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Krzysztof Aniołek * , Bożena Łosiewicz , Julian Kubisztal
Adrian Barylski and Sławomir Kaptacz

, Patrycja Osak

, Agnieszka Stróż,
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Abstract: Titanium and its alloys are among the most promising biomaterials for medical applications. In this work, the isothermal oxidation of Ti-6Al-7Nb biomedical alloy towards improving its
mechanical properties, corrosion resistance, and bioactivity has been developed. The oxide layers
were formed at 600, 700, and 800 ◦ C for 72 h. Scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), 3D profilometry, and microindentation test, were used to characterize microstructure, surface geometrical structure, and the hardness of the diphase (α + β) Ti-6Al-7Nb alloy after
oxidation, respectively. In vitro corrosion resistance tests were carried out in a saline solution at 37 ◦ C
using the open-circuit potential method and potentiodynamic measurements. Electronic properties
in the air were studied using the Scanning Kelvin Probe (SKP) technique. The bioactivity test was
conducted by soaking the alkali- and heat-treated samples in simulated body fluid for 7 days. The
presence of apatite was confirmed using SEM/EDS and Fourier Transform Infrared Spectroscopy
(FTIR) studies. The thickness of oxide layers formed increased with the temperature growth from
0.25 to 5.48 µm. It was found that with increasing isothermal oxidation temperature, the surface
roughness, hardness, corrosion resistance, and contact potential difference increased. The Ti-6Al-7Nb
alloy after oxidation revealed the HAp-forming ability in a biological environment.
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1. Introduction
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Titanium and its alloys are widely used biomaterials for medical applications due
to the favorable ratio of strength to specific gravity, good corrosion resistance, and high
biocompatibility [1–9]. Among metallic materials, titanium and its alloys have the best
biocompatibility, closely related to their corrosion resistance. High corrosion resistance is
associated with the high affinity of titanium and its alloys for oxygen and the formation of
a stable, self-passive oxide layer (2 to 10 nm thick) on the metal surface [10]. The natural
oxide layer also plays a crucial role in biocompatibility and limits alloying ions’ penetration
into the body. The corrosion resistance of titanium and its alloys is closely related to the
spontaneously formed oxide layer’s quality, which consists mainly of TiO2 oxide [11].
This layer’s internal part is non-stoichiometric oxides, while the outer part is amorphous
TiO2 [12].
The chemical composition is an important factor influencing the corrosion resistance of
titanium alloys. Elements such as molybdenum, tantalum, and niobium improve titaniumbased materials’ corrosion resistance [13]. Besides, single-phase titanium alloys exhibit
stronger corrosion resistance. Higher content of aluminum (more than 6%) in titanium
alloys may cause precipitation in the structure of the α2 phase particles, which occur as
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microanodes relative to the matrix [14]. Such a system leads to changes in electrochemical
properties in many corrosive environments. At the same time, the cracking mechanism
changes from plastic to brittle. This phenomenon occurs mainly through the formation and
blocking of dislocations in slip planes [15].
Titanium and its alloys are one of the most modern and perspective implant materials.
Their use is constantly increasing, which results from the positive results obtained in the
treatment of injuries and the natural degeneration of joints. In medical applications, they
are particularly valued for the best of all metallic materials, biocompatibility. The excellent
biocompatibility of titanium and its numerous alloys results mainly from a natural passive
layer present on the surface, significantly impacting bone tissue reaction [16,17]. Due to
their safety and the possibility of long-term use, these materials are used in various medical
fields in the form of joint endoprostheses, elements of an artificial heart, surgical devices,
elements of medical devices, and prosthetic implants [3,18]. They are also widely used in
dental prosthetics [1,4]. The implants have a modified rough surface, thanks to which the
bone connects even more closely with the implant.
After the implantation procedure, local inflammation of the tissues surrounding
the implant occurs. The applied surface modifications aim to reduce the adverse effects
of bacteria that could lead to loss of the implant. The bacteria that significantly affect
the destabilization of the implants are S. aureus and S. epidermidis. The use of oxide
films on the surface of titanium alloys reduces by 50% the ability of bacteria to adhere
to biomaterials [19,20]. Moreover, it was also shown that histatin-derived peptides immobilization by tresyl chloride-activation enhance cellular responses and promote cellular
activities around the dental implants [21].
Until recently, the commercially pure titanium (Cp Ti) and Ti-6Al-4V diphase alloy
dominated the market of long-term implants. However, it turned out that the use of alloys
containing vanadium poses a risk to the patient’s health due to their harmful properties,
including allergy, inflammation, Alzheimer’s disease, and others. Careful observation
of long-term implants’ behavior containing toxic vanadium in the human body causes
a gradual departure from the Ti-6Al-4V alloy in favor of vanadium-free titanium alloys
containing more biocompatible elements, such as Mo, Nb, Zr, or Ta, better tolerated in the
tissue environment. In this most promising group of titanium alloys, the Ti-6Al-7Nb alloy is
of particular interest, which can be an alternative to Ti-6Al-4V by replacing V with Nb. The
oxide layer present in vanadium alloys, particularly Ti-6Al-4V, shows weaker mechanical
properties; the oxide layer can be abraded at very low shear stresses. Vanadium ions
activate the macrophage response and provoke the release of cytokines or inflammatory
factors, consequently leading to loosening or loss of implants. Additionally, the vanadium
ions lead to the discoloration of the tissue around the implant. Since 1985, the use of
alloys with vanadium was limited in favour of Ti-6Al-7Nb alloys [22]. The use of the alloy
addition in the form of Nb influences the stabilization of the β-phase and the reduction of
Young’s modulus. According to literature reports [23,24], Ti-6Al-7Nb alloy shows the ability
to self-passivation, high bioactivity, and resistance to corrosion in a biological environment.
The oxide layer and its electrochemical properties play a vital role in the long-term implant
application of Ti-6Al-7Nb alloy.
The small amounts of each metal ion are essential for the proper functioning of the
body. However, after exceeding the limit value, they have a toxic effect on the body. Metal
ions accumulate in the tissues surrounding the implant and then enter the entire body
through the bloodstream. Al ions have a neurotoxic effect on human tissues. Oxide layers
on the surface of titanium alloys inhibit the secretion of harmful ions into the body. Ti
and Nb belong to the group of vital elements that undergo self-passivation. Limiting the
release of deleterious ions into the body is mainly determined by the properties of the
passive oxide layer, such as its thickness. As the thickness of the self-passive oxide layers
increases, the stoichiometry of the layer changes, and at the same time, the diffusion of
ions is limited [25].
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The high affinity of titanium and its alloys for oxygen can be used to improve corrosion
resistance in the biological environment, biocompatibility, bioactivity, surface topography,
and mechanical and tribological properties. Of the methods used for this purpose, special
attention should be paid to the isothermal oxidation method, which is a simple and
economical way to modify the surface of titanium and its alloys [26–31]. This technique
uses the phenomenon of oxygen diffusion at elevated temperatures and thus allows curing
of the surface layer by forming a relatively thick TiO2 film over the oxygen diffusion
zone. The surface of titanium and its alloys modified in this way is characterized by
favorable properties and corrosion resistance, resulting from the formation of a highly
crystalline oxide layer in the rutile crystallographic form [7]. The production of oxide layers
by isothermal oxidation enables a significant improvement in the mechanical properties
(hardness) of the Ti-6Al-7Nb alloy. As it results from the previous studies presented in [32],
the surface hardness of the Ti-6Al-7Nb alloy can be increased even several times and is
strictly dependent on the temperature and time parameters of the oxidation process. The
most important parameter influencing the increase in hardness of the obtained oxide layers
is the oxidation temperature. With the temperature increase, the thickness and hardness of
the oxide layers increases, which has a measurable effect on the functional properties of
the Ti-6Al-7Nb alloy. Increased hardness of the surface layer obtained in the isothermal
oxidation process significantly improves the low tribological properties of the Ti-6Al-7Nb
alloy [33].
Analysis of the literature showed that niobium has a significant impact on the oxidation resistance of Ti-Al alloys, which determines the different nature of oxide layer
growth compared to the classic Ti-6Al-4V alloy [34–37]. The main areas of application
of the Ti-6Al-7Nb biomedical alloy are endoprostheses (hip, knee, shoulder, hip-balls
osteosyntheses), bone screws, bone plates, marrow-nails, spinal systems, and oral implants [38]. The literature data clearly indicate that the Ti-6Al-7Nb alloy was very rarely
subjected to isothermal oxidation, and the results of scientific studies require significant
supplementation, especially in the properties of the Ti-6Al-7Nb alloy after isothermal
oxidation [39]. Therefore, this paper’s research results mainly focus on the characteristics
of the mechanical properties, bioactivity, and corrosive behavior of oxide layers obtained
on the Ti-6Al-7Nb biomedical alloy in the process of isothermal oxidation carried out at
temperatures 600, 700, and 800 ◦ C in an atmosphere of air. To our best knowledge, the
effect of the isothermal oxidation parameters of the Ti-6Al-7Nb alloy on surface geometrical
structure, microhardness, in vitro corrosion resistance in a saline solution, and bioactivity
is discussed for the first time.
2. Materials and Methods
2.1. Material Preparation
The material under study was the biomedical Ti-6Al-7Nb alloy in the form of a 12 mm
rod (Perryman Company, Houston, PA, USA). The rod was cut into 2 mm thick discs, and
the surface intended for oxidation was ground on 600, 1200, and 2000 grit abrasive papers
with water as a coolant. Finally, the specimens were degreased in acetone.
The isothermal process of the Ti-6Al-7Nb alloy was carried out in a resistance chamber
furnace FCF 22 HM (Czylok Company, Jastrz˛ebie Zdrój, Poland) in an air atmosphere. Samples were oxidized at 600, 700, and 800 ◦ C for 72 h. Details on the selection of temperaturetime parameters, oxidation kinetics, and phase composition of the oxide layers obtained on
the Ti-6Al-7Nb alloy were presented in our previous work [39]. After 72 h, the samples
were removed from the furnace and air-cooled to ambient temperature.
2.2. Study of the Surface Geometrical Structure
3D isometric images of the Ti-6Al-7Nb alloy surface after oxidation at 600, 700, and
800 ◦ C for 72 h were obtained using the TALYSURF 3D profilographometer (Taylor-Hobson,
Leicester, UK). The tests were carried out with the contact method using a profilographometer head equipped with a diamond tip in the shape of a pyramid. During the examinations,
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selected fragments of the oxidized surface of the Ti-6Al-7Nb alloy with dimensions of
2 mm × 2 mm were scanned. To more accurately visualize the surface’s geometric structure after oxidation, the work presents 3D isometric images with a color change map for
areas with dimensions of 1 mm × 1 mm. Table 1 shows a summary of the measured
parameters.
Table 1. Surface roughness amplitude parameters measured in tests.
Symbol

Name of Parameter

Unit

Sa
Sq
Sp
Sv
St
Ssk
Sz

Arithmetic mean height
Root mean square height
Maximum peak height
Maximum pit height
Total height
Skewness
Maximum height

µm
µm
µm
µm
µm
–
µm

2.3. Microindentation Studies
Hardness was determined using a Micron-Gamma device equipped with a selfleveling table (The Faculty of Aviation and Space Systems: The National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kiev, Ukraine). Tests were
carried out in accordance with the ISO 14577 requirements [40]. A Berkovich indenter was
used in the research. The tests were carried out under the conditions of various indenter
loads: 0.1, 0.25, and 1 N. The loading and unloading time was 30 s, while the endurance
time under the maximum load was 10 s. HIT hardness was determined by the Oliver-Pharr
method [41]. The measurement results are the average of 10 impressions for each sample
under study.
2.4. Corrosion Resistance Measurements
The in vitro corrosion tests were conducted under thermostated conditions at 37(1) ◦ C
in a 0.9% NaCl solution (saline). To adjust the pH of 7.4(1), a 4% sodium hydroxide solution
and a 1% lactic acid solution, were used according to ISO 10271 [42]. All reagents of
analytical purity (Avantor Performance Materials Poland, Gliwice, Poland) and ultrapure
water of 18.2 MΩ cm resistivity at 25 ◦ C (Milli-Q Advantage A10 Water Purification System,
Millipore SAS, Molsheim, France), were used. Before starting measurements, the saline
solution was deaerated by bubbling Ar (99.999% purity) for 30 min. Throughout the study,
the argon stream was held above the surface of the solution.
A three-electrode electrochemical cell with a volume of 250 cm3 was used. The tested
sample was a working electrode (WE) placed parallel face-to-face to the platinum foil,
which served as a counter electrode (CE). The reference electrode (RE) was a saturated
calomel electrode (SCE) in the Luggin capillary. The WE geometric surface area of 1.1 cm2
was exposed to electrochemical measurements. More details about the preparation of
the WEs were presented in earlier works [43,44]. All electrochemical measurements were
recorded using the Autolab/PGSTAT30 potentiostat (Metrohm Autolab B.V., Utrecht,
The Netherlands).
The open-circuit potential (EOC ) was recorded for 2 h of exposure of the investigated
electrodes in the saline solution. The EOC was considered as approximate value of the
corrosion potential (Ecor ). After the EOC stabilized, the polarization curves were recorded
in a potential range of ±100 mV relative to the EOC in which the Tafel equation was
fulfilled using the electrode polarization rate v = 1 mV·s−1 . The obtained j = f(E) curves
were subjected to the Savitzky-Golay smoothing algorithm using the General Purpose
Electrochemical System (GPES) software [45]. The smoothed log|j| = f(E) curves were the
basis for determining the tested electrodes’ corrosion resistance parameters.
The anodic polarization curves were recorded in the range from a potential 150 mV
lower than the stabilized EOC value to 9 V with a polarization rate of 1 mV·s−1 .
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2.5. Bioactivity Examination Conditions
The bioactivity examination was carried out on oxide layers formed by isothermal
oxidation of Ti-6Al-7Nb alloy. Five samples were tested in each series. Each sample was
flooded with 5 mL of 5 M NaOH solution and soaked at 60 ◦ C for 24 h. Then, the samples
were washed using ultrapure water and dried for 12 h in an oven at 40 ◦ C. The samples
were heated to 600 ◦ C at a heating rate of 5 ◦ C·min−1 , maintained at this temperature
for 1 h, and then cooled with the oven to ambient temperature [46]. The ability of alkaliand heat-treated samples to form apatite in a simulated body fluid (SBF) was investigated
according to the procedure proposed by Kokubo and Takadama [47]. Samples were soaked
in 30 mL of an acellular SBF at 36.6(1) ◦ C for 7 days.
The ion concentrations of SBF were similar to those in human blood plasma (mM):
−
+
Na —142.0, K+ —5.0, Mg2+ —1.5, Ca2+ —2.5, Cl− —147.8, HCO3 —4.2, HPO24− —1.0, and
SO24− —0.5. The SBF was prepared by dissolution of recognized analytical grade reagents
(Avantor Performance Materials Poland S.A., Gliwice, Poland) in ultrapure water in the following order: NaCl, NaHCO3 , KCl, K2 HPO4 × 3H2 O, MgCl2 × 6H2 O, CaCl2 , and Na2 SO4 .
To adjust the pH 7.4(1) of the SBF, tris-hydroxymethyl aminomethane (CH2 OH)3 CNH2 and
1 M HCl was used. The bioactivity test was conducted in plastic containers with a smooth
surface without any scratches to avoid apatite (Ap) nucleation induced at the surface or the
edge of scratches. After soaking, the samples were carefully removed from the SBF, rinsed
gently in ultrapure water, and dried at 40 ◦ C in the oven for 24 h.
2.6. Material Characterization Methods
Surface morphology and cross-section observations of the Ti-6Al-7Nb alloy before
and after the isothermal oxidation process were performed on a JEOL JSM 6480 scanning
electron microscope (SEM, Peabody, MA, USA). The local chemical composition of tested
materials was determined using an energy dispersive spectroscopy (EDS) attachment.
The contact potential difference (CPD) maps were recorded for the Ti-6Al-7Nb alloy at
the initial state and after isothermal oxidation using scanning electrochemical workstation
PAR M370 (Princeton Applied Research, Oak Ridge, TN, USA) equipped with a tungsten
Kelvin Probe (KP, ø500 µm). The distance between the KP and the sample under study was
c.a. 90 µm. The scanning area was 4 mm × 4 mm.
The formation of Ap on the alkali- and the heat-treated surface of the Ti-6Al-7Nb alloy
after isothermal oxidation was examined using SEM/EDS study. Infrared Spectroscopy
(IR) absorption spectra were recorded by Attenuated Total Reflection—Fourier Transform
Infrared Spectroscopy (ATR-FTIR) in the wavenumber range 4000–450 cm−1 . The ATRFTIR tests were carried out using the Shimadzu IR Prestige-21 FTIR spectrophotometer
(Kyoto, Japan) equipped with an ATR attachment with a diamond n = 2.4 with a beam
penetration depth of 1000 cm−1 .
2.7. Statistical Analysis
One-way ANOVA test (ANOVA stands for Analysis of Variance) and Tukey posthoc test were used to determine if there was a statistically significant difference between
the mean thickness of oxide layer (dependent variable) obtained by thermal oxidation
of the Ti-6Al-7Nb alloy at temperatures 600, 700, and 800 ◦ C (independent variable). In
the ANOVA test, the F statistic was calculated. If the F value was higher than a certain
critical value Fcrit , then the difference between the mean thickness of oxide layers could
be statistically significant. The degrees of freedom for the independent variable and the
degrees of freedom for the model residuals (model error) were 2 and 57, respectively. The
significance level was assumed as equal to 0.05, and hence Fcrit (2, 57) = 3.16. Statistical
analysis was performed using the OriginPro 2020b program (OriginLab, Northampton,
MA, USA).
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After isothermal oxidation of the Ti‐6Al‐7Nb alloy at 600 °C for 72 h, mapping the
alloy’s surface topography before oxidation is observed, suggesting a small thickness of
the oxide layer formed. Additionally, embryos of oxide particles are observed on the
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After isothermal oxidation of the Ti-6Al-7Nb alloy at 600 ◦ C for 72 h, mapping the
alloy’s surface topography before oxidation is observed, suggesting a small thickness of the
oxide layer formed. Additionally, embryos of oxide particles are observed on the oxidized
alloy surface (Figure 1a). One can see that after isothermal oxidation of the Ti-6Al-7Nb
alloy at 700 ◦ C, the compact oxide layer formed was characterized by the presence of fine,
concentrated oxide particles (Figure 1c). The oxide layer’s microstructure image obtained
after isothermal oxidation of the Ti-6Al-7Nb alloy at 800 ◦ C is shown in Figure 1e. It is
characterized by much larger oxide particles, with a more developed surface in comparison
with the oxide layers formed at 600 and 700 ◦ C. According to the authors of [35,48], large
oxide grains occurring in the oxide layer formed at 800 ◦ C arise as a result of nucleation
and joining together small oxide grains.
Figure 1b,d,f also shows the exemplary SEM images of the oxide layers in crosssection obtained after oxidation. Observations of SEM images for oxide layers on the
cross-section, produced on the Ti-6Al-7Nb alloy surface, showed that the thermal oxidation
carried out at 700 (Figure 1d) and 800 ◦ C (Figure 1f) allowed to obtain good quality layers,
characterized by continuous construction and good adhesion to the substrate. It was
found that the obtained oxide layers were characterized by varied thickness depending on
thermal oxidation parameters.
The lowest mean oxide layer thickness of 0.25 µm was obtained after oxidation of
the Ti-6Al-7Nb alloy at 600 ◦ C (Figure 2). The low thickness of the scale obtained in this
Coatings 2021, 11, x FOR PEER REVIEW
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Additional Tukey post‐hoc test revealed significant pairwise differences between the
mean thickness of oxide layer obtained at temperatures 600, 700, and 800 °C. A significant
correlation between the thickness of the oxide layer on the Ti‐6Al‐7Nb alloy and the sta‐
bility of the bonding was observed [26].
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Tukey post-hoc test revealed significant pairwise differences between the mean thickness
of oxide layer obtained at temperatures 600, 700, and 800 ◦ C. A significant correlation
between the thickness of the oxide layer on the Ti-6Al-7Nb alloy and the stability of the
bonding was observed [26].
3.2. EDS Study of Chemical Composition
The material used as the substrate for isothermal oxidation was the commercial
alloy Ti-6Al-7Nb (wt.%). Such chemical composition ensures appropriate properties for
applications in medical implants, ensuring higher biocompatibility and corrosion resistance
than titanium and its alloys containing vanadium [49]. The control analysis of the examined
alloy’s chemical composition was performed by the EDS method, which allowed for
quantitative and qualitative analysis of the chemical composition in micro-areas. The EDS
spectra were recorded for different micro-areas of a single scan area 10 µm × 10 µm on a
homogeneous alloy surface.
TheREVIEW
EDS spectrum collected in the selected micro-area on the surface of the Ti-6Al-7Nb
Coatings 2021, 11, x FOR PEER
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On the basis of the obtained measurement results, it was stated that the increase in
the oxidation temperature was a factor increasing the surface roughness of the Ti-6Al-7Nb
alloy, as is seen in the 3D isometric images presented in Figure 4. This phenomenon was

after isothermal oxidation at 800 °C.
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The surface content of elements determined based on the identified peaks for the
alloy at its initial state was 87.046(969) wt.% for Ti, 5.572(228) wt.% for Al, and 7.382(380)
wt.% for Nb. The analysis of the results obtained did not reveal any discrepancies about
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On the basis of the obtained measurement results, it was stated that the increase in
the oxidation temperature was a factor increasing the surface roughness of the
Ti‐6Al‐7Nb alloy, as is seen in the 3D isometric images presented in Figure 4. This phe‐
nomenon was confirmed by an increase in the value of the Sa parameter along with an
increase in the oxidation temperature. The research showed that increasing the oxidation
temperature from 600 to 800 °C increased the Sa parameter value by approximately 55%.
It could be related to the formation of larger clusters of oxide grains on the surface with
an increase in the oxidation temperature [51]. A similar tendency was observed for the
parameters: Sq, St, and Ssk (see Table 1). The values of the remaining parameters, such as
Sp, Sv and Sz, showed no dependence on the oxidation temperature.
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in hardness was closely related to the indenter’s penetration depth, which significantly
exceeded the range of the oxide layer thickness. The hardness of the oxide layer together
with the substrate was measured simultaneously. On the other hand, the smallest impact
of the increase in the indenter load on the obtained measurement result was observed in
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closely related to the indenter’s penetration depth, which significantly exceeded the range
of the oxide layer thickness. The hardness of the oxide layer together with the substrate
was measured simultaneously. On the other hand, the smallest impact of the increase in the
indenter load on the obtained measurement result was observed in the case of oxide layers
produced at the temperature of 800 ◦ C (due to the highest thickness of the oxide layers).
Moreover, it was found in the research that with the increase of the oxidation temperature,
there is a slightly larger dispersion of the hardness measurement results, as evidenced by
the increasing measurement error. It could be due to the increase in the oxide particles’ size
and the surface roughness after oxidation [52].
3.5. Open-Circuit Potential Measurements
Open-circuit potential is a widely used parameter determining a conductive material’s
12 of 26
tendency to corrosion or its corrosion resistance in an aggressive environment. A characteristic feature of this method is measuring the potential difference between the WE and the
RE without applying current to the external system. The result of the open-circuit potential
open‐circuit
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Oxidation
−336
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at 600 °C
−220
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at 700 °C
−173
−1739
9

at 800 °C
275
275
14
14
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function of
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OCisisan
The
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oxidation temperature.
temperature. The
The ionicion‐
electron equilibrium at the electrode|electrolyte interface was attained in the range of the
ic‐electron equilibrium at the electrode | electrolyte interface was attained in the range
E values from −336(17) mV for the Ti-6Al-7Nb electrode at the initial state to 275(14)
of OC
the EOC values from −336(17) mV for the Ti‐6Al‐7Nb electrode at the initial state to
mV for the Ti-6Al-7Nb electrode after isothermal oxidation at 800 ◦ C. The observed change
275(14) mV for the Ti‐6Al‐7Nb electrode after isothermal oxidation at 800 °C. The ob‐
of the EOC reflects a change in a corrosion system, which is caused by the change in one
served change
of the EOC reflects a change in a corrosion system, which is caused by the
or both anodic and cathodic reactions as the corrosion potential is a mixed potential. This
change in one or both anodic and cathodic reactions as the corrosion potential is a mixed
implies that the oxide layers grown over Ti-6Al-7Nb alloy during isothermal oxidation
potential. This implies that the oxide layers grown over Ti‐6Al‐7Nb alloy during iso‐
have better barrier properties and are thermodynamically more stable compared to the
thermal oxidation have better barrier properties and are thermodynamically more stable
compared to the oxide layer formed under self‐passivation conditions. The highest EOC is
observed for the electrode after oxidation at 800 °C, which has the greatest thickness of
the oxide layer (Figure 2).
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oxide layer formed under self-passivation conditions. The highest EOC is observed for
the electrode after oxidation at 800 ◦ C, which has the greatest thickness of the oxide layer
(Figure 2).
3.6. Tafel Curves
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The polarization resistance was calculated from the corrosion current density and
the Stern‐Geary constant as follows:

jcor 

B

.

(3)
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The Stern-Geary constant was calculated from known Tafel slopes where both cathodic
and anodic reactions were under activation control according to the following equation:
B=

ba × bc
.
2.303(ba + bc )

(2)

The polarization resistance was calculated from the corrosion current density and the
Stern-Geary constant as follows:
B
jcor =
.
(3)
Rp
Faraday’s Law was used to calculate the electrochemical corrosion rate in terms of
penetration rate (CR) based on the following equation:
jcor
EW,
ρ

CR = K1

(4)

where CR is in mm yr−1 , jcor in mA·cm−2 , K1 = 3.27 × 10−3 in mm g·µA−1 cm−1 ·yr−1 , ρ is
the alloy density in g·cm−3 , and the equivalent weight (EW) is considered dimensionless.
It was assumed that no selective dissolution of any of the alloy components took place.
The Ti-6Al-7Nb alloy density of 4.52(1) g·cm−3 was determined based on sample mass
and volume.
The following formula defines the EW occurring in Equation (4):
EW =

1
∑

ni f i
Mi

,

(5)

where ni —the valence of the ith element of the alloy, f i —the mass fraction of the ith element
in the alloy, and Mi —the atomic weight of the ith element in the alloy [54]. For calculating
the EW of the alloy, only those alloying elements whose percentage content in the alloy was
higher than 1% were taken into account. Considering the composition of the alloy tested,
the calculation of the EW of the Ti-6Al-7Nb alloy included three metals: Ti (87.0%), Al
(5.6%), and Nb (7.4%). The valence of each element taken into account in the calculations
was determined based on the Pourbaix diagrams [55]. The metals included in the EW
calculations were assumed to be in the following thermodynamically stable forms: Ti4+ ,
Al3+ , and Nb5+ . The EW value calculated according to the above assumptions was 12.06
(Table 3).
Table 3. Calculation of equivalent weight (EW) for the Ti-6Al-7Nb alloy in saline solution at 37 ◦ C
according to ASTM G102—89(2015)e1 [54].
Element

fi

ni

M i [g·mol−1 ]

EW

Ti
Al
Nb

0.870
0.056
0.074

4
3
5

47.87
26.98
92.91

12.06

The values of all corrosion resistance parameters determined together with SD for the
Ti-6Al-7Nb alloy electrodes at the initial and oxidized state in physiological saline solution
at 37 ◦ C are summarized in Table 4.
Corrosion potential can be considered a parameter that allows for an initial assessment
of the examined alloy’s corrosion resistance and predicts when its destructive processes
will start in a given corrosive environment. The average Ecor value determined for the
Ti-6Al-7Nb electrode at the initial state in saline solution at 37 ◦ C is −296.0(5) mV (Table 4).
For comparison, the Ecor of −339 mV was determined for the Ti-6Al-7Nb alloy with a
ground surface exposed in Ringer’s solution [56]. In phosphate-buffered saline solution,
the Ecor for the polished Ti-6Al-7Nb electrode was reported to be −480 mV [49]. The
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differences in the Ecor result from the change in the chemical composition of the corrosive
environment and the method of electrode surface preparation. The use of isothermal
oxidation of the Ti-6Al-7Nb alloy influenced the shift of the average Ecor value towards
the anode potentials, which indicates an increase in corrosion resistance of the examined
alloy caused by the protective barrier properties of the formed oxygen layers (Table 4). The
highest Ecor equal to 207.9(5) mV was obtained for the tested alloy with the oxide layer
obtained at 800 ◦ C, which was 25 times thicker compared to the oxide layer formed at
600 ◦ C (Figure 2).
Table 4. The corrosion resistance parameters for the Ti-6Al-7Nb alloy before and after isothermal oxidation determined
in a saline solution at 37 ◦ C based on analysis of the polarization curves shown in Figure 8 and according to ASTM
G102—89(2015)e1 [54].
Ti-6Al-7Nb
Electrode

Ecor
[mV]

jcor
[nA·cm−2 ]

ba
[mV]

bc
[mV]

B
[mV]

Rp
[Ω·cm2 ]

CR at Ecor
[mm·yr−1 ]

At the initial state
Oxidized at 600 ◦ C
Oxidized at 700 ◦ C
Oxidized at 800 ◦ C

−296.0(5)
−287.3(3)
−208.4(6)
207.9(5)

3.6(2)
3.5(2)
0.67(5)
0.041(2)

292(8)
623(50)
343(29)
291(12)

403(17)
50(3)
117(7)
75(3)

73.5
120.4
37.9
91.0

2.0 × 107
3.4 × 107
5.7 × 107
2.2 × 109

3.14 × 10−5
3.05 × 10−5
5.85 × 10−6
3.58 × 10−7

The average jcor value for the Ti-6Al-7Nb electrode at the initial state determined in
saline solution at 37 ◦ C is 3.6(2) nA·cm−2 (Table 4). The decrease in the jcor with increasing
isothermal oxidation temperature indicates a slower dissolution rate of the oxide layer.
The oxide layer formed at 800 ◦ C showed the best quality in compactness, impermeability,
or continuity. It is the most thermodynamically stable in the surrounding medium. The
jcor is directly proportional to the dissolution rate. However, it cannot be used as a kinetic
parameter for the comparative assessment of the tested electrodes’ corrosion resistance.
Table 4 also shows the Stern-Geary constants calculated according to Equation (2)
from the obtained Tafel slope values ba and bc . The B is directly proportional to the
corrosion rate’s value and represents the correction factor constant determined by the
mechanism/kinetics of the corrosion process. The following reactions for the substrate (6)
and the oxide layer (7) explain the electrochemical behavior of the Ti-6Al-7Nb alloy before
and after isothermal oxidation under corrosion conditions in saline solution at 37 ◦ C:
2Me + 2nH+ → 2Men+ + nH2 ↑,

(6)

MeOm + 2mH+ → Me2m+ + mH2 O,

(7)

where Me = Ti, Al, Nb.
Dissolution of the substrate in the process of electrochemical corrosion described
by reaction (6) differs from the dissolution of oxide films, including oxides of individual
metallic components of the alloy by reaction (7). Oxide layers formed on the surface of
the Ti-6Al-7Nb alloy due to isothermal oxidation reduce the effective contact between
the saline solution and the substrate. The oxidized alloy’s average corrosion rates are
therefore approximately equal to the corrosion rates of the oxide films formed and depend
on their thickness and density. According to reaction (6), the depolarization of hydrogen is
a cathodic process for corrosion of the substrate, which leads to the evolution of hydrogen
gas. The process of corrosion of oxidized electrodes includes reactions (6) and (7), where
mainly reaction (7) takes place. The H2 O formation associated with the corrosion process
of oxidized electrodes described in reaction (7) further affects saline solution’s dilution,
which undoubtedly reduces the corrosion rate of oxide layers. This mechanism of the
anode process is consistent with the obtained experimental data.
The average value of polarization resistance for the Ti-6Al-7Nb alloy at its initial state
in saline solution is Rp = 2.0 × 107 Ω·cm2 (Table 4). Lower Rp was reported in the literature
for the sandblasted and polished Ti-6Al-7Nb alloy in phosphate-buffered saline [49] and
ground Ti-6Al-7Nb alloy in Ringer’s solution [56]. The Rp for the alloy after oxidation
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is higher and indicates an increase in the tested material’s corrosion resistance with the
increase in the isothermal oxidation temperature (Table 4). The Rp of 2.2 × 109 Ω·cm2 for
the tested alloy after isothermal oxidation at 800 ◦ C is about 110 times higher than the
polarization resistance characteristic of the alloy before oxidation.
Table 4 also shows the calculated values of CR at the Ecor for the Ti-6Al-7Nb alloy
before and after isothermal oxidation. The average CR of the non-oxidized Ti-6Al-7Nb
alloy occurring in saline solution according to reaction (6) is 3.14 × 10−5 mm·yr−116. This
Coatings 2021, 11, x FOR PEER REVIEW
of 26
CR value is lower than the corrosion rate of ca. 9.8 × 10−5 mm·yr−1 determined for
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The corrosion resistance of the tested electrodes depends mainly on the structure and
istics. The corrosion resistance of the tested electrodes depends mainly on the structure
thickness of the oxide layer. When the potential reaches the value of the passive layer
and thickness of the oxide layer. When the potential reaches the value of the passive layer
breakdown potential (Ebp), the current density increases. The values of Ebp and the
breakdown current density of the passive layer (jbp) are shown in Table 5.
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breakdown potential (Ebp ), the current density increases. The values of Ebp and the
breakdown current density of the passive layer (jbp ) are shown in Table 5.
Table 5. Key potential-current parameters for the Ti-6Al-7Nb alloy before and after isothermal
oxidation, determined based on the potentiodynamic measurements presented in Figure 9.
Parameter

Before Isothermal
Oxidation

After Oxidation
at 600 ◦ C

After Oxidation
at 700 ◦ C

After Oxidation
at 800 ◦ C

Ebp [V]
jbp [A·cm−2 ]

4.090(13)
3.1(4) × 10−6

8.098(11)
4.6(5) × 10−5

7.453(10)
2.4(7) × 10−5

7.930(14)
7.3(3) × 10−8

All Ebp values exceed 4 V (Table 5). The significantly higher Ebp is observed for
the electrodes after oxidation. A probable reason for the increased resistance to pitting
corrosion of the examined alloy after isothermal oxidation is the presence of an alloying
additive in the form of Nb, which stabilizes the passive layer and prevents its penetration,
significantly slowing pitting initiation [57]. The literature reports that the Nb cations
show the ability to improve the passivation properties of oxide layers on titanium and
its alloys by lowering the concentration of anion vacancies generated by the presence
of lower titanium oxidation states [58,59]. It is worth emphasizing that the Ebp of the
self-passive TiO2 layer formed on titanium and its alloys commonly used in implantology
is only ca. 0.5–2.4 V [60–62], which indicates the possibility of long-term use of the Ti6Al-7Nb alloy in medicine. Pitting corrosion occurs at the time of a local violation of the
passive layer continuity. The pitting process occurs in particularly reactive places on the
passivated surface, above the dislocation mouths, grain boundaries, inclusions, foreign
phase precipitations, etc. In the abovementioned places on the surface, adsorption of
aggressive anions ions in saline solution is preferred according to the Okamoto model as
described in our previous work [61].
3.8. Scanning Kelvin Probe Measurements
The effect of isothermal oxidation on the electronic properties of the Ti-6Al-7Nb alloy
in the air was studied using the Scanning Kelvin Probe (SKP) technique. The recorded
contact potential difference maps for the Ti-6Al-7Nb electrodes before and after isothermal
oxidation are shown in Figure 10a–d. Corresponding histograms for each CPD map are
presented in Figure 11.
Quantitative characterization of the surface properties of the material under study
was carried out by approximation of the histograms of the CPD values using Gaussian
function described by the following equation:
g(CPD ) =

1 CPD −CPDav )2
1
σ
√ e− 2 (
,
σ 2π

(8)

where CPDav is the average value of contact potential difference and σ is its SD. The
detailed procedure for preparing histograms was described in earlier works [63,64]. The
values of CPDav and σ are listed in Table 6.
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where CPDav is the average value of contact potential difference and σ is its SD. The de‐
tailed procedure for preparing histograms was described in earlier works [63,64]. The
values of CPDav and σ are listed in Table 6.
The Ti‐6Al‐7Nb alloy at the initial state is characterized by the smallest value of
CPDav and the highest σ among all the investigated alloys (Figure 10a). The isothermal
oxidation at 600 °C causes a slight increase in CPDav value by ca. 30 mVKP and decrease in
σ value by ca. 5 mVKP (Figure 10b).
The Ti‐6Al‐7Nb alloy at the initial state is characterized by the smallest value of
CPDav and the highest σ among all the investigated alloys (Figure 10a). The isothermal
oxidation at 600 °C causes a slight increase in CPDav value by ca. 30 mVKP and decrease in
σ value by ca. 5 mVKP (Figure 10b). Further increase in temperature to 700 °C (Figure 10c)
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Table 6. Statistical parameters for the contact potential difference maps of the Ti‐6Al‐7Nb alloy
surface before and after isothermal oxidation at 600, 700, and 800 °C, where CPDav—the average
value of CPD, σ—the standard deviation of the CPDav, and VKP—the voltage measured versus the
Kelvin probe.
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Table 6. Statistical parameters for the contact potential difference maps of the Ti-6Al-7Nb alloy
surface before and after isothermal oxidation at 600, 700, and 800 ◦ C, where CPDav —the average
value of CPD, σ—the standard deviation of the CPDav , and VKP —the voltage measured versus the
Kelvin probe.
Parameter

Before Isothermal
Oxidation

After Oxidation
at 600 ◦ C

After Oxidation
at 700 ◦ C

After Oxidation
at 800 ◦ C

CPDav [mVKP ]
σ [mVKP ]

−773.9(7)
29.9(9)

−743.5(7)
24.9(9)

−574.4(3)
14.3(5)

−203.5(1)
9.8(2)

The Ti-6Al-7Nb alloy at the initial state is characterized by the smallest value of CPDav
and the highest σ among all the investigated alloys (Figure 10a). The isothermal oxidation
at 600 ◦ C causes a slight increase in CPDav value by ca. 30 mVKP and decrease in σ value
by ca. 5 mVKP (Figure 10b).
The Ti-6Al-7Nb alloy at the initial state is characterized by the smallest value of CPDav
and the highest σ among all the investigated alloys (Figure 10a). The isothermal oxidation
at 600 ◦ C causes a slight increase in CPDav value by ca. 30 mVKP and decrease in σ value
by ca. 5 mVKP (Figure 10b). Further increase in temperature to 700 ◦ C (Figure 10c) and
800 ◦ C (Figure 10d) increases the CPDav and decreases σ values significantly (Table 6).
It was also found that the spread of the CPD distribution around the average (represented by σ, Table 6) is the highest for the Ti-6Al-7Nb alloy at the initial state and decreases
with increasing temperature (Figure 11). The obtained results show that the increase in the
oxidation temperature leads to a decrease in the oxide layer’s discontinuities. It was stated
that the surface of the oxide layer formed at 800 ◦ C is characterized by the most uniform
distribution of contact potential difference among all the investigated oxides. Moreover,
one can state that changes in the electronic properties (represented by CPDav ) and corrosion
rate (represented by CR) of oxide layers as a function of oxidation temperature are similar.
3.9. Bioactivity Study
Figure 12 presents exemplary SEM images of the surface morphology of the alkaliand heat-treated Ti-6Al-7Nb alloy isothermally oxidized after soaking in the SBF at 36.6 ◦ C
for 24 h. All tested materials formed apatite on their surface but to a different degree.
On the surface of the specimen oxidized at 600 ◦ C, numerous spherical particles forming
agglomerates over a large surface area were observed (Figure 12a). The apatite-forming
ability of this sample was the highest among all the materials tested. An increase in
oxidation temperature up to 700 ◦ C decreased the ability to form apatite on the surface
of the Ti-6Al-7Nb alloy (Figure 12b). The precipitate was fairly evenly distributed over
the surface of this sample. Still, a significant decrease in the number and size of the
crystals formed was visible compared to the alloy oxidized at 600 ◦ C. For the sample
oxidized at 800 ◦ C, the apatite-forming ability was very low after 24 h of soaking in the SBF
(Figure 12c). The mechanism of apatite growth on the unoxidized Ti-6Al-7Nb alloy with a
porous anatase gel layer was reported by Sasikumar and Rajendran [23].
Analysis of the local chemical composition of all samples after the bioactivity test
showed the presence of peaks originated from alloying elements as Ti, Al, and Nb, as
shown in an exemplary EDS spectrum in the micro-region of the Ti-6Al-7Nb alloy oxidized
at 600 ◦ C after one day of soaking in the SBF (Figure 13). Additionally, Na-derived peaks
were identified as a result of the surface treatment carried out. Detected peaks of Ca and P
were of different intensity, directly proportional to the amount of formed apatite on each
sample surface. Based on the EDS analysis, it was found that the Ca:P ratio for all the
specimens after soaking in the SBF was 1.0. The EDS results confirmed the nucleation and
first evolution of apatite already after 24 h of soaking in the SBF.
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12c). The mechanism of apatite growth on the unoxidized Ti‐6Al‐7Nb alloy with a porous
anatase gel layer was reported by Sasikumar and Rajendran [23].
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Figure 12. SEM images of the surface morphology of the alkali‐ and heat‐treated Ti‐6Al‐7Nb alloy after soaking in the SBF
at 36.6 °C for 24 h: (a) after oxidation at 600 °C; (b) after oxidation at 700 °C; (c) after oxidation at 800 °C.
at 36.6 ◦ C for 24 h: (a) after oxidation at 600 ◦ C; (b) after oxidation at 700 ◦ C; (c) after oxidation at 800 ◦ C.
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Analysis of the local chemical composition of all samples after the bioactivity test
showed the presence of peaks originated from alloying elements as Ti, Al, and Nb, as
shown in an exemplary EDS spectrum in the micro‐region of the Ti‐6Al‐7Nb alloy oxi‐
dized at 600 °C after one day of soaking in the SBF (Figure 13). Additionally, Na‐derived
peaks were identified as a result of the surface treatment carried out. Detected peaks of
Ca and P were of different intensity, directly proportional to the amount of formed apa‐
tite on each sample surface. Based on the EDS analysis, it was found that the Ca:P ratio
for all the specimens after soaking in the SBF was 1.0. The EDS results confirmed the nu‐
cleation and first evolution of apatite already after 24 h of soaking in the SBF.
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absorption peaks in the range 3600–3800 cm−1 (H2O) are observed from the residual air
[65]. The adsorption peaks in the range 1500–1600 cm−1 come from the Al‐O bond and are
related to the thin layer of oxides formed on the titanium alloys’ surface. The intense peak
located in the range 650–1050 cm−1 is caused by the formation of an oxide layer on the
alloy surface [66]. The peaks visible at 1009–1248 cm−1 are attributed to the Ti‐OH bond’s
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absorption peaks in the range 3600–3800 cm−1 (H2 O) are observed from the residual
air [65]. The adsorption peaks in the range 1500–1600 cm−1 come from the Al-O bond and
are related to the thin layer of oxides formed on the titanium alloys’ surface. The intense
peak located in the range 650–1050 cm−1 is caused by the formation of an oxide layer on
the alloy surface [66]. The peaks visible at 1009–1248 cm−1 are attributed to the Ti-OH
bond’s stretching [66]. For the samples oxidized at 700 and 800 ◦ C, after immersion in
the SBF in the peak range 1420–1460 cm−1 , carbonate ion bonds are identified [23]. The
presence of phosphate bonds is ascertained from the peak at 1034–1038 cm−1 [23]. The peak
at 600 cm−1 indicates the formation of hydroxyapatite (HAp) on the surface of the alkaliand heat-treated materials, which proves the bioactivity of the tested surfaces [65]. Its
intensity increases strongly with extending the soaking time to seven days. The obtained
results indicate that the identified compound is similar to bone mineral [46]. Natural
apatite is one of the biological varieties of calcium phosphate. Hydroxyapatite occurs
in hard tissues such as bone, dentin, and enamel [67]. Natural apatites are biologically
adaptable. Hydroxyapatite precipitates from body fluids, affecting bone mineralization.
The HAp structure includes PO3–
4 ions, which influence bone tissues’ enzymatic activity
and constitute a scaffold for organic substances [68]. Naturally produced apatite on the
surface of the SBF material can bind to bone through the layer of apatite formed on its
surface in the living body.
The obtained results confirmed that a single-stage alkali treatment is sufficient to
increase the bioactivity of Ti-6Al-7Nb. A two-stage chemical treatment was also used in
literature [23]. The first stage was etching with a mixture of HCl and H2 SO4 acids. The
second stage consisted of an alkali treatment using a concentrated NaOH solution and
heat treatment, allowing obtaining a porous anatase gel layer. It has been found that after
soaking the treated Ti-6Al-7Nb alloy in SBF with a chemical composition similar to that
of human plasma for seven days, an increase in corrosion resistance in the same type of
SBF was observed due to the apatite growth on the alloy surface. However, the authors
reported that acid etching could cause hydrogen absorption into the titanium and its alloys
during the first step of chemical treatment and β-phase grains dissolution. In vitro studies
showed that after soaking in SBF for four weeks, the bioactivity of alkali- and heat-treated
Ti-6Al-7Nb alloy was higher than the untreated alloy, which was confirmed by the presence
of a dense and uniform bonelike apatite layer on the surface-treated alloy [24]. In vivo
studies in which the implants of untreated and surface-treated Ti-6Al-7Nb alloy were
inserted into the medial side of each tibia of rats for four weeks revealed significantly
higher direct bone contact with the implant surface in the case of alkali- and heat-treated
implants. The surface-treated Ti-6Al-7Nb alloy showed enhanced biocompatibility with
faster Ap-forming ability and higher corrosion resistance than the Ti-5Al-2Nb-1Ta alloy
subjected to chemical treatment [23]. Biomaterials, particularly with shells of natural
apatites produced in the laboratory or by immersion in SBF solution, can promote cell
adhesion and the growth of osteoblast-like cells. The viability of cells on such materials
increases with an increase in the thickness of the natural apatite layer on biomaterials’
surface [69–71].
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5.

6.

with higher rate in comparison with the dissolution rate of the formed oxide layers
including oxides of individual metallic components of the alloy.
It was found that isothermal oxidation carried out under the proposed conditions
increased the contact potential difference, and significantly improved the corrosion
resistance of the Ti-6Al-7Nb alloy and reduced its susceptibility to pitting corrosion.
The oxide layer grown over Ti-6Al-7Nb alloy at 800 ◦ C for 72 h was characterized by
the highest barrier properties to inhibit corrosion process.
It was ascertained that the alkali- and heat-treated Ti-6Al-7Nb alloy after isothermal
oxidation revealed the HAp-forming ability already after one day of soaking in the
SBF in the simulated body fluid.
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