Ringer’s solution). To examine the titanium-based
nanotube oxide layer adhesion on the Ti-13Nb-13Zr alloy’s surface, a scratch test was
performed. The hydrophilicity of the modified surface was measured using the contact
angle between a drop of Ringer’s solution and the modified surface. The anodic oxidation
led to the creation of a nanotube oxide layer on the surface of the Ti-13Nb-13Zr (wt.%)
alloy. The impact of the ultrafine-grained structure on the homogeneity of the nanotube
oxide layer obtained using anodic oxidation was observed. The ultrafine-grained struc-
ture contributed to the increased diameter of the nanotubes, while the combined effect of
anodic oxidation and high-pressure torsion significantly increased the roughness of the
Ti-13Nb-13Zr alloy’s surface, which is expected to enhance biomechanical compatibility by
reducing cytotoxicity, providing a more adaptable modulus of elasticity for human body
conditions and ensuring adequate corrosion resistance and hydrophilicity. In this study, it
was established that the examined alloy had suitable corrosion resistance for utilization
in medicine as a metallic implant in the human body. The scratch test showed acceptable
adhesion from the titanium-based nanotube oxide layer created using anodic oxidation.
Also, the determination of the surface contact angle showed that the surface after anodic
oxidation was more hydrophilic than the surface before anodic oxidation.

Keywords: corrosion resistance; hydrophilic surface; innovative combination of severe
plastic deformation and anodic oxidation; surface modification; scratch test; Ti-13Nb-13Zr
alloy; ultrafine-grained structure

1. Introduction
1.1. Titanium-Based Biomaterials

Titanium and its alloys have been extensively scientifically researched and used for
biomedical applications, primary for metallic implants due to their favorable combination
characteristics: biocompatibility, low density, good corrosion behavior, and adequate
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mechanical properties [1-3]. Compositions of titanium alloys with titanium (Ti), niobium
(Nb), and zirconium (Zr) allow for improved strength, enhanced corrosion resistance, and
better bioactivity than other titanium alloys [1,4,5]. Also, the Ti-13Nb-13Zr alloy exhibits an
attractive combination of mechanical properties, low modulus of elasticity, and resistance
to fatigue, making it highly appropriate for long-term implant applications in the human
body [1,6,7] and more suitable for applications that demand materials that better match
the stiffness of bone and reduce the risk of stress shielding [8]. Additionally, Ti-13Nb-13Zr
exhibits superior corrosion resistance, good tensile characteristics (high yield strength
and low modulus of elasticity) and biocompatibility, making it a promising candidate for
implants in the human body [4,9]. Lee et al. [8] investigated the mechanical characteristics
of Ti-13Nb-13Zr alloys produced using different manufacturing processes and noticed that
the modulus of elasticity could be reduced, while the mechanical compatibility could be
considered adequate for biomedical application [10]. Ke et al. [11] showed that addition
of Cu as an alloying element in a Ti-13Nb-13Zr alloy can lead to excellent mechanical
characteristics and high antibacterial activity. It was shown that the corrosion stability of
the Ti-13Nb-13Zr alloy in a simulated human body solution is adequate for biomedical
application and is better than a Ti-6Al-6V alloy and commercially pure titanium [12,13].

1.2. Surface Modification of Titanium Alloys

Regardless of above-mentioned advantages, the characteristics of the Ti-13Nb-13Zr
alloy can be additionally enhanced using surface modification [14-20]. The efficiency
of titanium alloys for medical applications is significantly influenced by their surface
characteristics [21]. Various methods have been developed for surface modification of
titanium alloys to modify their surface characteristics, such as anodic oxidation (AO),
plasma electrolytic oxidation (PEO), ion implantation plasma treatment, and laser sur-
face modification [22-24]. Anodic oxidation is one of the most widely studied and ap-
plied surface modification methods for titanium alloys. Anodic oxidation involves us-
ing a current density to form a controlled stable oxide layer, consisting of nanotubes or
nanopores, on the surfaces of titanium alloys [25,26]. By controlling the anodic oxida-
tion parameters—voltage, electrolyte composition, current density, and anodic oxidation
time—the thickness of the oxide layer, nanotube /nanopore dimensions (wall thickness,
diameter, and length of the nanotubes/nanopores), surface porosity, and the crystalline
structure of the modified surface can be tailored to meet specific requirements for biomed-
ical applications [27-30]. This oxide layer, mainly composed of titanium dioxide (TiOy),
leads to the enhancement of several important surface characteristics—surface modulus of
elasticity, corrosion stability, and biocompatibility—and potentially increases surface rough-
ness, which can improve cellular attachment and osseointegration [31-34]. The anodized
surface can also be made to exhibit increased hydrophilicity, which is beneficial for protein
and cell adhesion. Zhong et al. [35] noticed that the AO of a Ti-13Nb-13Zr alloy notably
enhances the corrosion stability by forming a dense and stable oxide layer that behaves like
a protective barrier against the environment of the human body. Additionally, they showed
that anodic oxidation can increase the hydrophilicity of the surfaces of titanium-based mate-
rials, while the parameters of anodic oxidation process have a significant influence on both
surface characteristics: corrosion resistance and hydrophilicity [35]. Many studies show
that modified surfaces of the titanium alloys lead to improved corrosion resistance [36-38].
Further, a modified surface is a key part in achieving the better biocompatibility, adhe-
sion, and proliferation of cells and in enhancing the osseointegration process [16-18,39].
The surfaces roughness of titanium alloys obtained using anodic oxidation can be con-
trolled at the microscale or nanoscale, influencing cellular behavior. A rougher surface can
enhance the biomechanical interlocking between the metallic implant and surrounding
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bone tissue, leading to better osseointegration [39]. Titanium alloys are subject to wear
and damage in clinical applications. Surface modification improves the wear stability of
titanium-based materials, especially when combined with other techniques such as severe
plastic deformation (SPD).

1.3. High-Pressure Torsion (HPT) and Surface Modification of Titanium Alloys

High-pressure torsion (HPT) is a severe plastic deformation (SPD) technique that is
commonly used to refine the structure of metallic materials by imparting ultrafine with sub-
micron (100 nm-1000 nm) or nanocrystalline (<100 nm) grains in the structure of metallic
materials [40]. HPT apparatuses work by applying high hydrostatic pressure and torsion to
a metallic disk, resulting in the formation of a very fine microstructure (ultrafine structure)
due to the plastic deformation that occurs under the high-pressure conditions [41]. For
titanium alloys, the application of HPT can modify the microstructure by refining grain size
in the range from 100 nm to 1000 nm and by increasing the density of dislocations [20,40,42].
This ultrafine-grained structure improves mechanical characteristics of the titanium-based
materials, including tensile characteristics and microhardness, which are particularly impor-
tant for load-bearing implants [43,44]. Additionally, this refinement in the microstructure
has been shown to influence to the corrosion stability of the titanium alloys [45-48]. The
combination of HPT and anodic oxidation has recently garnered attention as a potential
method for simultaneously enhancing the mechanical properties and surface character-
istics (surface modulus of elasticity, nanohardness, roughness, surface biocompatibility)
of titanium alloys [7,48,49]. While HPT improves the bulk properties of titanium alloys
by refining their microstructure, anodic oxidation modifies their surface characteristics by
forming an oxide layer [7,49]. Additionally, the ultrafine-grained structure produced by
HPT enhances the adhesion of the anodized oxide layer, resulting in better wear properties.
Together, these two techniques lead to superior mechanical and physical properties with ad-
equate surface characteristics, making them ideal for use in biomedical applications [17,18].
Previous studies demonstrate that the combination of HPT and anodic oxidation lead to
the adequate corrosion stability of Ti-13Nb-13Zr alloys for biomedical application [20,48],
but anodic oxidation could lead to better corrosion protection of Ti-13Nb-13Zr alloys than
any other treatments, even better than the signification effect from the HPT process and AO
of Ti-13Nb-13Zr alloys [20,43]. Miyamoto [44], in his overview of the corrosion resistance
of metallic materials after the SPD process, showed that corrosion resistance is affected not
only by grain regeneration, but also by other changes in microstructure that commonly
occur in SPD methods. He showed that UFG Fe-Cr alloys have superior corrosion stability
compared to CG Fe-Cr material, without exception, while UFG Cu and Ti (for biomedical
application) do not have significant changes in corrosion resistance [44]. Perez at al. [50]
showed that the corrosion stability of the Ti-13Nb-13Zr alloy in the simulated body envi-
ronment after the HPT process increased, but that the highest corrosion resistance was seen
in the CG TNZ alloy after anodic oxidation with the combined morphology of nanopores
and nanotubes. Also, they indicated that the morphology of the TiO, oxide layer (length,
diameter, distribution) has an impact on corrosion stability, while the surfaces of titanium
alloys with very irregular morphologies and voids (which can lead to crevice corrosion)
have worse corrosion resistance [50-52]. Other studies found that anodic oxidation after
HPT treatment led to increased hydrophilicity, which promoted better osteoblast adhesion
and proliferation on the surface of titanium-based materials [53].

The contemporaneity of this research topic is reflected primarily in the simultaneous
application of two methods of modification of Ti-113Nb-13Zr alloys, which have not been
researched so far, except in our already published works [7,20,48]. The synergistic use of
these two methods can lead to the production of new implant materials with adequate
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biological, physical, and mechanical properties, which represents a major advance in the
development of metallic biomaterials. This modification of the Ti-13Nb-13Zr alloy allowed
for a direct comparison of the characteristics of CG and a UFG Ti-13Nb-13Zr alloy after
AQ, but also the influence of AO on the surface characteristics of an ultrafine-grained
Ti-113Nb-13Zr alloy, which has not been researched. Also, this work can be distinguished
by the specificity of the parameters of the HPT and AO processes, which are unique in
the literature. In our previous papers [7,20,48], we have presented an analysis on the
influence of AO and HPT processes, individually and jointly, on the biocompatibility,
tensile properties, and corrosion behavior of artificial saliva; in this paper, we present
results that evaluate the integrated influence of HPT and AO on the corrosion behavior in
Ringer’s solution, as well as the surface and adhesion properties of the Ti-13Nb-13Zr alloy.

2. Materials and Methods
2.1. Surface Modification of Materials

For the necessities of testing, the alloy Ti-13Nb-13Zr (coarse-grained TNZ, CG TNZ),
intended for biomedical applications, was selected.

2.1.1. High-Pressure Torsion

To make an ultrafine-grained structure (UFG), the alloy was exposed to severe plastic
deformation using the high-pressure torsion (HPT) process. The HPT process was carried
out at room temperature under a pressure of 4.1 GPa and with 5 rotations.

In our previous paper [41], we stated that there is a problem that limits the maximum
effectiveness of this method: the limitation of pressure application due to the capacity of
the HPT apparatus. In order to properly perform the HPT procedure, it is necessary to
apply a high hydrostatic pressure, which is generally three times higher than the yield
stress of the material in an undeformed state [41]. Selection of the hydrostatic pressure was
made based on the limitations of the HPT apparatus, but also on our previous research [48]
and research by scientists from our institution, which is presented in reference [54].

The number of rotations during the HPT process plays a dominant role in terms
of influencing the physical and mechanical characteristics of the metallic material. In
order to determine the effect of rotations on the metallic material’s characteristics, in
a large number of scientific papers, HPT procedures with certain pressures were applied to
metallic materials, while the number of rotations varied [42]. The number of rotations was
selected as a parameter based on the literature and previous research by scientists from our
institution, which is presented in reference [54].

2.1.2. Anodic Oxidation

Anodic oxidation (AO) was performed using platinum as a cathode and a sample of
the CG or UFG TNZ alloy as a working electrode, i.e., anode. The anodic oxidation was
carried out at a voltage of 25V. In total, IM H3PO4 + 0.5 wt.% NaF was selected as the
solution, and the duration of AO was 90 min. The PEQLAB EV 231 apparatus (Consort nv,
Turnhout, Belgium was utilized as a power supply for anodic oxidation.

The literature review established that the influence of the duration of anodic oxida-
tion on the morphology and surface characteristics of the titanium-based materials with
an ultrafine-grained structure has not yet been sufficiently researched. In addition, it
was found that analysis of the influence of the duration of the anodic oxidation on the
morphology and characteristics of nanostructured oxide layers formed on the surface of
titanium-based materials is very rarely mentioned, or is otherwise not mentioned at all, in
the literature. These were the bases for choosing the duration of the anodic oxidation as
a parameter, which was varied in the experimental procedures in previous papers [7,20,48],
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and, in addition, a potential of 25 V and H3P04 + 0.5 wt.% NaF as electrolytes were selected
as parameters based on the literature [55]. The morphology created on the CG and UFG
alloys after durations of anodic oxidation of 30, 60, 90, and 120 min are shown in our
previous papers [7,48]. According to the obtained morphology, showing a larger nanotube
diameter and greater roughness of the surface, the coarse-grained and ultrafine-grained
Ti-13Nb-1Zr alloys after anodic oxidation for 90 min were chosen for studying.

The number of replicates for all conditions and samples was three. For all experiments
in this study, three samples per condition were tested. For all tested materials, consistent
morphology/roughness outcomes were obtained, while the best AFM and SEM images are
presented in this paper.

2.2. Surface Characterization

Characterization of surface morphology was analyzed using a scanning electron
microscopy (SEM) (Tescan Group a.s., Brno, Czech Republic)—TESCAN MIRA3 XMU
microscope, voltage 20 keV.

The topographies and surface roughness of the materials obtained using conventional
methods, as well as those subjected to the HPT process and AO, were analyzed using
atomic force microscopy (AFM) (Vecco Instruments Inc., New York, NY, USA). All tests
were performed in room-temperature conditions in oscillatory mode with a scanning speed
of 1 Hz. A Veeco—Nanoscope III d microscope was used for AFM analysis.

The oxide layer created on the CG and UFG TNZ alloy was analyzed using X-ray
diffraction (XRD). The CG and UFG samples were prepared using anodic oxidation con-
ducted at 25 V for 90 min, and then the anodized samples were left to air-dry for the next
24 h at room temperature. In this experiment, the samples were not exposed to annealing
or drying at high temperatures. The Philips PW 1050 diffractometer (Philips Analytical,
Almelo, The Netherlands) with Ni- filtered CuK« radiation was used to detect the structure
of the titanium nanotube oxide layer formed on the Ti-13Nb-13Zr alloy. The spectra were
obtained from 0° to 100° in 2-theta range, with a step size of 0.05° and scan speed of 2° per
minute, at room temperature (25 °C).

Determination of the Surface Contact Angle

The static method and measurement of the tangent angle at the three-phase contact
point was used to determine the contact angle. A digital single-lens reflex Nikon D3500
camera (Nokon Corporation, Tokyo, Japan) was used to make high-resolution photographs
of Ringer’s solution drops. The volume of the drops was 0.15 mL, and the distance of
dropping was 10 mm. The contact angle measurement was repeated three times on an
independent sample, while the contact angle was measured on both sides (left and right,
three times) on each individual sample.

Results present the average of the contact angle measurement with standard
deviations (SDs).

2.3. Measurement of Corrosion Resistance

Determination of the oxide film’s corrosion stability, for the alloy before and after
AO, was examined by the electrochemical impedance spectroscopy (EIS) test using Gamry
Reference 600 potentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA) ).
The testing was performed in Ringer’s solution with a pH value of 5.5 and a temperature of
37 °C in order to simulate the environment in the human body. The chemical composition
of Ringer’s solution was 8.60 g/L NaCl, 0.30 g/L KCl, and 0.33 g/L CaCl. The tests were
performed in a Faraday cage. The impedance was measured at open circuit potential
using an alternating voltage of 10 mV across a frequency range from 100 kHz to 10 mHz.
An analysis of impedance values is given in the Nyquist and Bode diagrams. To reach
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statistically valid results, it was desirable to replicate the EIS measurements at least three
times and to use fresh Ringer’s solution for every experiment.

Figure 1 presents the corresponding equivalent electrical circuit (EEC), which was
utilized for fitting the results of titanium alloy EIS testing [56]. EIS data analysis was
conducted using Gamry Instruments Echem Analyst software, version 5.50. The quality of
the impedance data fitting to the equivalent electrical circuit (EEC) model was evaluated
using the “Goodness of Fit” parameter. In all tested conditions, this value remained
below 2.3 x 107*, indicating that the EEC model was suitable for fitting the obtained
electrochemical impedance spectroscopy (EIS) results.

CPE,

R'
R?
R, "
Ringer's solution = — MWW Solution
CPE,
Porous
oxide layer,
- nanotubes
wall
Rl
CPE,
Barrier
m oxide layer,
/ nanotubes
Ti-13Nb-13Zr R, bottom

Figure 1. The equivalent electrical circuit utilized for fitting the results.

In the mentioned EEC, R, represents the resistance of the electrolyte, R, and CPE;
constitute the resistance of the compact barrier layer and an element with a constant phase
angle that directly depends on the frequency and which is often used instead of the compact
barrier layer capacitance (C;,) for inhomogeneous surfaces, while, R; and CPE; constitute
the resistance of the porous layer and an element with a constant phase angle that directly
depends on the frequency and which is used instead of the porous layer capacitance (Cy).
Also, R, represents the resistance of the bottom of the nanotube, (R,;), and R; represents
the resistance of the walls of the nanotube (R;).

The relationship between C and CPE can be represented by the following expressions [57]:

Cp = (CPBRQ_("b_l)) ”]77

1

C, = (cpE-RQ*”v*l))@

where 7 is a coefficient with values ranging from 0 to 1. The CPE is a resistor when 7 is 0.
The Warburg impedance, which related to diffusion processes, has n values of 0.5, while
complete capacitance C has n values of 1 [58]. By fitting experimentally obtained data, the
values of resistance R, capacitance C, and coefficient n were determined for the natural
oxide layer and nanostructured oxide layer created using the anodic oxidation process.



Metals 2025, 15, 997

7 of 26

2.4. Scratch Test

A testing machine Nanoindenter G200 (Agilent Technologies, Santa Clara, CA, USA)
with an indenter Berkovich-type diamond tip, was used to perform the tests by making
a scratch on the surface of the Ti-13Nb-13Zr alloy before and after AO. The scratch’s length
was 700 um (with 50 pm/s) with the load progressively raised up to 40 mN (Figure 2). In
this research, scratch testing was utilized to analyze the cross-profile of the topography and
adhesion characterization of nanotubes surface formed after AO.

50 -
40
z
< 30-
§ 204
<
=
3
10 4
0-

T T T T T T T T 1
-100 0 100 200 300 400 500 600 700 800

Scratch distance during test, pm

Figure 2. Applied load during scratch test.

During this test, the normal force on the sample was controlled and increased. The
scratch test procedure consists of 3 steps: First, a very small load was applied to detect
the morphology of the same surface. Then, along the same scratch path, a normal force
was applied that increases from the starting to the maximum scratch load. Finally, a very
small force was used for the next profile, which measures the residual deformations in
the indentations.

3. Results
3.1. Surface Morphology

The CG and UFG TNZ alloy was anodized in H3PO, solution; the modified surfaces
of titanium alloys were uniform compact oxide layers obtained at 25 V for 90 min, as
shown in Figure 3 It can be observed that the oxide layer obtained on the CG surface was
composed of nanotubes with larger and smaller diameters, but also larger and smaller wall
thicknesses. This distribution of the dimensions of the formed nanotubes is known in the
literature as a bimodal distribution [59]. The difference in the morphology of the nanotube
oxide layer is thought to be due to the HPT procedure, which can change dissolution the
rate of the oxides. Faghihi et al. [60] noticed that the nanotube oxide layer created on UFG
cpTi is quite different from that on CG cpTi in chemical structure. They showed that the
UFG structure has a weakening of the Ti bond in TiO,, which can induce a faster dissolution
rate in the oxides during the formation of the nanotube oxide layer.

Mean values of the nanotube dimensions with a standard deviation (SD) of 30 mea-
sures the function of the material structure, as shown in Figure 4a. Measurement of the
nanotube dimension was performed using Image ] software. The mean value of the nan-
otube diameter for the CG TNZ alloy is 76.44 nm, and the nanotube wall thickness is
20.34 nm (Figure 3c,e and Figure 4a). The oxide layer created on the UFG surface after
anodic oxidation has a homogeneous structure. The mean value of the nanotube diameter
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for the UFG TNZ alloy is 90.17 nm, and the nanotube wall thickness is 19.57 nm (Figure 3d,f
and Figure 4a).

@ (b)

Macro-

Micro-

Nano-

“ nY.
500 nm 500fim

IS

Figure 3. Appearance of the samples and morphology of modified surface for (a,c,e) CG and
(b,d,f) UFG Ti-13Nb-13Zr alloy after anodic oxidation.

Figure 3 shows that the nanostructured surfaces consisted of larger and smaller nan-
otubes, but also larger and smaller wall thicknesses. This is confirmed by the large dif-
ference in the dimension measurements of the diameters of the nanotubes, ranging from
47.1 nm to 121.69 nm, for both alloys. The SD values indicate that a significant difference be-
tween the sizes of the nanotube diameters formed on the alloys under the same conditions
of the electrochemical anodization process does not exist. The SD values of the diameter
measurements are £20.62 nm and £16.27 nm for the za CG and UFG alloy, respectively,
which indicates the better uniformity of the diameter for the nanotube oxide layer formed
on the alloy after the HPT process. The values of the diameters of the nanotubes formed on
the surface of the CG TNZ alloy range from 47.1 nm to 117.57 nm. On the other hand, the
value of the diameter of the nanotubes formed on the surface of the UFG TNZ alloy ranges
from 59.4 nm to 121.69 nm after anodic oxidation for 90 min. Observed in relation to the
microstructure of the alloy, this difference in nanotube dimensions is greater on the surface
of the coarse-grained alloy than on the surface of the fine-grained alloy. These results
confirm the possibility of using the HPT procedure to obtain an adequate homogeneous
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nanotube oxide layer. Also, the SD values indicate that a significant difference between the
sizes of the nanotube wall thicknesses formed on the alloys under the same conditions of
the electrochemical anodization process does not exist. The SD values of the wall thickness
measurements are +2.46 nm and 2.6 nm for the CG and UFG alloys, respectively. The
values of the nanotube wall thickness formed on the surface of the CG TNZ alloy ranges
from 14.94 nm to 22.91 nm. On the other hand, the value of the nanotube wall thickness
formed on the surface of the UFG TNZ alloy ranges from 17.01 nm to 24.05 nm after anodic
oxidation for 90 min.
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Figure 4. Comparison of (a) nanotube dimensions and (b) surface roughness for tested materials.
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UFG metallic materials processed by SPD methods have a high concentration of lattice
imperfections, including vacancies, dislocations, and grain boundaries [61]. Those lattice
defects are commonly related with a growth in electrical resistance and enhanced atom
diffusivity, which can change electrochemical behavior, namely corrosion and anodic oxida-
tion. The HPT process significantly refines the microstructure of titanium alloys, reducing
the grain size to the ultrafine or nanocrystalline level (<100 nm). This UFG structure leads
to more a uniform nanotube oxide layer, enhancing nanotube formation during anodic
oxidation. It was shown that the large grain size of cpTi resulted in a less regular and
less homogeneous nanotube oxide layer because the large grains were non-equiaxed [62].
In addition, in our previous study [48], we showed that, for a shorter anodic oxidation
time, a more homogeneous nanotube oxide layer was obtained on the UFG TNZ than on
the CG TNZ alloy. The presence of grain boundaries in UFG materials after HPT process
provides additional diffusion pathways for ions during anodic oxidation. The results
show that nanotube growth on the UFG surface induces larger-diameter nanotubes with
more consistent and smaller wall thicknesses compared to nanotubes grown on the CG
surface. A previous paper shows that the final dimensions (diameter, wall thickness, and
length) of the nanotubes are influenced by both the anodic oxidation parameters and HPT
process parameters [7,48,63]. In our previous papers [7,20,48,49], we have shown that the
dimensions of the nanotubes and morphologies of the modified surface depend on the
anodic oxidation time, and that, with increasing anodic oxidation duration, an increase in
nanotube diameter is accompanied by a decrease in wall thickness. We have also shown
that nanotubes become longer after processing the TNZ alloy using the HPT process [41].
Hu et al. [63] noticed that torsion strain in the HPT procedure had an influence on the
dimension of the nanotubes. They showed that increasing turns from 1 to 10 led to longer
nanotubes. Also, increasing turns from 1 to 10 led to increasing diameters of the nanotubes.

Figure 5 presents 2D AFM diagrams and linear profiles for the CG and UFG TNZ
alloys before and after AO. A distinct variation in peak height is observed. The measured
value of Ra for the non-anodized CG surface is 6.6 nm and the non-anodized UFG surface
is 3.6 nm, while for the anodized CG surface it is 19.1 nm and for the anodized UFG surface
it is 34.1 nm (Figure 4b). As a result of AFM measurement, the RMS (root mean squared)
roughness of the anodized and non-anodized CG and UFG TNZ alloys was also obtained.
RMS presents the standard deviation of the heights of the profile, and it is a more precise
indicator of roughness because it includes the entire defined surface. As we present in our
previous paper [7,64], the RMS value for the non-anodized CG TNZ was 2.36 nm and the
anodized CG TNZ was 11.27 nm, while for the non-anodized UFG TNZ it was 4.52 and
for anodized UFG TNZ it was 17.12 nm (Figure 4b). Results show that larger diameters
of the nanotubes lead to higher surface roughness values due to the more pronounced
surface topography. On the other hand, thicker walls of the nanotubes can lead to a denser
and rougher structure. The homogeneity of the nanotube oxide layer formed using anodic
oxidation significantly affects roughness consistency across the surface. A uniform, highly
ordered nanotube oxide layer results in consistent roughness, favorable for biomedical
applications like improved cell adhesion. In contrast, an inhomogeneous nanotube oxide
layer can create micro-rough areas or defects, leading to unpredictable surface behavior
and decreased biocompatibility. Although HPT is not a surface modification treatment, it
can influence surface roughness indirectly. Results show that the HPT process can slightly
change roughness, probably due to intense shear strain. However, polishing or surface
modification treatments after the HPT process are often applied to tailor the roughness of
the surface for specific applications. Moreover, the refined microstructure using the HPT
process enhances the uniformity of the nanotube oxide layer, promoting the formation of
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a more homogeneous nanotube oxide layer, which can also help control the roughness of
the surface more precisely.
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Figure 5. Two-dimensional AFM images and linear profile for non-anodized surface of CG TNZ (a),
anodized surface of CG TNZ (b), non-anodized surface of UFG TNZ (c¢) and anodized surface of
UFG TNZ (d).

95

3.2. XRD Analyses

Figure 6 presents an XRD diagram of an oxide layer created on the tested materials.
Figure 6 shows that no anatase and/or rutile phases appeared on the surfaces of the CG
TNZ and UFG TNZ alloys, independent of the alloy’s microstructure, after anodic oxidation
in an 1M H3POy4 + NaF electrolyte for 90 min. Results of the XRD method show that the
amorphous nanotube oxide layer is created on the CG and UFG’s surface after AO in
defined solutions.
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Figure 6. XRD diagram of nanotube oxide layer created on the (a) CG and (b) UFG Ti-13Nb-13Zr
alloys after anodic oxidation.

Conventional XRD has limited surface sensitivity when applied to the analysis of thin
films on the surfaces of metallic materials, such as the oxide layers of nanotubes. Namely,
the penetration depth of the radiation can be greater than the thickness of the nanotube
oxide layer. This means that XRD could collect signals from both the nanotube surface
and the substrate surface. In this case, Grazing Incidence XRD (GIXRD) is often applied.
However, the literature indicates that GIXRD is often used for thin nanotube layers with
thicknesses from 100 nm to 500 nm and less than 1000 nm, while conventional XRD is
possible to use for thin nanotube layers with thicknesses higher than 1000 nm [65]. In
our previous paper [41], we show that nanotube oxide layers formed on the CG and UFG
Ti-13Nb-13Zr alloys are thicker than 1000 nm. Also, a previous study [55,66] successfully
apply the conventional XRD method to analyze thin nanotube oxide layers formed on
titanium alloys whose thicknesses ranged from 1250 to 2000 nm.

As is shown in the literature, the crystallization of titanium nanotubes occurs in
the anatase phase at a temperature around 300 °C, while the rutile phase occurs at
around 500 °C, with the dominated rutile phase of nanotubes occurring after annealing
at 700 °C [67]. Also, the intensity of the anatase phase decreases with increasing applied
voltage [68]. A previous study showed that the anatase phase of titanium nanotubes totally
converted into the rutile phase after anodic oxidation at 180V [69]. An amorphous titanium
nanotube oxide layer can provide good corrosion resistance due to their uniform defect-free
structure, which can act as an effective barrier against ion transport and localized corrosion.
Studies have shown that an amorphous titanium nanotube oxide layer can be chemically
stable in physiological environments, especially in chloride-rich solutions like simulated
body fluid [70,71]. On the other hand, crystalline structures lead to superior corrosion
resistance. A rutile structure is more chemically stable and less reactive in simulated
body fluid, while an anatase structure is less stable than the rutile structure, but still has
good corrosion resistance. Saji et al. [55] studied and compared the corrosion behavior
of a Ti-13Nb-13Zr alloy with a formed amorphous nanotube oxide layer and crystalline
anatase nanotube oxide layer in Ringer’s solution. Their results showed that an amorphous
nanotubes oxide layer shows better corrosion resistance than a crystalline anatase nanotube
oxide layer. On the other hand, Saji et al. [66] showed that a crystalline nanoporous oxide
layer has better corrosion resistance in Ringer’s solution than a crystalline nanotube oxide
layer formed on Ti-35Nb-5Ta—7Zr. The crystalline anatase TiO, layer is known for its
superior hydrophilicity with a small contact angle [72], which promotes better protein
adsorption and cell attachment—critical for osseointegration. In contrast, an amorphous
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TiO; layer tends to be less hydrophilic, although surface treatments (e.g., UV irradiation or
functionalization) can enhance its wettability [73].

3.3. Contact Angle

Contact angle images of the CG TNZ and UFG TNZ alloys before and after anodic
oxidation are shown in Figure 7, while values of the contact angle are given in Table 1. The
contact angle of the CG TNZ material was measured as 99.45°, while after anodic oxidation
for 90 min, the contact angle of the CG TNZ material was decreased to 56.7°. The contact
angle of the UFG TNZ material was measured as 67.3°, while after anodic oxidation for
90 min, the contact angle of the UFG TNZ material was decreasing to 40.9°. The values of
the contact angle decreased in the following order: CG TNZ > UFG TNZ > CG TNZ after
anodic oxidation, 90 min > UFG TNZ alloy after anodic oxidation, 90 min.

Figure 7. Contact angle images of (a) CG TNZ, (b) CG TNZ after anodic oxidation, (¢) UFG TNZ, and
(d) UFG TNZ after anodic oxidation.

Table 1. Comparison of roughness and contact angle for tested materials.

. CG TNZ, UFG TNZ,

Materials CG TNZ AO, 90 min UFG TNZ AO, 90 min
Roughness, Ra [nm] 6.6 19.1 3.6 34.1

Contact angle [°] 99.5 +2.62 56.7 & 3.95 67.3 & 4.66 409 +7.78

Results show that the contact angle decreases after anodic oxidation of CG TNZ and
UFG TNZ, giving the surfaces of the materials a more hydrophilic character. Also, the
contact angle decreases after the HPT process of the CG TNZ alloy. The results show that
the synergistic effect of the HPT treatment and anodic oxidation leads to the lowest values
of the contact angle, i.e., the highest hydrophilicity of the UFG TNZ alloy. Table 1 presents
a comparison of the contact angles and roughness of the tested materials. Results show
that increasing the roughness of the surface after anodic oxidation, at the same time, leads
to a decrease in the value of the contact angle. The increasing roughness of the surface
leads to an increase in the region that the solution can contact—in other words, it increases
wettability of the surface. Also, it is known that, after the anodic oxidation of materials, the
hydroxyl groups are formed and lead to increasing wettability [74]. Decreasing the contact
angle means increasing the hydrophilicity of the titanium alloys [74], while a previous
study found that the hydrophobic surface has a water contact angle higher than 65° [75]. It
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has been shown that the hydrophilicity of the surface of the metallic implant significantly
affects the absorption of proteins, macromolecules, and bacteria, the interaction of hard
and soft tissue with the surface of the implant, as well as the degree of osseointegration
in in vivo studies [76]. For instance, Zhang et al. [77] studied the biological behavior of
a Ti-(0-25 wt.%) Nb alloy and found that the contact angle influenced cell proliferation in
a biocompatibility test. A previous study showed that the surface modification parameters
of metallic biomaterials affect not only the morphology, roughness, and topography of the
surface, but also the contact angle [75]. Kovaci et al. [74] investigated the influence of the
anodic oxidation time on the contact angle of the cpTi, Ti-45 Nb, and Ti-6Al-4V surfaces.
The results showed that, for all three materials, the contact angle decreased as the anodizing

time increased.

3.4. Corrosion Resistance

The electrochemical impedance spectrum for the UFG and CG TNZ alloys, before and
after anodic oxidation, is shown using Nyquist (Figure 8) and Bode (Figure 9) charts. All of
the tested materials have the properties of corrosion stability, where it can be seen, based
on the shape of the diagram and size of the semicircle diameter, that the CG TNZ, after
anodic oxidation, has the best corrosion resistance of the nanotube oxide layer (Figure 8a).
The Bode diagram has two time constants that describe the two oxide layers.
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Figure 8. Nyquist diagram of non-anodized and anodized CG TNZ (a) and UFG TNZ (b) alloy.
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Figure 9. Graphic representation of Bode diagrams (a,c) of phase angles and (b,d) moduli for CG
TNZ and UFG TNZ alloys before and after anodic oxidation.

As can be seen in Figure 9b,d, an impedance magnitude around 10° Qcm? achieved
in the low-frequency region indicates good corrosion resistance, while a value in the
order of magnitude around 10% Qcm? for UFG TNZ, after anodic oxidation, indicates
a drop in corrosion stability. For all materials, Z,,4 values in the order of 10! Qem? in the
frequency range of 0-100 kHz and phase angles close to 0° were achieved, which indicates
the significant thickness of the outer porous layer [78]. In the Bode phase angle diagram,
Figure 9a,c, wide peaks for CG TNZ after anodic oxidation and the UFG TNZ alloy indicate
better their corrosion stability compared to their counterparts, CG TNZ and UFG TNZ,
after anodic oxidation, respectively.

The obtained results for the tested materials using the EIS method are given in Table 2.
It is evident that the outer porous layer (R;) exhibits lower corrosion resistance compared
to the inner barrier layer (Ry). Specifically, the resistance at the bottom of the nanotube
(Rp or Ryyp,) is higher than that of the nanotube walls (R; or Ryy). These findings indicate
that the barrier layer demonstrates superior stability over the porous layer across all tested
materials. The improvement in the corrosion stability of the CG TNZ alloy after anodic
oxidation is clearly demonstrated by the results presented in Table 2. The lowest value of
R; in the Ringer solution was found for the UFG TNZ alloy. After anodic oxidation, Ry
is 3.77 x 103 Q) cm?, while the highest value of R; in the Ringer solution was found for
the CG TNZ alloy; after anodic oxidation, R, is 1.42 x 10° Q) cm?. The higher value of Ry
indicates better stability of oxide layer, which indirectly indicates that the CG TNZ alloy,
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after AO, has superior corrosion stability than the UFG TNZ alloy after AO. Moreover, the
time constant at medium frequencies, 0.1-1 Hz, becomes more pronounced with anodic
oxidation for both the CG and UFG alloys, which confirms the creation of a compact barrier
layer located at the base of the nanotube.

Table 2. Electrochemical impedance spectroscopy results of CG and UFG TNZ alloys before and after
anodic oxidation.

. CPE; CPE,
. Anodic Ry R, R,
Materials Oxidation Time (min) () (Q cm?) Y,o:107 n (Q cm?) Y107 N
"0 em™) "0 em™)
-7 4 —6
CGTINZ / 11.77 38.13 456 x 10 0.75 7.12 x 10 7.47 % 10 0.83
90 23.11 96.46 1.05 x 1077 0.79 1.42 x 100 1.81 x 10~° 0.86
3 -7 4 -7
UFG TNZ / 10.24 7.68 x 10 3.52 x 10 0.78 8.92 x 10 1.73 x 10 0.65
90 24.87 5.42 x 102 332 %1077 0.75 3.77 x 103 7.71 x 1078 0.86

According to the presented equation, the thickness of the oxide film increases with
a decrease in CPE [79]:
CPE = ¢0eS/},

where ¢ is the electrical permittivity of the vacuum (8.854 x 10~!* Fem™!), ¢ represents
the dielectric constant of the film, S denotes the surface area, and h corresponds to the
thickness of the oxide film.

The surface of the UFG TNZ alloy exhibits a greater thickness of the nanotube oxide
layer than that of the CG TNZ alloy. This is indicated based on the capacitance (CPE) value
because the CPE value of nanotube oxide layer on the UFG TNZ is lower than the CPE
value of the nanotube oxide layer on the CG TNZ. Also, results in our previous paper [42]
indicate that the HPT process leads to the possibility of obtaining a greater thickness in
the oxide layer, i.e., longer nanotubes, after the anodic oxidation process. On the other
hand, the thickness of the oxide layer on the surface after anodic oxidation is greater than
that formed on the surface before anodic oxidation for both materials. It was also shown
that the capacitance (CPE) of the nanotube oxide layer is lower than the capacitance of the
naturally formed oxide layer. The coefficient n takes on values in the interval 0.65-0.86, as
can be seen in Table 2.

Hence, the results of the EIS measurements verify the results of the potentiodynamic
polarization measurement, which was presented in our previous paper [20]. Both methods
show that the corrosion stability of oxide layer stability was higher on the CG TNZ after
anodic oxidation and UFG TNZ alloy compared to their counterparts, CG TNZ and UFG
TNZ, after anodic oxidation, respectively. The results show that forming a nanotube oxide
layer on the surface of the CG TNZ alloy enhances its corrosion stability compared to the
alloy before anodic oxidation. On the other hand, there is a drop in the corrosion stability
of the UFG TNZ alloy after anodic oxidation. The morphology of the nanostructured oxide
layer affects the corrosion stability of the material. The results show that increasing the
nanotube diameter from 76.44 nm to 90.17 nm in the morphology of the nanotube oxide
layer led to a decrease in corrosion resistance, i.e., a decrease in the inner barrier layer
resistance value, Ry, from 1.42 x 10° Q) cm? to a R, value of 3.77 x 103 Q cm?. This results
in an increase in the dimensions of the nanotube diameter, which leads to a decrease in
corrosion resistance, as is already known in the literature [80,81]. Guo et al. [80] states
in their review that the oxide layer with nanotubes with diameters ranging from 22 nm
to 59 nm lead to an increase in corrosion resistance, while an increase in diameter to
about 86 nm leads to a decrease in corrosion resistance. Also, Ossowska et al. [81] showed
that a nanotube with a larger diameter (about 100 nm) had significantly worse corrosion
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resistance compared to a nanotube with a smaller diameter (about 60 nm). This is attributed
to the large intra-tubular cavities that increased the contact area of the electrolyte and
nanotube interface. Also, the numerous and larger channels between the nanotubes may
allow for the electrolyte to penetrate the protective oxide layer, resulting in a corrosion
reaction between the surface and the electrolyte ions [48]. On the surface of the CG TNZ
alloy, after anodic oxidation, compact nanotubes without channels between them are
formed, Figure 3a, which affected the enhancement in corrosion stability compared to the
CG TNZ. Conversely, the development of a nanostructured oxide layer on the surface of the
UFG TNZ leads to a drop in corrosion resistance because the morphology of the nanotube
oxide layer is characterized by more space between nanotubes (Figure 3b). Measurement
of the inter-tubular spacing was performed using Image-] software (version 1.54, NIH,
Rockville Pike Bethesda, MD, USA). The mean space between nanotubes, with a standard
deviation (SD) of 15 measurements as a function of material structure, is shown in Figure 4a.
The mean space between nanotube values, calculated from 15 measurements, are 30.26 nm
for the CG TNZ alloy and 55.71 nm for the UFG TNZ alloy, while SD values are £4.13 nm
and +7.95, respectively.

Usually, titanium alloys with modified surfaces have higher corrosion resistances
compared to the substrate [82,83]. It was shown that surfaces with a hybrid morphology
composed of nanotubes and nanopores have higher corrosion protection than the mor-
phology with nanotubes only [50]. Modifying the surface with nanopores or nanotubes
on the TNZ alloy led to equivalent corrosion resistance when compared to other titanium
alloys [50]. Many papers discuss the impact of modified surface morphology on corrosion
stability and show that surfaces of titanium alloys with irregular morphology and, in some
cases, voids can lead to decreases in corrosion resistance [50]. Jang et al. [51] showed that
Ti-Nb alloys before and after anodic oxidation have good corrosion resistance and when,
due to the irregular morphology of the nanotube oxide layer, the corrosion resistance was
lower after anodization. Campanell et al. [52] noticed that anodic oxidation, with parame-
ters of 40 V and 6 h or 20 V and 1h for a Ti-Mo alloy did not increase corrosion resistance,
but did not significantly decrease corrosion resistance either. In our earlier study [48], the
corrosion behavior and stability of the UFG and CG alloys, both before and after anodic
oxidation, were examined in artificial saliva. It was found that the UFG TNZ alloy exhibited
the best corrosion stability after undergoing anodic oxidation for 90 min. In the current
study, corrosion stability was evaluated in Ringer’s solution, where the UFG TNZ alloy
after anodic oxidation showed lower corrosion resistance compared to the CG TNZ alloy
treated the same way. This variation in corrosion stability is attributed to the high concen-
tration of chloride ions in Ringer’s solution, which are known to cause corrosion damage
on the surfaces of titanium alloys [84]. Previous research indicates that UFG titanium alloys
exhibit different corrosion behaviors in simulated body fluid versus artificial saliva [85].
Specifically, the UFG titanium alloy demonstrates better corrosion resistance in artificial
saliva than in simulated body fluid. Also, it is well established that the microstructure of
metallic materials greatly impacts their corrosion behavior. UFG materials contain a higher
density of grain boundaries, which can serve as anodic sites. Consequently, a greater grain
boundary density might be expected to reduce corrosion resistance [86]. However, contrary
to this assumption, numerous studies have demonstrated that UFG titanium-based materi-
als exhibit good corrosion stability due to their uniform grain distribution [87,88]. On the
other hand, some research has found that grain refinement either did not enhance corrosion
resistance or had no significant effect on the corrosion behavior of these materials [85,89].
From the literature review, it can be concluded that grain size significantly influences the
corrosion resistance of titanium-based materials, while both the processing method and
the electrolyte used also play crucial roles in determining corrosion stability. In order to
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determine the more precise effect of Ringer’s solution on the corrosion stability of CG and
UFG TNZ alloys before and after anodic oxidation, future experiments will include tests of
these materials immersed in Ringer’s solution for different time intervals, as well as tests of
corrosion stability using the potentiodynamic polarization and electrochemical impedance
spectroscopy methods.

3.5. Scratch Test

Figure 10 presents the profile along the cross-section of the scratched surface of CG
TNZ and UFG TNZ after anodic oxidation for 90 min. As can be seen, the cross-section
of the scratch is composed of two regions, groove area (GA) and pile-up areas (PAj, PAy)
(show in Figure 10 in black and gray colors), while summation of PA; and PA; presents
material remove area (MRA), Figure 10.
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Figure 10. The profile of scratch cross-section of the (a) CG TNZ and (b) UFG TNZ surface after
anodic oxidation.

In cases when PA is larger, the dominant mechanism for removing materials is plow-
ing; on the other hand, when GA is larger, the dominant mechanism for removing materials
is shearing [90]. In cases when is radius of scratch indenter is large, material deforms
plastically without formation of the material fragment; this is case when the depth or
thickness of the material fragment is small. When the thickness of the material frag-
ment exceeds limit values, formation of the material fragment, as well as the material’s
removal mechanism, is shearing-dominant. Many previous studies defined parameters
such as “Pile up ratio” and “Material removal area” to characterize the mechanisms of
scratch testing metallic materials, and defined the criteria for the method of removing
material [90] as follows: (1) PA; + PA; = GA =0; pile-up ratio = oo; dominant mecha-
nism: rubbing, (2) PA; + PA; > GA; pile-up ratio > 1; dominant mechanism: plowing,
(3) PA1 + PA; = GA # 0; pile-up ratio = 1; dominant mechanism: elastic-plastic transition,
(4) PA; + PA; < GA; pile-up ratio < 1; dominant mechanism: shearing (plastic flow). The
profiles of the scratch cross-sections for both materials show that PA is lower than GA,
which indicated that the dominant mechanism for removing materials and forming material
fragments during the scratch test is shearing (Figure 10). Also, the profile of the scratch
cross-section for CG TNZ, after anodic oxidation, shows that the groove (scratch) depth is
223 nm, while the groove (scratch) width is about 17.5 pm (Figure 10a). The profile of the
scratch cross-section for UFG TNZ, after anodic oxidation, shows that the groove (scratch)
depth is 436 nm, while the groove (scratch) width is about 37.5 um (Figure 10b). Wear
can be evaluated based on the width and depth of the scratches. In most cases, scratch
width is used to monitor wear progression, whereas scratch depth or material volume loss
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is more critical in applications requiring high wear resistance [91]. The values of scratch
width and scratch depth depend on the scratch test conditions, i.e., the applied force, shape
and radius of the indenter tip. For example, it has been shown that with the applied force
increasing, the values of scratch width and depth increase too [92]. Also, it has been shown
that increasing the indenter tip radius from 25 pm to 200 um led to an increase in values of
scratch width, while the values of scratch depth remain unchanged [92]. From Figure 11, it
is noted that the scratch width is less for CG TNZ, while depth for CG TNZ, the surfaces
are almost two times smaller than for UFG TNZ surfaces in the same test conditions. These
results indirectly signify that the CG TNZ alloy after anodic oxidation could be more
wear-resistant than the UFG TNZ alloy after anodic oxidation.
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Figure 11. Scratch test curve of (a) CG TNZ and (b) UFG TNZ surfaces after anodic oxidation.

Figure 11 presents the scratch test curve for the CG TNZ and UFG TNZ surfaces
after anodic oxidation. In the case of the UFG TNZ surface, the slope of the scratch curve
decreases with increasing displacement into the surface (when the mass of the nanotubes
layer increased) (Figure 11). As can be seen, in the first and latter stages of the scratch,
both curves indicate reapplication to the applied load. The slope of the scratch curves is
relatively stiff (along scratch distance), indicating a slim possibility to annul the applied
load. These facts indicate that the failure of the nanotube oxide layer occurred along the
length of the scratch.

Scratch test curves show three regions, the ductile region, transition region (brittle-ductile
transition) and brittle region, while large fluctuations appear at the beginning of region
change. According to the literature [92], the appearance and changes in the diagram, as
well as the surface morphology characteristics of the scratch, depend on the normal loading
rate, indenter, and direction of the indenter, but it indicates that the above-mentioned three
regions comprise every scratch test curve. Figure 12 presents the morphology characteristics
of the scratch and damage to the oxide layer after the scratch test for CG TNZ and UFG TNZ
surfaces after AO. Figure 12a—c present the whole scratch, some part of the scratch, and the
final part of the scratch obtained on the CG TNZ surface after anodic oxidation. As can be
seen, the scratch exists with a visible lateral accumulation of oxide layer material on both
sides of the scratch’s edge. Also, at the final part of the scratch, accumulation of the material
exists. On the other hand, Figure 12d,e, presents the whole scratch and some part of the
scratch obtained on the UFG TNZ surface after anodic oxidation. As can be seen, with the
progress of the scratching, both sides of the scratch show cracks and pieces of the fracture
with much smaller or larger fragments of material (shown with red arrows). A previous
paper showed that damaged to the oxide layer on the titanium-based surfaces is possible,
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but the adhesion of the coating is sustainable [93-97]. C noticed that the nanotube oxide
layer created on the Ti-13Nb-13Zr alloy has a delamination mechanism associated with the
brittle fracturing. Durdu et al. [94] created a nanotube oxide layer on a titanium alloy using
anodic oxidation with different voltages and showed that increasing the voltage led to the
increasing adhesion of the nanotube oxide layer. Sarraf et al. [95] researched the adhesion
of the nanotube oxide layer created on the Ti-6Al-4V. They showed that adhesion increased
after annealing. Hu et al. [96] showed that forming the homogeneous nanotube oxide layers
after the HPT process led to improvements in their adhesion. Dikova et al. [97] showed
that a higher roughness of the surface of titanium-based materials led to delamination
of the smaller areas of the nanotube oxide layer after scratch-testing. The results of our
study show that damage to the nanotube oxide layer occurs, but the magnification of the
SEM image shows that the nanotubes are still adhesively stable at the very edges of the
scratch (Figure 12e).

100 pm 50 um 10 pm

Fragments

Fragments

100 pm % 1 50 um

Pieces of fracture

Figure 12. Damage to the nanotube oxide layer formed on (a-c) CG and (d,e) UFG Ti-13Nb-13Zr
alloy after scratch test.

Critical load (Lc) is used for the characterization of the adhesion strength of the coating
of the materials. Lc denotes the moment of separation of the nanotube oxide layer from
the metallic substrate. The literature shows that values of Lc depend on the thickness,
hardness, and load-carrying capacity of the coating. Also, it was shown that methods such
as microscopic evaluation are suitable for determining the value of the critical load [98].
Figure 2 shows a linear increase in load from 0 to 40 mN over a scratch length of about
700 pm, and this mode is typical for a progressive scratch test, where critical forces can
be accurately read. A uniform increase in force enables the detection of multiple stages of
damage to the coating. Based on Figure 2, the scratch-test curve in Figure 11b, and SEM
images in Figure 12d,e, for the nanotube oxide layer formed on the UFG TNZ alloy, it
can be seen that the beginning of the initial damage (Lc;) is in the form of a micro-crack
(Figure 12d,e), and the first visible sharp jump on the scratch test curve (Figure 11b) is
at about 436.36 pm, which is at the applied force of about 26.85 mN. Furthermore, it is
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visible that the cohesive peeling and crowning (Lc;) of the nanotube oxide layer occurs at
487.87 um, or at a force of 30.94 mN. Also, local separation of the layer is present at both of
the above-mentioned loads, while larger separation of the nanotube oxide layer is similar
to a complete adhesion fracture (Lc3), and a sharp jump on the scratch test curve, as well
as a break in the load, are visible near the value of 590-600 wm, i.e., for a force value of
approximately 39.8 mN. On the other hand, for the nanotube oxide layer formed on CG
TNZ, based on the scratch test curve in Figure 11a and the representation of the linear
load during the scratch test, Figure 2, it can be seen that the first significant break in the
nanotube oxide layer occurs at 226.15 um, which corresponds to a force of 9.99 mN. This
phenomenon in Figure 11a can indicate the initial micro-deformation and the appearance
of the first cracks (Lc;) in the nanotubes. Furthermore, a pronounced drop and instability
in the signal was recorded at around 302.4 pm, which corresponds to a force of 15.94 mN;
this phenomenon can be associated with the beginning of peeling and cohesive failure
(Lcp). Finally, a sharp jump in the diagram near 590-600 um, which corresponds to a force
of about 39.15 mN, can indicate the complete break of the coating (Lc3). These results
indicate that the critical forces are lower in the CG TNZ alloy than in the UFG TNZ alloy,
which means that the nanotube oxide layer shows weaker adhesion and scratch resistance
when it is formed on a coarse-grained material. In addition, the nanotube oxide layer with
a higher thickness showed better adhesion and resistance to scratching. The thickness
of the nanotube oxide layer (the length of the nanotubes) has a significant influence on
scratch resistance and adhesion behavior in scratch testing. The thickness of the nanotube
oxide layer has a double effect on the mechanical responses in the scratch test. On the
one hand, thicker layers with poorer adhesion yield easily at low loads, while, on the
other hand, thicker layers with good adhesion improve resistance by achieving greater
elasticity and better load distribution [95-98]. A small number of studies were carried out
on the adhesion strength of a nanotube oxide layer formed on the titanium-based materials.
Hu et al. [99] showed that the nanotube oxide layer formed on the UFG Ti-6Al-4YV alloy
obtained using the HPT process had enhanced adhesion strength. Adhesion strengths of
the nanotube oxide layer on CG Ti-6Al-4V and UFG Ti-6Al-4V were 18.4 & 2.2 mN and
26.1 £ 1.3, respectively. Durdu et al. [100] showed that scratching resistance and Lc values
for the oxide layer formed on the Ti-6Al-4V alloy increased with increasing oxide layer
thickness. Additionally, Sarraf et al. [95] showed that, after thermal annealing at 500 °C,
the failure point in a scratch test increased from 862 mN to 1814 mN, indicating increased
adhesion and resistance, which is highly dependent on changes in the properties of the
oxide layer, such as thickness and microstructure.

4. Conclusions

Surface modification of titanium alloys through anodic oxidation has been shown to
be an efficient technique for enhancing the properties required for biomedical applications.
The results of this study demonstrate that anodic oxidation could improve corrosion
stability, hydrophilicity, and roughness. The nanotube oxide layer was fabricated on the CG
and UFG Ti-13Nb-13Zr alloys’ surface by the anodic oxidation method in an F-containing
H;3PO; electrolyte for 90 min. Nanotube surfaces were more homogenous on the UFG
surface than the ones produced on the CG surface. The surface roughness and diameters
of the nanotubes notably grew after the HPT process on the Ti-13Nb-13Z alloy, while the
nanotubes’ wall thickness decreased. Thus, the nanotube oxide layer fabricated on the
CG surface consisted of nanotubes with larger and smaller diameters, but also larger and
smaller wall thicknesses, as a randomly bimodal distribution of nanotubes dimensions.
On the UFG surface, a nanotube oxide layer was fabricated with a more homogenous
distribution of nanotubes dimensions, but with more spaces between nanotubes. These



Metals 2025, 15, 997 22 of 26

spaces between nanotubes in the morphology formed on the UFG surface led to a drop
in corrosion resistance in the Ringer solution. Thus, anodic oxidation and the resulting
morphology led to an increase in the corrosion stability of the CG TNZ, while the UFG
TNZ alloy experienced a drop in corrosion resistance. The resistance of the barrier layer,
obtained in this study, and corrosion current density values, obtained in our previous
paper [20], indicate that the tested materials had adequate corrosion behavior for biomedical
applications. The average contact angle values of the nanotube surfaces were approximately
measured between 56.7° and 99.5°. Thus, this indicated that both the CG and UFG surfaces
with nanotubes had a hydrophilic character. The scratch test showed that the nanotube
oxide layer was damaged, but was still connected to the UFG Ti-13Nb-13Zr substrate, which
indicated a strong interaction between the nanotube oxide layer and substrate and the good
adhesion of the nanotubes. The synergistic effects of the HPT process and anodic oxidation
offer significant potential for enhancing the surface characteristics of the Ti-13Nb-13Zr alloy,
which are essential for its successful use in biomedical applications. Future research will
continue to explore the optimization parameters of these processes to further improve the
performance of the Ti-13Nb-13Zr alloy.
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