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Abstract 

TiO2 nanotubes (NTs) have a great potential in improving the osetointegration of titanium (Ti)-based 

biomaterials. Much efforts have been made to evaluate the biological performance of the TiO2 nanotube in 

regulating protein adsorption and cells attachments. As often used in orthopaedic applications, although bio-

tribological performance and biocorrosion are important issues in these applications, few researches have 

been reported on the biotribological performance of NT layers. This paper reports the preparation of a struc-

ture-optimised TiO2 NT (SO-NT) material via a multi-step oxidation strategy, as well as its biotribological and 

biocorrosion behaviours. In this procedure, an interfacial bonding layer of approximately 120–150 nm was 

first formed on the titanium substrate, which is then joined to the NT bottoms. The mechanical testing with 

respect to impact, bending, and biotribological performance have demonstrated the resultant SO-NT layer 

possess improved mechanical stability compared to conventional NT. The uniform hyperfine interfacial bond-

ing layer with nano-sized grains exhibited a strong bonding to NT layer and Ti substrate. It was observed, the 

layer not only effectively dissipates external impacts and shear stress but also acts as a good corrosion re-

sistance barrier to prevent the Ti substrate from corrosion. Theoretical models are proposed to analyse and 

predict the shear performance and corrosion-resistance mechanisms of the resultant material. The obtained 

results demonstrated that the SO-NT material has great potential in orthopaedic applications 

 

 

 

Keywords: TiO2 nanotubes; tribology; titanium implant; surface modification; biomaterials; 

 

1  Introduction 

Over the past few decades, self-organised TiO2 nanotubes (NT) fabricated via anodisation have 

attracted attention. Owing to their specific morphology and outstanding physiochemical properties, 

it has a great potential for biomedical implants [1-3]. Furthermore, NTs have three dimensional 

nanostructure, can mimic natural bone from microscale to nanoscale [4]. One of the important pre-

vious studies has proved natural bone contains three structures in scales, non-collageneous organic 

proteins, collagen and assembled mineral crystals at nanoscale; osteons and lamellae at microscale; 

as well as bone in macroscale [5]. Nanostructured biomedical implant surface has gained attraction 
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as it can provide a biologically inspiring topography for protein adsorption and cell interactions due 

to its nanostructure with mimetic natural tissues [6-9].  

The titanium nanotubes can remarkably promote osteointegration and biofunctions in vivo, 

which has been widely proven in animal model such as rabbits, mini pigs, and rats models [10-14]. 

However, less attention has been devoted to the biotribological performance of NT [15]. According 

to clinical reports, osteointegration and in vivo performance are strongly affected by the wear be-

haviour of the implant surface. Wear particles generated at a bone implant interface activate mac-

rophages, thereby initiating a cytokine signal cascade, which leads to osteoclastogenesis and bone 

resorption [16, 17]. Apart from the biotribological performance, corrosion and dissolution of the 

metallic implant can release metallic ions into the body leading to adverse biological reactions and 

mechanical failures [18]. It is well known that when a titanium (Ti) implant is inserted in a human 

body, it is surrounded by blood-rich tissue, the body fluid can lead to a synergistic degradation along 

with micro-motions at the bone–implant interface [19]. Small micro-motions may worsen during 

long term implant use, which can progress to greater loosening. Limiting the micro-motion and 

minimizing wear particles delaminating off from implant is a vital factor to osteointegration. 

As orthopaedic implant success can be undermined by two leading causes, aseptic loosening 

and infection, implant coating are required to achieve inhibit microbial cells while still promoting the 

osteointegration. Many studies have focused on biofunctional NT to enhance their antibacterial ac-

tivity or interactions with cells [20-23]. However, the biotribological and biocorrosion performances 

of NT, which play a key role in the long-term success of an implantation, are often missed. Conven-

tional NT exhibited a weak mechanical stability, which limits their orthopaedic usage for bone im-

plant [24-26]. To improve the mechanical stability, the sample can be annealed. Xiong et al [24] an-

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

nealed NT at 500 °C and found more formed Ti–O bonds at the NT layer–Ti interface than that of 

pristine NT, which improved the adhesion. Correspondingly, a model for stress accumulation was 

proposed to explain the detaching mechanism of NT films, which tend to lift off from Ti substrates 

when the accumulated stress reaches a critical value [25]. Moreover, Wang et al. built micro-nano 

surface structures on a Ti substrate to enhance the mechanical stability of the NT layer on the Ti 

substrate [26]. Recently, additional anodisation method has attempted by Yu by create a compact 

layer that enhanced the NT adhesion strength [27]. Further, two steps anodisation can also improves 

hexagonal self-ordering level of NT, and reduce the variation of average pore diameter. Thus, further 

optimised modification conversional NT by anodisation is an effective strategy to obtain more or-

dered and enhanced properties of NT [28]. 

Because of the weak mechanical stability, the study of biotribological performance of NT is 

commonly disregarded. Furthermore, few studies were reported on the biocorrosion performance of 

NT. For example, Alves et al. [29] investigated NT dental implants based on Ca-, P-, and Zn-rich bio-

functional NT using the reverse polarisation methodology. They revealed a tribo-electrochemical 

behaviour in artificial saliva. This study focused on preparing a rigid NT material and systematically 

investigating its biotribological and biocorrosion performances. 

Structure-optimised TiO2 NT (SO-NT) were produced by introducing a 120–150 nm interfacial 

bonding layer to the NT layer–Ti substrate interface via multiple anodization. This paper reported the 

biotribological and biocorrosion performances of the resultant SO-NT layer. Furthermore, the en-

hanced wear resistance along with a theoretical model were discussed in detail. 

2  Materials and methods 
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2.1  Fabrication of Structure-Optimised TiO2 Nanotubes (SO-NT) and Conventional TiO2 Nanotubes 

(NT) 

A Ti foil (99.5%; thickness of 0.15 mm) was sequentially cleaned in acetone, ethanol, and deion-

ised (DI) water, and then dried in air. The SO-NT were prepared via a multiple-anodisation process, 

as illustrated in Figure 1. First, the Ti substrate was anodised in ethylene glycol with 0.5 wt% NH4F for 

30 min in an anodisation bath (under constant 60 V (DC)) to obtain conventional NT. To fabricate 

SO-NT, the formed surficial NT layer was lifted off through ultrasonic cleaning in DI water. This create 

a bowl-like print on the Ti surface. The sample was then anodised in an ethylene glycol solution con-

taining 3 wt% H3PO4 for 120 s to generate a 100 nm grain bonding layer. Afterward, anodisation in an 

ethylene glycol solution containing 0.5 wt% NH4F for 60 min under 60 V and anodisation in an eth-

ylene glycol solution containing 3 wt% H3PO4 followed. Finally, after rinsing with DI water and drying 

with an N2 stream, the SO-NT sample was obtained. Additional reference NT were fabricated using 

the same procedure as for SO-NT but without anodisation in 3 wt% H3PO4. 

2.2 Physiochemical Characterisation of NT and SO-NT  

2.2.1. Nanostructure analysis 

The morphologies of NT and SO-NT were examined with a high-resolution scanning electron mi-

croscope (HR-SEM) JSM-6701F (JEOL company, Japan) using a constant imaging voltage of 5 kV with 

8.0–8.5 mm working distance. For SEM examination, the samples were rinsed with distilled water, 

and cleaned in alcohol for each 10 min and dried with an N2 stream, respectively. The sample were 

coated with a thin film of gold to enhance the conductivity. 

2.2.2. X-ray photoelectron spectroscopy  
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X-ray photoelectron spectroscopy (XPS) (PHI-5702, Physical Electronics, USA) was used to analyse 

the chemical composition of the surface layers of both specimens. 

2.2.3. Energy dispersive spectroscopy (EDS) 

The elemental distribution was measured by EDS mapping, both NT and SO-NT specimens were 

analyzed by  SEM-EDS (Phenom ProX G5) . 

2.2.4. Wettability 

The specimen wettability was carried out by measuring water droplet contact angle by (DSA-100 

optical contact angle meter, Kruss Company, Ltd., Germany)meter at room temperature. Each five Ti, 

NT and SO-NT specimens were measured and statistic analyzed. 

2.3. Biotribology and Biocorrosion 

2.3.1. Mechanical stability 

Impact, foil-bending/-twisting, shearing, ultrasonic, and biotribological tests  were conducted to 

evaluate the mechanical stability of the resultant surfaces. The bending test was carried out first to 

evaluate the combination strength of the NT layer on the Ti substrate. Considering that each twist 

can lead to a different bending force, it was necessary to bend both NT and SO-NT. Both were fabri-

cated on a Ti foil, which was bent by 150° to compare the strengths of the attached NT layers. As the 

NT layers covered both sides of the Ti foil, one surface was under tension and the other under com-

pression. Hence, the adhesion strength could be evaluated. Next, the mechanical strength was de-

termined under more harsh conditions: The samples were continuously impacted with a metal 

hammer. Moreover, a falling-ball experiment in which a 1 kg steel ball (10 mm in diameter) was 

dropped from a height of 500 mm to samples was conducted to investigate the impact resistance. 
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The crashed topography of samples were examined by optical observation and SEM. Furthermore, 

the samples were put into a ultrasonic cleaner with DI water (see supporting information) under vi-

bration (50 kHz) for different durations to compare the peel-off rates of SO-NT and NT when sub-

jected to water friction. The biotribological performance was evaluated via a ball-on-disk reciprocat-

ing tribometer (CSM Instruments, USA) with a PTFE ball (diameter of 10 mm) as counterpart in a 0.1 

g/ml bovine serum albumin lubricant under a 2 N load at 1 Hz for 120 min. The coefficient of the fric-

tion evolution during the sliding test was recorded via the tribometer. The wear tracks were ana-

lysed and compared after 120 min. The substrate-independent elastic modulus of NT and SO-NT 

were measured via nanoindentation with a Berkovich indenter at an indentation of below 300 nm 

(less than 10% of NT layer thickness). The effects of layer and substrate of SO-NT were neglected. 

The elastic modulus of NT and SO-NT (EN) were calculated as follows: 

                                                
1

Er
=

1−νN
2

EN
+

1−νd
2

Ed
                                                                            (1) 

where Ed (elastic modulus of diamond tip) = 1194 GPa, νd (Poisson ratio of diamond tip) = 0.07, 

νN (Poisson ratio of Ti) = 0.37, and Er (relative elastic modulus) were measured via indentation. 

Three different NT and SO-NT sample areas were randomly selected for the modulus measurements 

to determine statistical results (see supporting information). The NT and SO-NT wear track mor-

phologies were analysed with an SEM (JSM-5600LV, JEOL company, Japan) after the biotribology 

tests. 

A six-stations pin-on-disk procedure was conducted to determine the volume loss and wear re-

sistance of the NT and SO-NT: A stainless-steel pin with spherical end was applied to the NT and 

SO-NT disks with reciprocation and five-degree rotation (Figure S1). Three NT and three SO-NT disks 

were randomly distributed in the six stations. The parameters of the wear tests are listed in Table S1. 
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By employing the Hertz contact theory, ASTM G99, and the contact stress, and volume loss were 

calculated. The profiles and depths of the wear tracks were measured employing TESA Rugosurf 90G 

(TESA technology, Swizerland) under ISO 4287. Further, a MicroXAM-800 (KLA-Tencor, USA) 3D 

noncontact surface-mapping profiler was used to investigate the topography of the wear tracks. 

2.3.2. Microscopic finite-element analysis 

To further analyse the mechanical behaviour and stability of NT and SO-NT in detail, microscopic 

finite-element (FE) models were established with the ANSYS software. Unit bending and twisting 

loads were applied to the FE models of both NT and SO-NT, respectively. The deformations and 

stresses, which represent the material stiffness and strength, were obtained by conducting a statis-

tical analysis.  

2.3.3. Corrosion behaviour 

Since NT could be applied to implant surfaces that are commonly surrounded by blood-rich tis-

sue, the corrosion resistance of SO-NT should be evaluated. The open-circuit potentials (OCPs) of the 

NT and SO-NT samples were measured in a simulated body fluid (SBF). The electrochemistry meas-

urements were carried out with the electrochemical workstation CHI660D (CH Instruments, Inc, 

Shanghai, China) to determine the corrosion resistance of SO-NT and NT by measuring the OCP ver-

sus time in SBF. The apparatus for the electrochemical measurements consisted of a 

three-electrodes electrotank with an OCP of ±250 mV and a scan rate of 0.3 mV s−1 at 22±1 °C, a sat-

urated calomel electrode for reference, and a platinum foil as counter electrode. The polarisation 

was recorded after the sample was soaked into SBF for 60 min until stabilisation. The scan data was 

recorded for 1500 s.  
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The Tafel polarization curve of Ti, NT and SO-NT were also been measured by the electrochemical 

workstation CHI660D (CH Instruments, Inc, Shanghai, China) under room temperature. The bare Ti 

specimen was a control reference to comparative analyze the corrosion parameters of NT and 

SO-NT. The scan rate (V/s) was 0.01,initial  from E (V) =‒1 to final E (V) =0. 

3  Results and Discussion 

3.1. Physicochemical Characterisation 

3.1.1. Nanostructure analysis 

The top views of NT and SO-NT showing porous structures with inner diameters of 100 nm were 

similar. Analyses of the cross-sections of SO-NT and NT are shown in Figure 2a and 2b. A 120–150 nm 

thick interfacial TiO2 bonding layer was formed at the NT–Ti interface. The interfacial layer was 

wrapped around the NT bottoms with no clear boundary between the interface of tube bottom and 

layer (Figure 2a). Owing to the increased contact area of the tube bottoms, the interfacial layer 

compensates shear forces and bore loadings. In the bottom view of the NT and SO-NT (Figure 2c and 

2d), it can be noted that the SO-NT bottom became flat with tiny bulges, which were distributed at 

the bottom outer-shells of the half-spherical NT. Regarding the NT sample, a typical tube bottom 

structure with hexagonal half-spheres and clear edges can be observed in each NT contact area. 

3.1.2. XPS analysis  

The chemical compositions of the NT and SO-NT samples were measured via XPS with a survey 

scan and high-resolution element spectra for phosphorus and fluorine (Figure 3). The XPS 

full-spectrum and high-resolution scan of SO-NT indicates a phosphorous peak (P2p). Studies on 

phosphorous-incorporated Ti surfaces have demonstrated an enhanced osteoblast attachment, os-
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teoblast gene expression, and removal torque forces [30]. According to studies, the intensity of fluo-

rine (F1s) was significantly lower after an additional anodisation. Further, it is also established that a 

fluorosis can increase the bone fracture risk [31, 32]. The here presented SO-NT sample exhibited an 

extreme rare fluoride concentration and displayed existence of phosphorous: an evident existence of 

phosphorous in an elemental composition similar to the mineral phase of natural bone tissue was 

observed [33]. As a result of surface modification, the surface wettability of both NT and SO-NT sur-

faces have been improved, as reported in Figure S2. The elements distribution by EDS mapping 

measurement of NT and SO-NT were shown in Figure S3. It was shown that titanium, oxygen and 

fluorine were distributed homogenously within the top layer on NT surface. As for element distribu-

tion on SO-NT surface, it was also observed that, in addition to element titanium, oxygen, fluorine 

which were uniformly distributed uniformly, the phosphorus was introduced into the top layer of 

SO-NT specimen, as observed in Figure S3.  

3.2. Biotribology and Biocorrosion 

3.2.1. Mechanical-stability evaluation 

Since a clinical insertion of an implant can cause micro-deformations in the implant, the coating 

material must be firmly attached to the implant. For comparison purposes, one half of the Ti plate 

was treated with a traditional oxidation to obtain common NT, whereas the rest was treated with a 

multi-step oxidation to obtain SO-NT. The differently coloured regions can be clearly distinguished in 

Figure 4a1. Owing to mechanical bending, one side of the Ti foil experienced strong tension (Figure 

4a2), whereas the other side experienced strong compression (Figure 4a4). Regarding the side under 

tension, the NT layer was approximately completely peeled off of the Ti substrate, whereas no obvi-

ous damages in the SO-NT part could be observed (Figure 4a1). Regarding the side under compres-
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sion, the NT part exhibited a peeled debris, whereas no damages were found in the SO-NT part (Fig-

ure 4a3). Furthermore, a twisting test was performed to evaluate the adhesion strength of the NT 

layer on the Ti substrate. After several twists (Figure 4b2), the NT layer of the NT part completely 

peeled off, whereas the SO-NT layer remained intact (Figure 4b3, Movie 1). Next, a impact test was 

conducted to prove the improved mechanical stability of SO-NT (Figure 4c2): The NT layer of the NT 

part approximately completely peeled off of the substrate, whereas the NT layer of the SO-NT part 

remained adhered to the substrate (Figure 4c3, Movie 2). Further, HR-SEM was employed to investi-

gate the surface morphology after hitting. As shown in Figures 4 c3-1–c3-3, no NT layer was left in 

the NT–Ti part, whereas it remained intact in the SO-NT part but was covered by many fragments, 

and the NT topography could still be detected in SO-NT areas. Subsequently, the falling-ball impact 

experiment was performed on the NT and SO-NT samples, respectively. Heavy damages on the NT 

sample due to stripped NT could be observed (Figure 4d2). By contrast, approximately no damages 

were observed on the SO-NT surface, indicating a strong bonding between NT layer and Ti substrate 

(Figure 4d3). A mechanical ultrasonic measurement was carried out to evaluate the mechanical sta-

bility of both samples (Figure S4). The NT layer tended to peel off of the Ti substrate with increasing 

ultrasonic exposure time and was approximately completely removed after 180 s. By contrast, no 

damages in the NT layer on the Ti substrate of the SO-NT sample were found. The aforementioned 

results indicate that the as-prepared SO-NT sample possessed a strong mechanical stability com-

pared with the traditional NT sample. Such excellent mechanical properties enhance the reliability of 

SO-NT with respect to their use in medical implants in the field of tissue engineering.  

Friction and wear tests were conducted to quantitatively investigate the mechanical property 

under dynamic shearing. A ball-on-disk contact mode was used to investigate the tribological prop-
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erty. As shown in Figure S5, no significant differences in the coefficient of friction (COF) were found 

for the SO-NT and NT samples after 7000 sliding cycles under approximately 12 MPa of Hertzian 

contact pressure. The COFs of NT and SO-NT were both 0.2 (±0.02). However, obvious signal fluctua-

tions in the friction curve and the stick-slip phenomenon were observed for NT until 5000 cycles. 

Thereafter, its COF slightly decreased, thereby suggesting a minorly damaged NT structure of the NT 

sample.  

After the friction tests, the morphologies of the wear tracks were investigated. As shown in Fig-

ure 5 a1 and b1, the widths of the wear tracks of the NT sample were approximately two times those 

of the SO-NT sample. The centre area of the wear tracks was selected to characterise the micro-area 

topography of scratches using a 3D MicroXAM-800 (Figure 5 a2 and b2). Micro-sized ploughs were 

distributed on both samples, whereas the SO-NT sample exhibited less ploughs with clearer edges 

(Figure 5b2). The ploughs were further investigated via HR-SEM. Examples can be seen in Figure 5 a3 

and b3. The plough width on the NT sample was 25±1 μm, which was approximately two times the 

width of that on the SO-NT sample (10±1 μm). Further, mass cracks in the vicinity of the plough on 

the NT surface were observed. By contrast, the SO-NT surface exhibited no cracks.  

A six-stations pin-on-disk procedure was conducted to quantify the volume loss of the NT and 

SO-NT samples after the wear tests (Figure S1). After 12000 test cycles, the wear morphologies and 

wear volumes were examined. As shown in Figure 6a, the surfaces of three NT samples exhibited 

heavy wear and the Ti substrates were exposed, whereas light wear tracks were observed on the 

SO-NT samples. In addition, the morphologies of the spherical-ended stainless steel pins were ex-

amined. The wear tracks of the pins encountering NT were heavy and those encountering SO-NT 

were light. To quantitatively analyse the volume loss of wear tracks for disks and pins, the theoretical 
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model in [34] can be employed. The calculation results showed that the volume losses were 0.48 

mm3 and 0.032 mm3 for the NT disks and pins encountering the NT, respectively. By contrast, the 

volume losses were only 0.07 mm3 and 0.007 mm3 for the SO-NT disks and pins, respectively. The 

excellent anti-wear property of the SO-NT samples can be attributed to the strong adherence of the 

bonding layer to the two interfaces (NT–bonding layer and bonding layer–Ti) rather than to the 

changing mechanical modulus of the NT layer grown on the NT and SO-NT samples, which can be 

proved via nanoindentation (Figure S6).  

3.2.2. Microscopic finite-element analysis and mechanism discussion  

As shown in Figure 7a, the maximal deformations of NT and SO-NT under unit bending loads 

were 0.029 μm and 0.009 μm, respectively. The maximal equivalent stresses were 108 MPa and 63 

MPa, respectively. Compared with NT, the maximal deformation of SO-NT was decreased by 68.97% 

and the maximal equivalent stress was decreased by 41.67%.  

The maximal deformations of NT and SO-NT under unit twisting loads were 0.087 μm and 0.025 

μm, respectively; The maximal equivalent stresses were 230 MPa and 72 MPa, respectively (Figure 

7b). Compared with NT, the maximal deformation of SO-NT was decreased by 71.26% and the max-

imal equivalent stress was decreased by 68.70%. The results also show that the stress concentration 

of SO-NT was evidently reduced. Hence, the stiffness and strength were enhanced owing to the ex-

istence of the bonding layer.  

According to the experimental results and FE analysis, the produced SO-NT samples exhibited 

excellent mechanical stabilities under harsh bending, twisting, impact, ultrasonic radiation, and 

wear. This results from the special stress dissipation in SO-NT under shearing. Regarding the tradi-

tional NT samples, the accumulation of external stress caused an irregular arrangement of the once 
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vertically arranged NT. The aggregation of disordered NT generated cracks, which led to the peel-off 

of the NT layer from the Ti substrate (Figure 8a). By contrast, SO-NT exhibited an impressive dissipa-

tion with no crack generation in the vicinity of the wear track. This observation indicates the possibly 

advantageous mechanisms of the SO-NT sample compared to conventional NT samples (Figure 8b). 

Furthermore, the thickness plays a dominate role by affecting the adhesion strength; A thicker an-

odic layer tends to detach [8]. However, the bonding layer in this study measured only 120-150 nm. 

Apart from these two characteristics, the improved mechanical stability of SO-NT is possibly related 

to the strong bonding at the two interfaces (bonding layer–Ti substrate and bonding layer–NT layer). 

The strong bonding interfaces are essential for a continuous dissipation of external stress without 

stress concentrations at the half-spherical bottoms of the NT layer. The HR-SEM bottom view (Figure 

2c) shows that the contact area of the SO-NT–Ti interface was covered by the bonding layer. With 

bonding layer, the original NT bottom with half-spheres exhibited tiny bulges and the bonding layer 

filled the space between NT bottoms and Ti substrate, which was generated by fluorine ions during 

anodisation. According to the cross-section images (Figure 2a), no edge existed at the bonding lay-

er–NT interface. Hence, the bonding layer was tightly wrapped around the NT bottoms. Another 

possible mechanism is the altered stress dissipation of the NT layer through the bonding layer. Ow-

ing to the strong bonding at the bonding layer–NT interface, the stress is distributed and dissipated. 

The subsistence of a hyperfine bonding layer with 100 nm grain (Figure S7) contributes to a reduc-

tion of stress concentrations via a stress transmission from the in-situ tube bottom to grains on the 

bonding layer and adjacent tubes, thereby acting as a ground foundation. The assumption is con-

firmed by the analysis on wear ploughs and wear tracks (Figure 5 a3 and 4b3; Figure 6a).  

3.2.3. Corrosion behaviour 
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After the samples were soaked for 60 min in SBF, the OCP was recorded for 1500 s. As shown in 

Figure 9, SO-NT (approximately -0.06 V) presented a lower corrosion tendency than NT (approxi-

mately -0.28 V). The OCP value indicates the sample surface activation, which can be active or pas-

sive. The electrochemical attack in SBF, which can erode the sample surface, leads to an ion release 

from the substrate into the medium. The Tafel polarization curve has also demonstrated the im-

proved corrosion resistance of SO-NT than NT and bare Ti (Figure S8). Apart from corrosion poten-

tial, corrosion current density is another significant parameter which is proportional to current rate. 

The corrosion current density of bare Ti and NT were measured as 0.77 μA/cm2 and 14.41 μA/cm2, 

whereas the value of SO-NT was 0.07 μA/cm2. Obviously, SO-NT has significantly reduced the corro-

sion potential and corrosion current density. 

The erosion process of NT can be initiated in locations where the fluid directly touches the Ti 

substrate through slots or structural defects between adjacent tubes, thereby attacking the Ti–NT 

bottom interface. The ions from the adjacent substrate can be transmitted to the area of initiated 

erosion and react with the ions in the media, which leads to point corrosions at the NT–Ti interface. 

Further, the process might increase the ion release of Ti and generate micro pits at the interface, 

which would cause a lift-off of the NT layer in the long term. In this study, the 120–150 nm dense 

bonding layer acted as barrier to isolate the SBF solution from the slots between NT (Figure 10). 

Moreover, the barrier was tightly connected to the NT bottoms (Figure 2a) and prevented the media 

from reaching the Ti substrate. This characteristic promotes a passive electrochemical environment 

and improves the SO-NT corrosion resistance. 

4  Conclusion 
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To improve the mechanical stability of materials with traditional TiO2 nanotubes (NT)—in partic-

ular, their biotribological performance—for potential applications as implants, we prepared struc-

ture-optimised TiO2 nanotubes (SO-NT) by creating an interfacial bonding layer at an NT lay-

er–titanium (Ti) substrate interface. The HR-SEM results showed a 120–150 nm bonding layer, which 

was completely wrapped around the bottoms of the NT array and tightly attached to the Ti sub-

strate. Compared with the manufactured conventional NT material, the manufactured SO-NT mate-

rial showed an enhanced mechanical stability, which was confirmed via several reliable experimental 

evaluations including bending, twisting, impact, and ultrasonic-radiation tests. Furthermore, accord-

ing to the biotribological tests, the SO-NT exhibited an improved anti-wear behaviour. The bonding 

layer could effectively resist a peel-off and improve the mechanical stability of the NT array under 

dynamic shearing. Moreover, electrochemical tests revealed that the produced SO-NT material pos-

sessed an improved anti-corrosion behaviour according to its higher open-circuit potential (-0.06 V) 

compared to that of NT (-0.26 V) in SBF. The potential responsible mechanism is the barrier-like be-

haviour of the bonding layer, which prevents the Ti substrate from eroding. In conclusion, owing to 

its improved stability concerning the nanostructured surface, the SO-NT demonstrates a great po-

tential compared to conventional NT for implant applications, such as orthopaedic and dental im-

plants as well as implants interfacing bone tissue.   
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Figure  1. Fabrication of structure-optimised TiO2 nanotubes (SO-NT). 
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Figure 2. HR-SEM images of (a, c) SO-NT and (b, d) NT samples. The top and bottom images represent cross-sections and bottom 

morphologies (bar length = 100 nm), respectively. 
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Figure 3. XPS spectra of NT and SO-NT samples and corresponding high-resolution scan peaks of F1s and P2p. 
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Figure 4. Evaluation of mechanical stability: (a) Bending, (b) twisting, and (c) impact tests on SO-NT and NT areas of one Ti sample. 

(d) Impact test: 1 kg steel holder with spherical tip was fixed at height of 500 mm to let the free-falling body shock the sample. 
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Figure 5. Wear track of (a) NT and (b) SO-NT samples. (a1,b1) Optical images, (a2,b2) topographs of centre area in wear tracks, 

(a3,b3) and SEM images of ploughs. 
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Figure 6. (a) Photographs of wear tracks on disks and pins after 12000 test cycles (1–3: NT samples; 4–6: SO-NT samples). (b) Vol-

ume loss of disks and pins. 
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Figure 7. Deformation and stress results of FE simulations for (a) unit bending and (b) twisting load. 
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Figure 8. Mechanism responsible for mechanical stabilities of (a) NT and (b) SO-NT samples under stress. The red dotted arrow rep-

resents the direction of stress conduction. 

 

 

Figure 9. Open-circuit potential (OCP) versus time and 'barrier function' of interfacial bonding layer in SO-NT. 
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Figure 10. The bonding layer acts as isolating barrier. 
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