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A B S T R A C T

Although TiO2 nanotubes have unique properties making them attractive for variety of applications, their poor
adhesion to the substrate is a major limitation. In order to overcome this limitation, a facile route, combination
of a two-step anodic treatment and heat treatment was applied in order to develop a well-adhered TiO2-based
nanotubular surface on Ti-40Nb alloy. The adhesion of the nanotubular layer was evaluated by Daimler-Benz
Rockwell C test. Corrosion and tribocorrosion behavior was investigated in phosphate-buffered saline solution
(PBS) at body temperature. Corrosion behavior was examined by potentiodynamic polarization and electrochem-
ical impedance spectroscopy whereas tribocorrosion behavior was evaluated by reciprocating sliding against an
alumina ball at open circuit potential. Results showed that the adhesion, corrosion, and tribocorrosion behavior
of the nanotubular layer was drastically improved with the combination of a two-step anodic treatment and heat
treatment.

1. Introduction

Titanium (Ti) and its alloys have attracted attention for biomed-
ical applications because of their combination of unique properties as
compared to 316L stainless steel and Co-Cr alloys [1]. However, it is
well documented that Ti and its alloys possess poor wear resistance
that limits their usage in biomedical applications due to the release
of wear debris and metallic ions that may result in adverse local tis-
sue reactions [2,3]. Besides, some clinical concerns exist about the
widely used Ti-6Al-4 V alloy not only due to the toxicity of vanadium
but also due to the presence of aluminum that is suspected to be asso-
ciated with Alzheimer's disease [4,5]. Moreover, Young’s modulus of
Ti and Ti-6Al-4 V is significantly higher than that of bone, leading to
bone resorption and eventually revision surgeries [6,7]. Therefore, new
β-type Ti alloys, containing non-toxic elements (Nb, Ta, Mo, Zr, etc.),
presenting significantly lower Young’s modulus, have been developed
[8]. Among these new alloys, Ti-Nb based alloys gained considerable at-
tention for load-bearing implants not only due to their lower Young’s

modulus but also due to their good corrosion behavior and biocompati-
bility [8].

Ti-based alloys are bioinert materials, however, their bioactivity can
be improved with suitable surface modifications. TiO2-based nanotubu-
lar (TNT) surfaces formed by anodic treatment presents self-organized,
well-aligned, and controllable morphologies and they have been widely
investigated for various applications to be used in several fields, such
as solar cells [9,10], photocatalysis [11], water splitting [12,13], su-
percapacitors [14], and biomaterials [15]. Regarding biomaterials, TNT
surfaces grown on Ti and its alloys exhibited better apatite formation,
osteoblast adhesion, proliferation, and differentiation compared to their
untreated substrates [16–18].

Corrosion is one of the main factors for a metallic material to be
used in the human body since body fluids are corrosive environments.
Ti and its alloys present excellent corrosion resistance because they
spontaneously form a passive oxide layer on their surface, however, it
may not be protective enough in an aggressive environment [19]. Yu
et al. [20] studied the corrosion behavior of the TNT surface on Ti in
Hank’s solution and reported that TNT surfaces exhibited higher corro
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sion resistance than the untreated Ti due to a thicker barrier layer sup-
plied by the TNT layer. Similar behavior was reported for TNT formed
on β-type Ti-35Nb-4Zr alloy tested in 9 g/l NaCl solution [21]. Never-
theless, the integrity of the TNT layer strongly influences the corrosion
behavior. For instance, comparing to its bare alloy, Saji et al. [22] re-
ported lower corrosion resistance for the TNT layer developed on the
β-type Ti-35Nb-5Ta-7Zr alloy due to the presence of open spaces be-
tween the bottom of the tubes and the substrate. On the other hand,
studies showed that the corrosion resistance of the TNT was significantly
improved with heat treatment owing to the transformation of amor-
phous nanotubular structure to crystalline structure [20,23,24].

While some authors reported better biocompatibility for β-type Ti al-
loys over Ti-6Al-4 V alloy [25–27], lower wear resistance was reported
for several β-type Ti alloys tested in 9 g/l NaCl solution [28], Ringer’s
solution [29], simulated body solution [30], and under dry sliding con-
dition [31], mainly due to low strain hardening behavior of the β phase.
To improve the wear resistance of Ti and its alloys, TNT surfaces have
been proposed and investigated in the literature. Rodrigues et al. [32]
showed that the tribocorrosion behavior of TNT grown on Ti-6Al-4 V
alloy by anodic treatment in H2SO4 based electrolyte during 1 h pre-
sented promising resulted in a significantly lower tendency to corrosion
under sliding compared to the untreated alloy. However, after tribocor-
rosion tests, Alves et al. [33,34] reported an easy detachment of the
TNT layer, formed by anodic treatment in ethylene glycol-based elec-
trolyte, while the tribocorrosion behavior of TNT layer grown on Ti was
significantly improved by the formation of a thick oxide layer at the in-
terface formed during an additional cycle of reverse polarization anodic
treatment. Then, after testing under dry sliding with 1 N of normal load
against alumina ball, Luz et al. [35] showed a lower wear rate for TNT
formed on Ti-35Nb alloy by anodic treatment in H3PO4 based electrolyte
during 160 min following by heat treatment, but the tribocorrosion be-
havior is yet to be known.

Among the developed β-type Ti alloys, one of the most studied and
proposed alloy for load-bearing implant applications is Ti-40Nb alloy
due to an appropriate combination of promising properties [36–42].
Recently, some of the present authors reported that the cast Ti-40Nb al-
loy had significantly lower tribocorrosion resistance compared to com-
mercial Ti-6Al-4 V in a physiological solution at body temperature,
pointing to the necessity of an appropriate modification for long term
implantation [28]. The tribocorrosion resistance may be improved by
the formation of an oxide nanotubular structure [32,34], however, it
has been reported that the nanotubes grown on Ti had significantly poor
adhesion to the substrate [43–45]. In this study, an additional oxide
layer was formed at the interface between the bare metal and the nan-
otubes in order to overcome the poor adhesion of the TNT layer to the
bare metal. This layer was formed through an extra anodic treatment,
performed in a fluoride-free electrolyte, after the formation of the nan-
otubes in the conventional fluoride-containing electrolyte. Furthermore,
a heat treatment was performed to investigate the effect of the crystal-
lization of the nanotubular layer. The adhesion of TNT layers was stud-
ied by Daimler-Benz Rockwell C adhesion test whereas the corrosion and
tribocorrosion behavior were investigated in PBS solution at body tem-
perature.

2. Materials and methods

2.1. Sample preparation

Ti-40Nb (% wt.) alloy was processed by powder metallurgy (P/M)
from TiH2 (D50 27 µm, GfE) and Nb (D50 15 µm, Alfa Aesar) pow-
ders. Cylinder samples of 14 mm diameter and 3 mm thickness were
obtained by sintering at 1250 °C for 4 h. Other details of the process-
ing procedure are given elsewhere [46]. The samples were ground with
SiC papers up to 2400 mesh and polished with colloidal silica suspen-
sion (Buehler, 0.02 µm) until obtaining a mirror-finished surface. Mi

crostructural analysis was carried out after etching with Kroll’s reagent
(%3 vol HF + %6 vol HNO3 + %91 vol·H2O). Then, the samples were
ultrasonically cleaned in propanol and distilled water for 10 min and
5 min, respectively, and dried with hot air. Both anodic treatments were
carried out using a DC power supply (Agilent Technologies N5772A) and
multimeter (Agilent Technologies 34410A) connected to a two-electrode
electrochemical cell set-up. A platinum sheet was used as a cathode hav-
ing an exposed area of 5.3 cm2 whereas 1.1 cm2 of Ti-40Nb surfaces
were exposed to the electrolyte, working as the anode. The distance be-
tween the working and the counter electrode was 8 cm. The nanotubu-
lar layer was obtained using an aqueous solution of 1.0 M H3PO4 (or-
thophosphoric acid, Fluka, ≥ %85) and 0.8 wt% NaF (Panreac, %99) as
180 ml volume of electrolyte, at a constant voltage of 20 V for 1 h under
continuous magnetic stirring (500 rpm). In order to fabricate an addi-
tional oxide layer between the nanotubular layer and the substrate, the
as-obtained nanotubular surfaces were immersed in a fluoride-free elec-
trolyte of 1.0 M H3PO4, and then a second anodic treatment was car-
ried out under constant 20 V for 5 min. After the second anodic treat-
ment, the samples were rinsed with propanol and distilled water. The
heat treatment was performed at 500 °C for 3 h with a heating and cool-
ing rate of 5 °C min−1. Groupings of surfaces are given in Table 1.

2.2. Corrosion and tribocorrosion experiments

Corrosion and tribocorrosion behavior were investigated in PBS so-
lution (0.2 g/l KCl, 0.24 g/l KH2PO4, 8 g/l NaCl, 1.44 g/l Na2HPO4)
at body temperature (37 ± 2 °C). Corrosion tests were performed on
0.38 cm2 of exposed area in 180 ml by means of open circuit potential
(OCP) monitoring, electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization. A conventional three-electrode set up was
utilized where a Pt electrode was used as a counter electrode (CE), sat-
urated calomel electrode (SCE) was used as a reference electrode (RE),
and samples were used as working electrode (WE), connected to a Poten-
tiostat/Galvanostat/ZRA (Gamry Reference-600+). After stabilization of
samples at OCP (ΔE < 60 mV/h), EIS measurements were performed at
OCP and the spectra were acquired over a frequency range of 10 mHz
to 100 kHz with a 10 mV of AC signal and 7 points per decade. Gamry
Echem Analyst (version 7.05) was used for fitting the EIS experimen-
tal data. The potentiodynamic polarization scan was performed starting
at − 0.25 VOCP up to 1.5 VSCE in anodic direction with a scan rate of
0.5 mV/s.

Tribocorrosion tests were performed at OCP with a tribometer
(CETR-UMT-2) of pin-on-plate reciprocating sliding configuration. A
two-electrode set-up was used where the samples were placed as WE
against an alumina ball (10 mm in diameter, Ceratec) using a Poten-
tiostat/Galvanostat/ZRA (Gamry Reference-600). The tests were carried
out under a frequency of 1 Hz, a normal load of 0.5 N, and an amplitude
of 2 mm. 30 min of sliding started after the stabilization of OCP at least
for 2 h and ΔE was below 60 mV/h. After sliding, the counter material
was removed and OCP continued to be recorded for 30 min.

All corrosion and tribocorrosion tests were at least triplicated on
three different samples and all results were presented as the arithmetic
mean ± standard deviation.

Table 1
Groupings of surfaces.

Sample Description

S Polished surface
A One-step anodic treatment
AH One-step Anodic treatment + Heat treatment
2A Two-step anodic treatment
2AH Two-step anodic treatment + Heat treatment
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2.3. Characterization

Surfaces, cross-sections, and wear tracks were analyzed by field emis-
sion gun scanning electron microscope (FEG-SEM, FEI Nova 200). The
structural characterization was employed by X-ray diffraction (XRD,
Bruker D8 Discover diffractometer) by grazing incidence mode, scan-
ning from an angle (2θ) 20° to 80° at 3° with a 0.03°/s step size. The
phase percentages were calculated by following Eq. (1), where is the
intensity.

(1)

The TNT grown samples were broken by three-point bending set up
(Instron 8874) in order to analyze the cross-section of TNT layers. The
distance between the two parallel supports was 10 mm. After, the inden-
ter was driven down to the specimens at a speed of 8.33 × 10−6 m/s
until the fracture of the sample. Vickers microhardness was determined
using Emcotest Durascan tester by 10 indentations performed randomly
per 3 different samples with a load of 0.98 N (0.1 kgf). The average
surface roughness (Ra) was evaluated by 3D profilometry (Profilm3D).
Adhesion of the nanotubular layer was evaluated by the Daimler-Benz
Rockwell C test, using a load of 150 kg with 200 μm tip radius coni-
cal Rockwell C indenter for at least three indentions per sample on Of-
ficine Galileo Mod. D200 tester. The damage around indentation scars
were analyzed by FEG-SEM (FEI Quanta 650) and the quality of the ad-
hesion layer was evaluated by comparing with quality maps from VDI
3198 standard [47]. Surface wettability was accessed by contact angle
measurements through a sessile drop method using an optical tensiome-
ter (Theta Lite) controlled by OneAttension software. A 5 μl droplet of
ultra-pure water was dropped on the surface of the samples and the con-
tact angle was considered after 10 s at room temperature. Three differ-
ent samples per group were analyzed and the drop image was recorded
by using a video camera.

3. Results

3.1. Characterization of the nanotubular films

SEM image of the Ti-40Nb alloy etched surface, the representative
anodic current evolution of first-step and second-step anodic treatments,
and the resulting nanotubular surfaces are shown in Fig. 1, together
with the insets showing the images of the contact angles of the cor-
responding samples. Ti-40Nb alloy presented an equiaxial β grain mi-
crostructure (Fig. 1a). The representative anodic current evolution of
first-step anodic treatment is considered to show the formation process
of TNT, where three different stages were observed from the curve.
The first stage is the growth of a barrier oxide layer resulted in an ex-
ponential decline of the current, the second one is the starting of the
nucleation of nanotubes causing an increase in current after reaching
a minimum, and the final one is the formation of TNT where current
remains stable with time [48–52]. The current evolution of the sec-
ond-step anodic treatment suggests the formation of a compact oxide
layer, considering its values approaching to zero [49,50]. The differ-
ence between the current evolutions of one-and two-step anodic treat-
ment may be due to the compacted oxide layer between the nanotubu-
lar layer and the substrate for 2A and 2AH groups. Uniformly distrib-
uted and vertically well-aligned nanotubes were obtained on all sam-
ple surfaces. No visible influence of the second-step anodic treatment
and heat treatment was observed on the surface morphology where
nanotubes exhibited an average outer diameter of ~ 95 nm. The nan-
otubular surface modification drastically changed the wettability be-
havior of the alloy, where no visible difference observed among the
TNT formed groups. XRD spectra of all samples are shown in Fig. 1g.
Group S was mainly composed of β-Ti phase (ICDD 00–044-1288) with
some minor α-Ti phase (ICDD 00–044-1294). The A and 2A groups pre-
sented the same peaks of group S indicating that the TNT was formed as
amorphous structures, whereas both heat treated groups (AH and 2AH)
showed anatase (ICCD 00–021-1272) and rutile (ICCD 01–070-7347)
phases. The nanotubular layer on group AH was composed of

Fig. 1. Characterization of the nanotubular films: a) back-scattered electron (BSE) SEM image of S; b) current evolution of one and two-step anodic treatment; secondary electron (SE)
SEM images of c) A, d) AH, e) 2A, and f) 2AH (the inset images present the wettability of the corresponding group of samples); g) XRD spectra of the substrate and the treated groups.
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71% anatase and 29% rutile phases, while group 2AH presented 59%
anatase and 41% rutile phases.

Fig. 2 presents SEM images of the TNT-formed samples, broken to
observe the cross-sections. All functionalized samples presented bam-
boo-like structure nanotube arrays having a similar length of ~ 1.6 μm.
The hollow spaces observed between the TNT layers and the substrates
for group A, 2A, and AH suggested poor adhesion of the nanotubes. The
hemispherical bottom of nanotubes was clearly observed for these sam-
ples; however, they were embedded in the additional oxide layer in the
case of 2AH groups. Interestingly, the TNT layer appears to be non-em-
bedded in the additional oxide layer for group 2A (Fig. 2c). For further
insight into the additional oxide layer and the TNT layer, further SEM
images were given in Fig. 2d and e. As observed, the additional oxide
layer on group 2A presented poor integration to the nanotubular layer
with many large cracks resulted from the mechanical bending process.

Table 2 displays the hardness and Ra values of samples. The hard-
ness value of the untreated group was notably lower than the anodic
treated groups. The second anodic treatment and heat treatment also led
to an increase of hardness, where the highest value was observed for
group 2AH. Concerning the Ra values, all treated groups exhibited simi-
lar values that were obviously higher than the untreated group.

3.2. Adhesion behavior of nanotubular films

The Daimler-Benz Rockwell C adhesion test is a fast and easy method
that has been studied to evaluate the adhesion of hard coatings
[44,53,54] that can also be used for TNT layers [55]. The Daim-
ler-Benz Rockwell-C adhesion test results are shown in Fig. 3. Accord-
ing to VDI 3198 standard [47], HF1 to HF4 represent acceptable ad-
hesion where the minor cracks and delamination are observed, unlike,
HF5 and HF6 correspond to poor adhesion with a large area of delami-
nation around the indentation. A large amount of delamination area was
observed around the Rockwell-C indentation scar for the single-step an-
odic treated groups indicating poor adhesion of the nanotubular layer
corresponding to HF6 (Fig. 3a). On the contrary, there was no delam-
ination of the nanotubular layer around the indentation scar of groups
AH, 2A, and 2AH, although the radial cracks were observed on their in

dentation scars. It can be stated that groups AH, 2A and 2AH indicated
acceptable adhesion of nanotubular layer with quality of HF1.

3.3. Corrosion behavior

The corrosion kinetics was studied by potentiodynamic polarization
in PBS solution at body temperature and the results are given in Fig.
4a, together with the obtained corrosion potential (E(i=0)) and passiva-
tion current density (ipass) (taken at 0.5 V vs. SCE for all groups). Groups
S and A presented considerably lower corrosion potential as compared
to groups AH and 2A, which presented significantly lower values than
group 2AH. The untreated group and both single-step anodic treated
groups showed well-defined passivation plateaus, while the current den-
sity of the two-step anodic treated groups tended to increase (more evi-
denced for group 2A) on the anodic domain. As can be seen in the table
in Fig. 4a, both groups A and AH showed higher ipass values than the
untreated group, groups 2A and 2AH presented lower values. Also, it is
important to point out that group 2AH is showed two orders of magni-
tude lower ipass values than group A.

The EIS results in the form of Bode diagrams and the electrical equiv-
alent circuits (EECs) used for fitting experimental data are given in Fig.
4. The EEC parameters are given in Table 3. All samples presented
the goodness of fitting below pointed out an adequate quality of
fitting for the proposed EECs. The Bode diagrams showed one-time,
two-time, and three-time constants for group S; group A; and groups
AH, 2A, and 2AH, respectively, that were fitted with EECs composed
with resistances and constant phase elements (CPE). The Re represents
the resistance of electrolyte for all EECs. Regarding the untreated al-
loy (group S), R1/Q1 pair corresponds to the resistance and CPE of
the natural passive film. On the other hand, R1/Q1 pair corresponds
to the resistance and CPE of the outer porous layer for nanotubes
formed samples. The R2/Q2 pair indicates the resistance and CPE of
the inner-tube layer. Although the R3/Q3 pair presents the same phys-
ical meaning for groups AH, 2A, and 2AH, it corresponds to the dif-
ferent nature of the additional oxide layer formed through heat treat-
ment, second-step anodic treatment, and combination of second-step
anodic treatment and heat treatment, respectively. The Q shows the
CPE that represents a non-ideal capacitor, and the impedance is de-
fined as , where is a frequency-independent para

Fig. 2. Cross-section SE/SEM images of nanotubes grown on Ti-40Nb alloy for a) A; b) AH; c, d, and e) 2A; and f) 2AH groups.
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Table 2
The hardness and Ra values of the substrate and the treated groups.

Samples Hardness HV0.1 Average surface roughness-Ra (nm)

S 243 ± 6 20 ± 3
A 298 ± 7 130 ± 17
AH 330 ± 15 129 ± 11
2A 340 ± 19 135 ± 15
2AH 349 ± 17 130 ± 15

meter, is an imaginary number, the CPE exponent ( ;
presenting an inductor, a resistor, and an ideal capacitor,

respectively), and is the angular frequency.

3.4. Tribocorrosion behavior

Representative curves of the evolution of the OCP before, during,
and after sliding in PBS at body temperature, together with the recorded
coefficient of friction (COF) values are shown in Fig. 5a. Before slid-
ing, all samples presented stable OCP values due to the presence of a
passive oxide layer in contact with the electrolyte. As soon as sliding
started, an abrupt drop was observed for group S, from around − 0.4
to approximately − 0.9 V. Oscillations were observed during the slid-
ing due to depassivation and repassivation mechanisms resulted from
the periodic removal and growth of the passive film [56]. At the
end of the sliding, the OCP immediately increased up to values close
to the ones recorded before sliding and remained stable due to

Fig. 3. SE/SEM images of Daimler-Benz Rockwell C adhesion test for a) A, b) AH, c) 2A, and d) 2AH groups.

Fig. 4. Corrosion behavior of the TNT surfaces: a) Potentiodynamic polarization curves including E(i=0) and ipass values; Bode diagrams of b) S, A, and AH (substrate with single-step
anodic treated groups), c) S, 2A, and 2AH (substrate with two-step anodic treated samples); EECs proposed for d) group S, e) group A, and f) groups AH, 2A, and 2AH.
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Table 3
EIS parameters obtained by fitting with corresponding EECs.

Groups Re R1 Q1 R2 Q2 R3 Q3

(Ω cm 2) (kΩ cm 2)
(x10 −5

S s n cm −2) (kΩ cm 2)
(x10 −5

S s n cm −2) (kΩ cm 2)
(x10 −5

S s n cm −2)

S 31 ± 1 351 ± 39 6 ± 1 – – – –
A 31 ± 2 3 ± 2 11 ± 7 34 ± 9 18 ± 5 – –
AH 32 ± 2 4 ± 3 26 ± 6 111 ± 26 51 ± 6 3 ± 1 63 ± 14
2A 31 ± 4 4 ± 1 10 ± 2 33 ± 4 16 ± 3 378 ± 87 16 ± 3
2AH 31 ± 3 5 ± 2 1 ± 1 100 ± 30 2 ± 1 1932 ± 47 1 ± 1

Fig. 5. Triboorrosion behavior of the TNT surfaces: a) Evolution of COF together with OCP before, during, and after sliding in PBS solution; b) representative low magnification SE and
BSE wear track images of group S; lower and higher magnification SEM images of c) group A, d) group AH, e) group 2A, and f) group 2AH.

repassivation of the worn area. As soon as the sliding started on groups
A and 2A, smaller OCP drops were recorded and then a gradual de-
crease observed. After certain times, sharp OCP drops were observed on
groups A and 2A then they gained their OCP. It is important to point
out that this behavior happened at different times during sliding, and
the most representative curves are shown in Fig. 5a. After sliding, both
groups (A and 2A) presented progressive increase on OCP values, and

the values did not reach to the initial level within the observation pe-
riod. On the other hand, a distinct behavior was recorded on both heat
treated groups (AH and 2AH), where almost no influence of sliding was
observed on the OCP values.

Regarding COF, the untreated group presented the highest values
(0.7 ± 0.1) followed by A and 2A groups (0.6 ± 0.1), and AH and
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2AH groups (0.5 ± 0.1). Besides, the COF evaluation of both heat
treated groups tended to decrease during sliding.

The representative SEM images of wear tracks are also given in
Fig. 5. Group S presented parallel ploughing grooves, adhered/oxidized
patches, and plastic deformations. As compared to the other samples,
relatively irregular wear track shapes were observed for both groups A
and 2A, resulted from the detachment of the nanotubular layer. Com-
paring the center of the wear tracks, both groups A and 2A presented
similar wear features to the substrate, being more evident on group A.
Both heat treated groups (AH and 2AH) presented dissimilar behavior,
where no evidence of detachment at the border of wear tracks nor slid-
ing grooves were observed. Among both heat treated groups, group 2AH
presented smaller wear track width and relatively darker wear track
compared to group AH.

Higher magnification SEM images are taken from the zones indicated
with the red rectangles on the wear tracks of the TNT surfaces (Fig. 5).
The detachment of the nanotubular layers on groups A and 2A can be
seen more clearly on higher magnification images, whereas intact nan-
otubes covered by compacted wear products can be seen on groups AH
and 2AH (Fig. 5d-f).

4. Discussion

4.1. Physical properties of TNT layers

The TiO2 nanotubular formation mechanism is well reported in the
literature [17–19]. Generally, TiO2 nanotubes formed by anodic treat-
ment present an amorphous structure that can be transformed to anatase
starting at around 300 °C and to rutile starting at around 450 °C
[20,21]. Sarraf et al. [57] reported that temperatures above 700 °C lead
to a complete collapse of nanotubes. For this reason, in the present work,
heat treatment temperature was selected as 500 °C in order to avoid the
collapsing of the TNT layer and also to obtain a mixture of anatase and
rutile phases. All anodic treated samples presented drastically higher
hardness values as compared to the substrate due to the formation of
a thicker oxide layer [22]. The high hardness value of group 2AH can
be explained by its increased amount of rutile phase, having a typical
hardness value of 17 GPa, which has significantly higher hardness and
Young’s modulus than anatase phase, having a typical hardness value of
8 GPa [58]. Regarding both amorphous groups (A and 2A) the higher
hardness values of group 2A was possibly due to an additional oxide
layer (Fig. 2e-f).

Contact angle assays revealed that the solution completely spread
over the anodic treated samples while no visible difference was observed
between them. TNT surfaces presented drastically lower values as com-
pared to the substrate possibly due to increased surface roughness [59].
This behavior indicates that the hydrophobic behavior of the substrate is
turned to hydrophilic behavior after the formation of nanotubes due to
both the crystalline structure and surface morphology [60]. It has been
well reported that the cell attachment, spreading, and cytoskeletal orga-
nization were better on hydrophilic surfaces than on hydrophobic ones
[25–27]. Therefore, one can expect that the TNT layer on Ti-Nb alloy
may lead to improved osteointegration, as higher cell adhesion and cell
viability, that had already been reported for TNT grown Ti-Zr-Nb alloy
[18].

Adhesion test indicated that the TNT formed by conventional an-
odic treatment presented significantly poor adhesion suggesting the
need for additional treatments (Fig. 4a and Fig. 5a). While the pres-
ence of the additional oxide layer improved the adhesion of the nan-
otubular layer, the main improvement came from the heat treatment re-
sulted in the transition of the amorphous structure to a crystalline struc-
ture. Xiong et al. [13] reported that heat treatment improved the ad-
hesion of the TiO2 nanotubular layer due to the formation of an ox-
ide layer at the interface with the substrate, that might be a reason for
the improved adhesion of group AH. However, as reported by Albu et

al. [28], when TNT formed in a fluoride-containing electrolyte, an ad-
ditional fluoride-rich interface layer formed between the bottom of nan-
otubes and the substrate and it can easily dissolve due to its water solu-
bility. The fluoride species are not only present in the interface layer but
also they are formed through all nanotubes, where the fluoride concen-
tration decreases from bottom to upper part of nanotubes [61]. Accord-
ing to Regonini et al. [29], the significant reduction of fluoride concen-
tration from 3.8 at% to 0.3 at% after heat treatment at 400 °C indicates
that the fluorine species are expelled from the anodic film. This chem-
ical dissolution may lead to the formation of voids and/or gaps at the
interface, which may be the main reason for the weak adhesion of nan-
otubes [28,30]. In order to reduce the effect of these defects on the ad-
hesion of nanotubes, an additional oxide layer was formed at the inter-
face by anodic treatment in the fluoride-free electrolyte and a significant
improvement was achieved due to the fluoride-rich layer surrounded by
an additional fluoride-free layer. Similar results were reported by Yu et
al. [31] for cp-Ti anodic treated in ethylene glycol-based solution. How-
ever, as observed in Fig. 2d and 2e, the adhesion of the additional ox-
ide layer and nanotubes were weak, and it is supposed that the adhesion
was improved in the case of group 2AH due to the transformation of
amorphous structure to crystalline structure with the heat treatment.

4.2. Corrosion behavior

Ti and its alloys present excellent corrosion resistance due to spon-
taneously formed 2–6 nm thick passive film [62], and their corrosion
behavior is further improved with a nanotubular layer [15,23,63]. The
specific surface area calculation model for TiO2 nanotubes has been re-
ported in the literature [64–66]. Hilario et al. [67] calculated the spe-
cific surface area of TiO2 nanotubes, formed at 20 V for 1 h, and it was
reported that the treated surfaces presented 60 times larger surface area
than the geometric area. In this study, the ipass values were calculated
by the geometric exposed area (0.38 cm2). It was found that groups A
and AH presented lower ipass values than group S. However, it may be
speculated that if the real exposure area of the nanotubes formed sam-
ples could precisely determined, all nanotubes formed samples might
present lower ipass values than the substrate. Nevertheless, among all
tested groups, group 2AH had significantly lower ipass values indicating
a significantly lower corrosion rate. The decrement of ipass values with
heat treatment is attributed to the stable behavior of anatase and rutile
phases as compared to the amorphous phase [24]. Also, the increasing
ipass on group 2A may be attributed to lesser stability of the passivation
layer due to poor integration of the additional oxide layer resulted in the
oxygen evolution and change in the electrical characteristics [67].

As abovementioned, while oxide layers formed at the nanotubes/
substrate interface on groups AH, 2A and 2AH played a similar physi-
cal barrier role against corrosion, they have different natures of the ox-
ide layers. The formed oxide layer on group AH resulted from thermal
oxidation of the substrate in oxygen-containing atmospheres through
heat treatment. The one formed on group 2A was due to electrochem-
ical oxidation of substrate in the H3PO4 solution by applying an an-
odic potential. Finally, the one formed on group 2AH was a conse-
quence of the combination of electrochemical oxidation and thermal ox-
idation through a second-step anodic treatment and heat treatment, re-
spectively. In order to further investigate the effect of these oxide lay-
ers on corrosion behavior, EIS was performed in PBS solution at body
temperature, and the results were simulated by EECs. In the literature,
similar EECs to group S [27,68–70], group A [21,71,72], and groups
AH, 2A, and 2AH [71–73] have been proposed. Bode diagrams revealed
that only group 2A presented higher |Z| values than group S at low-fre-
quency range. Nevertheless, since the |Z| modulus was calculated by the
geometric exposure area for all groups, as also discussed above for
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ipass values, a precise determination of the real exposed area might shift
the modulus of the anodic treated groups to a higher |Z| modulus. On
the other hand, R2 values of all groups were higher than the correspond-
ing R1 values (Table 3) indicating that the bottom of the tubes played
the main protective role against corrosion as also reported in the liter-
ature [20,71,72,74]. Although group AH presented higher R2 values
compared to group A, the increased Q1 and Q2 values of group AH sug-
gest a lower quality of TNT layer indicating that the heat treatment was
exacerbated by the corrosion behavior of the sample. The lower quality
of the TNT layer after heat treatment may be explained by the above-
mentioned defects in the interface of nanotube/substrate, as a conse-
quence of the penetration of the electrolyte to the substrate through the
voids among the fluoride-rich layer. The R3 value of group AH was dras-
tically lower than the ones recorded for group 2A, suggesting that the
oxide layers formed by the second-step anodic treatment presented sig-
nificantly better protective properties than that the one formed after the
heat treatment. Similarly, the Q3 value of group AH was visibly higher
than group 2A indicating that the quality of the oxide layer formed by
the second-step anodic treatment was better than the one formed by the
heat treatment. Regarding the two-step anodic treatment samples, the
main protective role against corrosion was presented by an additional
oxide layer, where the R3 values of both groups 2A and 2AH were dras-
tically higher than their R1 and R2 values. Furthermore, the resistance
and quality of the oxide layer formed at the interface of group 2AH were
significantly improved resulted from the combination of the two-step an-
odic treatment and heat treatment, as expressed by drastically higher R3
and lower Q3 values, respectively. Also, it is worth note that since the
R2 values of both heat treated groups (AH and 2AH) were similar, the
observed significantly lower Q2 values for group 2AH may be related to
the formed oxide layer after a combination of two-step anodic treatment
and heat treatment prevented the formation of defects in the bottom/
inner of tubes.

4.3. Tribocorrosion behavior

In this study, the tribocorrosion behavior was investigated at OCP
condition, which is closer to the real implant system since no poten-
tial is applied [75]. When the sliding started, the recorded OCP drop
for group S is attributed to the mechanical deformation of the passive
oxide layer and the exposure of the bare alloy to the fresh electrolyte.
The observed large oscillations during sliding resulted from fast depas-
sivation and passivation phenomena and regaining of its potential after
sliding was due to the repassivation of the worn area, being a typical
behavior for Ti and its alloys [28,76,77]. Regarding both amorphous
nanotubes formed groups (A and 2A), as soon as sliding started, gradual
decreases in OCP values were observed, suggesting a gradual mechani-
cal damage given to the nanotubular layer. After a certain time, the ob-
served sharp drop on OCP may be explained by the partial detachments
of the nanotubular layer as also confirmed by wear track images. As dis-
cussed above, groups A and 2A presented poor adhesion of nanotubular
layers, thus, the wear debris coming out from the detachment of nan-
otubular layers may be acted as a third body or got pressed between the
contacting surfaces resulting in the formation of a discontinuous tribo-
layer. Similar behavior had previously been reported by Alves et al. [34]
for TNT formed on cp-Ti, tested in artificial saliva against alumina ball
under 1 N normal load. This discontinuous tribolayer may give a limited
protection against wear and corrosion, however, after reaching a certain
thickness, it may be removed by the counter material resulting in a rapid
drop on the OCP, as observed for group A (indicated by arrows on Fig.
5a).

In the case of both heat treated groups (AH and 2AH), once slid-
ing started, the OCP was almost not affected by sliding, indicating ther-
modynamically an excellent protection against sliding alumina counter
body under the testing conditions. Gradually decreased COF values for

these groups may also be attributed to the stronger TNT layers, i.e. lesser
formation of hard third-bodies due to lesser damage on the TNT layers
and formation of a tribolayer (compacted oxides) on a smoother wear
surface. Overall, the improved protection for these two groups against
alumina may be explained by good adhesion and formation of harder
anatase/rutile nanotubular layers. The anatase/rutile crystalline nan-
otubes showed better tribological behavior as compared to the amor-
phous surfaces, resulting from the improvement of mechanical prop-
erties [35,57,78,79]. As mentioned above, the rutile phase presents
higher hardness and Young’s modulus than the anatase phase. Accord-
ing to the literature [80–82], within the processing conditions of the
present work, the rutile phase can be expected to form mainly at the
TNT/substrate interface and anatase is in the TNT layer. The higher con-
centration of the rutile phase in group 2AH may be attributed to the
transformation of the amorphous additional oxide layer formed by the
second-step anodic treatment to the rutile phase. Thus, the improved tri-
bocorrosion behavior of group 2AH may be explained by the improved
adhesion of the nanotubular layer and higher hardness due to the in-
creased amount of the rutile phase.

Fig. 6 shows a schematic illustration of wear mechanisms for nan-
otubes formed samples. Wear mechanism of Ti-40Nb alloy was schemat-
ically reported elsewhere, where it presented dominantly abrasive and
adhesive wear [28,76]. Regarding nanotubes formed samples, as ob-
served on SEM images (Fig. 5c and e), both A and 2A groups showed
similar wear mechanisms, mainly smashing and densification of the nan-
otubes, affiliated by full delamination of nanotubular layer, most proba-
bly due to their amorphous structure and relatively poor adhesion. Sim-
ilar full delamination mechanisms through cracks formation and propa-
gation from the surface to bottom regions of the film had already been
reported by Alves et al. for TNT formed on cp-Ti [33,34]. In the case of
both heat treated groups (AH and 2AH), the smashing and densification
of the tubes on the top region took place. However, instead of gross de-
lamination of nanotubes, partial crack formation and delamination are
occurred from top to bottom as can be seen from their wear track SEM
images (Fig. 5d and f), attributed to their crystalline (anatase and ru-
tile) structure, together with enhanced adhesion.

5. Conclusion

TNT surfaces formed conventionally on Ti-40Nb by anodic treat-
ment presented poor adhesion. In order to overcome this limitation, a
facile, low-cost and inovative route, combination of a two-step anodic
treatment and heat treatment was applied to develop a well-adhered
TiO2-based nanotubular surface. The adhesion of nanotubes was im-
proved drastically after a second-step anodic treatment in fluoride-free
electrolyte resulted in formation of an additional oxide layer in the
interface, and a following heat treatment yielded a crystalline trans-
formation. The heat treatment mainly played a role in improving the
tribocorrosion behavior due to the formation of the crystalline struc-
ture. However, the combination of the formation of an additional oxide
layer in the interface and heat treatment drastically improved the cor-
rosion behavior by preventing the formation of defects at the interface
thus blocking the penetration of electrolyte to the substrate. Therefore,
within the limitations of this work, it can be stated that this facile and
low-cost nanoscale surface modification technique seems to be a promis-
ing method to overcome the poor tribocorrosion behavior of β-type
Ti-40Nb alloy processed by powder metallurgy.
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