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Abstract 16 

Tribocorrosion behaviour of pure titanium in phosphate buffer saline (PBS) solution has been 17 

investigated systematically as a function of surface chemistry and bovine serum albumin (BSA) 18 

content in the solution. A ball-on-disk tribometer coupled with an electrochemical cell was used 19 

to study the effect of electrochemical conditions (i.e. anodic and cathodic applied potentials, as 20 

well as at open circuit potential) on the tribocorrosion response of titanium. It was found that the 21 

main material loss is due to mechanical wear caused by plastic deformation. The mechanical wear 22 

was higher under anodic conditions than under cathodic, partially due to an increased presence of 23 

debris particles at the sliding interface that act as third bodies. The effect of BSA on the interaction 24 

between alumina and titanium, as well as the behaviour of third bodies during the mechanical wear, 25 

were investigated in the nanoscale level using atomic force microscopy based force spectroscopy. 26 

It was found that the presence of BSA affects tribocorrosion in various ways. Firstly, it increases 27 

the repassivation rate of the oxide film by inhibiting the cathodic reactions and accelerating the 28 

anodic reactions. Secondly, it increases the mechanical wear by increasing the adhesion of debris 29 

onto the sliding interface, while at anodic conditions it increases the rolling efficiency of the debris 30 

particles that further enhances the mechanical wear. 31 

 32 

 33 
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1 Introduction 35 

Due to a combination of outstanding mechanical properties and high biocompatibility, titanium 36 

and titanium alloys are widely used materials in biomedical applications. Among others, they 37 

exhibit a high strength to weight ratio, a modulus of elasticity similar to bone that makes the bone-38 

to-implant interface closely matched, and an exceptional resistance to corrosion.1, 2, 3, 4 Similar to 39 

most other metallic biomaterials, the corrosion resistance of titanium is highly depended on a thin 40 

and inert oxide film present on its surface, which is developed when the metal is exposed to 41 

ambient or liquid environments. Such passive oxide layer contributes substantially towards the 42 

exceptional biocompatibility of titanium - it protects the underlying substrate from corrosion when 43 

being placed in physiological environment, and provides an excellent interface to interact with the 44 

surrounding tissue that can prevent inflammatory responses.5 Furthermore, the oxide layer acts as 45 

a barrier to restrict release of ions that could react with biomolecules and cause cytotoxicity, 46 

allergies, or other biological influences.6 The titanium oxide has an isoelectric point of 5-6 which 47 

results in a slightly negatively charged surface in physiological pH.7 The aforementioned 48 

characteristics enable titanium and its alloys being used in a wide range of biomaterials, from 49 

dental implants to hip joints.7, 8, 9, 10 However, the performance of titanium is degraded when it is 50 

subjected to a tribological contact in a corrosive environment, due to its poor tribocorrosion 51 

resistance.11 52 

 53 

A tribocorrosion system combines corrosion and mechanical wear as mechanisms of 54 

degradation. The two mechanisms cannot be considered separately but rather as a complex system 55 

where one is dependent on the other; corrosion is accelerated by wear, and analogously, wear can 56 

be affected by corrosion.12 Upon sliding, the oxide layer that covers the titanium surface is 57 

removed (depassivation), leaving the active titanium exposed to the aggressive physiological 58 



environment. As a result, the corrosion rate is increased (wear accelerated corrosion). The passive 59 

film is then progressively reformed on the surface (repassivation) and protects the substrate from 60 

further corrosion. Furthermore, the presence of a passive film (i.e. electrochemical conditions) can 61 

also influence the mechanical response of titanium in a tribocorrosion system.13 62 

 63 

The effect of the passive film on tribocorrosion process can be determined by the nature of the 64 

material, the prevailing electrochemical and mechanical conditions, and the surrounding 65 

environment. Various combinations of the aforementioned factors create a distinct tribocorrosion 66 

system that affects differently the passive film of the metals and, thus, their corrosion process. For 67 

instance, studies on hafnium and pure titanium in sodium chloride (NaCl) solution showed that the 68 

passive film formed on their surface acts as a barrier to protect against corrosion, as expected, 69 

while mechanical damage disrupts the passive film that is quickly reformed when the damage is 70 

ceased.14 However, hafnium shows a faster repassivation rate than pure titanium, highlighting the 71 

different anti-corrosion behaviour due to the nature of materials. The presence and thickness of the 72 

passive film, which is highly depended on the prevailing electrochemical conditions, not only 73 

affects the corrosion behaviour of a metal but also its mechanical behaviour. For instance, the 74 

absence of a passive film on carbon steel (DIN 34CrNiMo6) in borate solution could reduce the 75 

rate of mechanical wear because the detached metallic particles are readily smeared back on the 76 

wear track under the applied pressure.15 In contrast, the presence of a passive film in the same 77 

system results in detachment of the passive film from the surface of the steel, and the consequent 78 

wear-accelerated corrosion. Similar results with that of carbon steel were reported for CoCrMo 79 

implants, while it was further observed that the surface degradation is influenced by the prevailing 80 

electrochemical conditions.13 It was shown that not only the corrosion is greater in the area where 81 



the metals rubbing with each other due to wear-accelerated corrosion, but also the area surrounding 82 

the contact site have increased corrosion due to galvanic coupling between the worn area and the 83 

surrounding passive metal. 84 

 85 

Chemical composition of the electrolyte has been shown to have a significant impact on the 86 

tribocorrosion resistance of metal and alloys. Various ions and proteins present in the liquid, 87 

particularly in physiological environment, can affect the characteristics of the passive film.16 88 

However, the reported effects of proteins on the behaviour of passive film are inconsistent and 89 

highly dependent on the nature of the metal and the type of protein used. For instance, on titanium 90 

alloys under fretting conditions, albumin did not affect neither the wear rate nor the wear-91 

accelerated corrosion, while collagen slightly reduced the wear rate at the cathodic potential.17 92 

Similar results were reported with a series of titanium alloys – the presence of protein can either 93 

reduce or increase the degradation of the material, depending on the alloy and the type of wear.18 94 

It was also suggested that the presence of BSA on pure titanium could accelerate the repassivation, 95 

which is caused by the adsorbed proteins that act as a barrier and prevent the water from reaching 96 

the titanium surface.19 However, when abrasive particles are involved, the presence of BSA leads 97 

to accelerated wear, which is attributed to an enhanced particle entrainment and a greater rolling 98 

efficiency of the particles.20 99 

 100 

Although there have been several studies investigating various tribocorrosion systems, an in-101 

depth understanding on the tribocorrosion characteristics of pure titanium in PBS and albumin 102 

solution, under cathodic and anodic applied potential, is missing. The aim of the present study is 103 

to examine the aforementioned characteristics on the micro- and nanoscale. A pin-on-disk 104 



tribometer, coupled with an electrochemical cell, was utilized in order to perform tribocorrosion 105 

experiments of pure titanium in PBS and albumin solutions. The experiments were performed both 106 

under cathodic and anodic polarization conditions to understand the effect of the prevailing 107 

electrochemical conditions on the wear of the titanium surface. Furthermore, atomic force 108 

microscopy was employed to measure the interactions between the studied surfaces at the 109 

nanoscale and how they are affected by the presence of albumin. 110 

 111 

2 Materials and methods 112 

2.1 Materials 113 

Pure titanium substrates (99.99+% purity, Cat. no. 754-091-17) were purchased from 114 

Goodfellow Cambridge Ltd (754-091-17, Huntingdon, UK). Polished AT-cut, 5 MHz, 1-inch 115 

diameter titanium coated quartz crystals (Cat. no. 750-1029-G1, purity 99.995%) were purchased 116 

from Testbourne Ltd (Basingstoke, UK), and used for nanoadhesion measurements. Alumina 117 

particles (Cat. no. 46025) were purchased from Alfa Aesar (Lancashire, UK). Atomic force 118 

microscope (AFM) cantilevers (Cat. no. PNP-TR-TL) were purchased from NanoWorld AG 119 

(Neuchatel, Switzerland). Fatty acid free (> 99%, Cat. no. A0281) bovine serum albumin (BSA) 120 

was purchased from Sigma-Aldrich Company Ltd (Dorset, UK), while phosphate buffer saline 121 

(PBS) (Cat. no. P3203-100) and sodium dodecyl sulphate (SDS) (Cat. no. 10090490) were 122 

purchased from Fisher Scientific (Loughborough, UK).  123 

 124 

2.2 Sample preparation 125 

The bulk titanium sample was cut to 25 mm by 25 mm squares. Before each experiment, the 126 

sample was wet-ground with 500 to 4000 grit SiC paper and further polished with OP-Chem 127 

polishing cloths using 1 µm diamond particles to achieve a mirror-like finishing. Following the 128 



polishing treatment, the samples were ultrasonically cleaned in sodium dodecyl sulphate solution 129 

followed by distilled water for 10 min respectively, which ensured the removal of any particles or 130 

protein from the surface. Lastly, the surfaces were dried in a stream of compressed air. The 131 

cleaning procedure for the QCM crystals was the same as with the bulk titanium. BSA solutions 132 

were prepared using the PBS buffer to obtain protein concentration of 1 mg/mL. 133 

 134 

2.3 Tribocorrosion tests 135 

All electrochemical measurements were carried out using a Solartron Analytical 1286 136 

potentiostat by Ametek (Berwyn, Pennsylvania, USA). The set-up is a three-electrode 137 

electrochemical cell, using a platinum wire as counter electrode and an Ag/AgCl (3M KCl) 138 

reference electrode. All potentials were referred to the reference electrode (0.205 V versus standard 139 

hydrogen electrode, SHE).  140 

 141 

For the tribocorrosion tests, a unidirectional pin-on-disk rotating tribometer coupled to a 142 

potentiostat was used. The titanium specimen was mounted on the tribometer with its lower part 143 

insulated and electrically connected to the working electrode of the potentiostat, while its upper 144 

surface (2.06 cm2) was exposed to the electrolyte solution. The reference electrode was kept within 145 

1 cm away from the titanium surface. An alumina sphere with a diameter of 6 mm was used as a 146 

counterpart.21 A normal force of 5 N was applied on the counterpart, corresponding to a maximum 147 

contact pressure of approximately 950 MPa using the Hertzian contact stress model22 (Poisson’s 148 

ratio equal to 0.23 and 0.34, and Young’s modulus equal to 380 and 103 GPa, for alumina and 149 

pure titanium respectively). The sliding velocity and duration were set to 60 rpm (equivalent to 150 

1.13 m/min) and 30 min respectively, and the radius of the wear track was set at 3 mm. The tests 151 

were performed both in 1xPBS and protein solution (1 mg/mL) at 3 different surface potential 152 



conditions. Including open circuit potential (OCP), -1.2 VAg/AgCl, and +1.0 VAg/AgCl. The applied 153 

potentials were selected to match the cathodic and the anodic areas of the titanium, as studied 154 

systematically in a separate work.24 All measurements were repeated 3 times to ensure the 155 

reproducibility. 156 

 157 

An Olympus LEXT OLS3000 confocal microscope (Tokyo, Japan) was used to carry out the 158 

post examination of the wear track, including both surface morphology and the quantification of 159 

wear volume. A JEOL JSM-6300 scanning electron microscope (Westmont, Illinois, USA) was 160 

used to image and analyse the wear tracks on the titanium surface and the alumina counterpart. A 161 

G200 Nanoindenter by Keysight Technologies UK Limited (Berkshire, UK) was used to determine 162 

the microhardness of the material both inside and outside the wear track by employing a diamond 163 

tip to apply a pressure of 0.2 kgf/mm2 (1.96 MPa) for a duration of 15 s (Hv0.2/15). 164 

 165 

2.3 Force spectroscopy 166 

Individual alumina particles were attached onto tip-less AFM cantilevers using a two-part 167 

epoxy glue. The colloidal cantilevers were calibrated with the thermal method23 before the 168 

attachment of the alumina particles on them (nominal spring constant is 0.08 N/m). Force 169 

measurements were conducted using a Nanowizard II atomic force microscope by JPK Instruments 170 

AG (Berlin, Germany) that was coupled with a PGSTAT101 potentiostat by Metrohm Autolab 171 

B.V. (Utrecht, Netherlands), which is conventional three-electrode electrochemical cell, using a 172 

platinum wire as counter electrode and a Dri-RefTM (3M KCl) reference electrode by World 173 

Precision Instruments (Sarasota, Florida, USA). During the force spectroscopy measurements, 174 

titanium-coated QCM sensors instead of titanium sheet were used as substrate. The 175 

electrochemical characteristics of such titanium-coated QCM crystals were found similar to that 176 



of bulk titanium.24 The titanium coated QCM sensor crystal was mounted in the electrochemical 177 

cell (working electrode) with its upper surface (1.33 cm2) exposed to the electrolyte. The 178 

experiments were conducted both in 1xPBS and in protein solution. A total of 240 force curves 179 

were collected over 16 different regions of the titanium surface to ensure that the result is 180 

statistically representative. Cantilever velocity was 2 µm/s with applied force being 5 nN. The 181 

alumina particle was kept in contact with the surface for 0.3 s before it was retracted. All data were 182 

presented as mean values ± the standard error of the mean. A statistical comparison was made 183 

using a single factor analysis of variance (ANOVA) and post hoc t-stat multiple comparison testing 184 

to evaluate the significance of the measured parameters. 185 

 186 

3 Results 187 

3.1 Tribocorrosion tests 188 

The open circuit potential of the titanium was recorded as a function of time before, during, and 189 

after sliding (Figure 1). The averaged values of OCP are shown in Table 1. Upon the initiation of 190 

sliding, an abrupt reduction in OCP was observed, which is due to the mechanical removal of the 191 

passive film from the surface, leaving the active titanium underneath exposed to the aqueous 192 

solution. It also confirms the existence of a passive film on the titanium surface before rubbing. 193 

Whilst the alumina sphere was sliding over the titanium substrate, a fluctuation on the OCP of 194 

approximately 0.1 VAg/AgCl was observed. It is highly likely due to the cyclic 195 

depassivation/repassivation process as the result of the passive film being removed and reformed 196 

continuously. The OCP during sliding was higher (in absolute value) in the protein solution than 197 

that in the PBS buffer, which could be due to the presence of adsorbed BSA molecules that inhibit 198 

the rate of cathodic reactions of oxygen and shift the corrosion potential towards more cathodic 199 

values.25 Once the sliding stopped, an abrupt increase in the OCP of titanium was observed, which 200 



is slightly slower in the presence of BSA indicating a slower repassivation of titanium surface.14 201 

This, once again, confirms the formation of a passive film when the sliding stops.  202 

 203 

Table 1: Averaged values and standard errors of OCP before (OCP0), during (OCPsliding), and after (OCPfinal) sliding 204 

of pure titanium against an alumina sphere in 1xPBS electrolyte, with or without BSA. Data represent mean values of 205 

n=3 measurements ± standard error. 206 

Solution OCP0 (mV) OCPsliding (mV) OCPfinal (mV) 

1xPBS -388±67 -882±82 -451±77 

1 mg/mL BSA -362±26 -1018±44 -505±34 

 207 

 208 

 209 

Figure 1: Evolution of the open circuit potential over time in PBS buffer with or without the presence of BSA. The 210 

graphs represent the mean values of n=3 measurements. Arrows are included in the figure to indicate where sliding 211 

starts and ends. 212 

 213 



The tribocorrosion response of titanium were studied at cathodic and anodic applied potential, 214 

in addition to open circuit potential. Figure 2a shows the evolution of current when a negative 215 

potential of -1.2 VAg/AgCl was applied to the system. Under this condition, the measured negative 216 

current corresponds to the reduction reaction of the oxidant (dissolved oxygen and water) because 217 

titanium oxide cannot be reduced at the selected cathodic potential.26, 27, 28, 29, 30, 31 Indeed, this is 218 

shown on the polarization curves of titanium in the studied electrolytes (Figure 3). In the cathodic 219 

domain, Figure 3a, the current plateau at around -1 VAg/AgCl corresponds to the mass transport 220 

limited oxygen reduction. The increase (in absolute value) of the current during rubbing 221 

corresponds to the increase in oxygen reduction kinetics on depassivated surfaces (arrows in Figure 222 

2 indicate where sliding starts and ends). This increase in the current is significantly reduced with 223 

the presence of BSA than that in PBS solution, indicating that BSA inhibits the rate of cathodic 224 

reactions. A fluctuation with the current of approximately 20 µA was observed during sliding, 225 

which could be due to a combined action of the dynamic equilibrium between depassivation and 226 

repassivation of the surface and the increase in roughness in the wear track, thus the active area. 227 

When the sliding was stopped, the current showed a steep increase due to repassivation of the 228 

surface. 229 



 230 

Figure 2: Evolution of the current of titanium in PBS buffer with or without the presence of BSA as a function of time 231 

at (a) -1.2 VAg/AgCl, and (b) +1.0 VAg/AgCl. The graphs represent the mean values of n=3 measurements. Arrows are 232 

included in the figures to indicate where sliding starts and ends. 233 

 234 

Figure 2b shows the current evolution with time of the titanium surface when sliding against 235 

the alumina counterpart at an applied passive potential (+1.0 VAg/AgCl) as a function of time. Before 236 

the initiation of sliding, the current is approximately 0.5 µA, which indicates the presence of a 237 

passive layer blocking current flow. Upon sliding, a steep increase of the current was observed, 238 

suggesting the surface undergoes depassivation process (mechanical removal of passive film). The 239 



current stabilizes at around 400 µA. Interestingly, the increase in current is slightly greater (~30%) 240 

with the presence of BSA than that in PBS buffer, which suggests that the presence of BSA 241 

accelerates the rate of anodic reactions. Indeed, the anodic polarization curve of titanium, Figure 242 

3b shows a clear anodic Tafel domain around the corrosion potential with higher current densities 243 

in the BSA-containing solution. When the sliding was stopped, an abrupt reduction of the current 244 

was observed as a result of fast repassivation of the surface. 245 

 246 

 247 



Figure 3: (a) Cathodic polarization j-E curves of bulk titanium in PBS with and without BSA, and (b) anodic 248 

polarization logj-E curves of bulk titanium in PBS with or without BSA. The graphs represent the average values of 249 

n=3 measurements. 250 

 251 

The averaged values of current under each applied potential are summarized in Table 2, where 252 

I0 is the current before the initiation of sliding, Isliding is the average current during the sliding, and 253 

Ifinal is the average current when the sliding was stopped. Isliding is the current that flows only 254 

through the wear track and was calculated by subtracting I0 from the overall current during sliding. 255 

It was assumed that I0 is approximately the current that flows outside the wear track since the 256 

surface area was significantly larger than the area of the wear track.32 Furthermore, the impact of 257 

the presence of BSA in cathodic conditions is greater than that in anodic conditions as shown by 258 

the current values when sliding starts. This suggests that the effect of BSA on the cathodic 259 

reactions is significantly greater than that in anodic reactions. 260 

 261 

Table 2: Averaged values of current before (I0), during (Isliding), and after (Ifinal) sliding of pure titanium against an 262 

alumina sphere in 1xPBS electrolyte, with or without BSA, and in 2 different applied potentials. Data represent mean 263 

values of n=3 measurements ± standard error. 264 

Eapplied 

(VAg/AgCl) 
Solution 

I0 

(μA) 

Isliding 

(μA) 

Ifinal 

(μA) 

-1.2 V 
1xPBS -61±9 -328±38 -75±2 

1 mg/mL BSA -45±3 -83±24 -44±7 

     

+1.0 V 
1xPBS 0.5±0.2 470±41 0.8±0.3 

1 mg/mL BSA 0.5±0.2 629±13 1.0±0.1 

 265 

 266 

3.2 Wear quantification and morphology 267 



After the tribocorrosion measurements, the volume of the wear track (Vtot) was calculated by 268 

multiplying the average cross-sectional area of the wear track by the total length of the wear track, 269 

based on the acquired confocal microscopy images. Averaged wear track volumes acquired under 270 

various electrochemical conditions with or without BSA are shown in Figure 4. Under OCP 271 

condition, the material loss of titanium in PBS is approximately 0.18±0.02 mm3, and is slightly 272 

increased to approximately 0.22±0.02 mm3 with the presence of protein. However, the difference 273 

is insignificant (P>0.05) and no further conclusions can be made. The effect of applied potential 274 

on the wear track volume is different at anodic and cathodic conditions. The application of cathodic 275 

potential resulted in the least material loss, approximately 30% less than that at OCP. Also, the 276 

presence of BSA in these conditions does not change the amount of material loss, suggesting that 277 

the effect of protein is negligible at cathodic conditions. In contrast, with the application of an 278 

anodic potential, the total material loss is significantly increased. In PBS it exhibits an increase of 279 

approximately 60% in comparison to OCP, while the presence of protein could double the material 280 

loss. To further understand the mechanisms that result is material loss, the contribution of 281 

corrosion and mechanical removal was calculated. 282 



 283 

Figure 4: Wear track volume of the titanium disk under various conditions. Data points represent mean values of n=3 284 

measurements ± standard error. The difference of protein is insignificant (P>0.05) at -1.2 V and OCP, while it is 285 

significant (P<0.05) at +1.0 V. 286 

 287 

There are two major mechanisms that account for the overall material loss Vtot
33: material 288 

removal by tribocorrosion on the sliding surface (both mechanical wear, Vmech, and wear-289 

accelerated corrosion, Vwac) in addition to corrosion that occurs on a metallic surface when being 290 

exposed to electrolyte (Vcorr). The latter could be considered as negligible on passive metals. 291 

Therefore, the total material loss can be expressed in Eq. 1: 292 𝑉𝑡𝑜𝑡 = 𝑉𝑚𝑒𝑐ℎ + 𝑉𝑤𝑎𝑐               (1) 293 

The wear-accelerated corrosion is a result of the depassivation and repassivation process that 294 

occurs in the wear track during the sliding process,27 and can be calculated using Faraday’s law 295 

(Eq. 2): 296 

𝑉𝑤𝑎𝑐 = 𝐼𝑠𝑙𝑖𝑑𝑖𝑛𝑔 ∙ 𝑡 ∙ 𝑀𝑛 ∙ 𝐹 ∙ 𝜌                (2) 297 



where Isliding is the current flowing from the wear track and can be calculated by subtracting the 298 

current before sliding from the current during sliding, t is the duration of sliding (1800 s), M is the 299 

atomic mass of titanium (47.88 g mol-1), n is the oxidation valence (assumed 4 for titanium34), F 300 

is the Faraday constant (96500 C mol-1), and ρ is the density of titanium (4.51 g cm-3). The 301 

contribution of mechanical wear can then be calculated by subtracting the wear-accelerated 302 

corrosion from the total material loss. Table 3 summarizes the material loss at OCP and applied 303 

potential conditions. The material loss due to wear accelerated corrosion at cathodic condition 304 

cannot be measured, while at OCP condition is negligible and hence not shown. Consequently, the 305 

total material loss at OCP and cathodic conditions is attributed to mechanical wear. For anodic 306 

conditions, approximately 7% of the total material loss is due to wear-accelerated corrosion in 307 

PBS. Although the presence of BSA increases almost by a third the wear-accelerated corrosion, 308 

the contribution in the total material loss is approximately 5%. This indicates that the presence of 309 

BSA greatly enhances the mechanical wear under anodic conditions. 310 

 311 

Table 3: Wear volumes (x 10-3 mm3) of pure titanium in 1xPBS, with or without BSA. Data represent mean values 312 

of n=3 measurements ± standard error. 313 

E (VAg/Ag/Cl) Solution Vwac Vmech Vtot 

-1.2 V 
1xPBS - - 138 

1 mg/mL BSA - - 142 

     

OCP 
1xPBS - - 179 

1 mg/mL BSA - - 216 

     

+1.0 V 
1xPBS 23 296 319 

1 mg/mL BSA 31 535 566 

 314 

 315 



Figure 5 shows the cross-sectional profiles of the wear track on titanium substrate acquired 316 

under the same mechanical contact, as a function of surface potential (-1.2 VAg/AgCl , OCP, and 317 

+1.0 VAg/AgCl), in PBS solution with or without the presence of BSA (dark and grey curves 318 

respectively). The width of the generated wear track is approximately the same under all of the 319 

conditions, showing accumulation of debris over the edges. The height of an undamaged circular 320 

segment corresponding to a 3 mm radius sphere with an arc of 1100 µm is calculated as 321 

approximately 50 µm, which is validate for anodic conditions, as shown in Figure 5c. However, 322 

the height of the circular segment under cathodic conditions is substantially reduced to 323 

approximately 10 μm. The maximum material loss was observed with anodic potential, while the 324 

least with cathodic potential. 325 

The distinctive contract between the height of the wear tracks under anodic and cathodic 326 

conditions imply that a good fraction of the removed material has been smeared back onto the 327 

titanium surface under cathodic conditions. It is expected that the plastic deformation at cathodic 328 

conditions hardens the metal (strain hardening), which is confirmed by microindentation 329 

measurements in section 3.3. For OCP and anodic potential, the presence of BSA could enhance 330 

the material loss and result in deeper wear tracks, which are attributed to the increased mechanical 331 

wear. Furthermore, the profiles revealed larger ridges when the BSA was present, which suggests 332 

accumulation of material at the sliding interface. 333 



 334 

Figure 5: Wear track profile of the titanium disk under various conditions in PBS and PBS containing BSA solutions 335 

a) at cathodic applied potential, b) at open circuit potential, c) at anodic applied potential. 336 

 337 

The profile of the wear track under cathodic conditions is less curved, while it reveals a 338 

curvature under OCP and anodic conditions. This is reflected by the wear pattern on the alumina 339 

counterparts at the end of the tribocorrosion experiments, as shown in Figure 6. The observed 340 



patterns on the alumina are due to transfer of titanium debris on the alumina surface.35, 36 341 

Furthermore, a larger pattern on the alumina is observed under cathodic conditions as compared 342 

to OCP or anodic conditions, which indicates a greater amount of titanium transferred onto the 343 

alumina. 344 

 345 

Figure 6: Optical microscopy images of alumina counterpart after the experiments in the presence of BSA at (a) -1.2 346 

VAg/AgCl, (b) OCP, and (c) +1.0 VAg/AgCl. 347 

 348 

The morphology of the area inside the wear tracks was acquired by SEM, as presented in Figure 349 

7. Severe plastic deformation with signs of delamination can be observed, simultaneously to some 350 

scratches probably caused by the detached wear particles.37 351 

 352 



Figure 7: Scanning electron microscope images showing the topography of the wear track at (a) 1xPBS at -1.2 VAg/AgCl, 353 

(b) 1 mg/mL BSA in 1xPBS at -1.2 VAg/AgCl, (c) 1xPBS at OCP, (d) 1 mg/mL BSA in 1xPBS at OCP, (e) 1xPBS at 354 

+1.0 VAg/AgCl, and (f) 1 mg/mL BSA in 1xPBS at +1.0 VAg/AgCl. 355 

 356 

In some cases, the debris generated as the result of surface degradation was found to aggregate 357 

and form large third bodies, with a representative one shown in Figure 8. Such large particulates 358 

present at a sliding interface could act as third body abrasives and accelerate the rate of material 359 

loss, especially in the presence of BSA due to its capacity to mediate and increase the interaction 360 

between first and third bodies and, thus, enhancing particle entrainment.20 Most importantly, the 361 

chance of forming large debris aggregates is greater in high anodic potential than it is in low anodic 362 

potential.38 363 

 364 

Figure 8: Scanning electron microscope image of aggregated debris inside the wear track at -1.2V in PBS containing 365 

BSA solution. 366 

 367 

3.3 Hardness 368 

To further understand the cause of surface degradation, a microindenter was deployed to 369 

measure the hardness within and outside of the wear track, with Figure 9 showing the hardness of 370 



the titanium inside the wear track. The hardness outside the wear track is found to be equal to 120 371 

HV. At cathodic and open circuit potential conditions, the hardness inside the wear track was found 372 

to be approximately 250 HV showing a twofold increase compared to the hardness outside the 373 

wear track, which is attributed to plastic deformation due to dislocation of atoms, in a process 374 

called strain hardening.39 At anodic applied potential conditions the increase in the hardness was 375 

smaller and approximately 220 HV. The effect of BSA on hardness is not clear. 376 

 377 

Figure 9: Hardness (Vickers) of the titanium inside and outside (bulk Ti) the wear track at various conditions. Data 378 

points represent mean values of n=4 measurements ± standard error. The difference from the presence of protein is 379 

insignificant (P>0.05) at -1.2 V and OCP, while it is significant (P<0.05) at +1.0 V. 380 

 381 

3.4 Nanoadhesion 382 

Atomic force microscopy based force measurements were carried out to quantify the adhesive 383 

interaction between alumina particle and titanium surface, in the presence of BSA, under the same 384 

electrochemical conditions that were used in tribocorrosion experiments. Figure 10a shows 385 

representative force-distance (FD) curves collected under three different surface potentials when 386 

an alumina particle was brought towards the titanium substrate, made the contact, and then 387 



separated. For clarify purpose, only the data recorded during the separation process is shown. In 388 

the retraction curve, there are multiple peaks, so called pulling events, corresponding to the 389 

desorption of proteins. The nanoadhesion measurements offer a unique approach to quantify the 390 

interaction between alumina particle, replicating the debris generated at a sliding interface, and the 391 

solid substrate. The adhesion between alumina and titanium in PBS solution is very small (< 20 392 

pN) and not detectable with the present cantilevers, and hence are not shown. With the presence 393 

of BSA, the adhesion force corresponds to the largest peak in the retraction curve. Throughout the 394 

nanoadhesion measurements, a number of cantilevers with alumina particle fixed at the end were 395 

used. Because variation in the size of those particles determines the contact area, all adhesion 396 

forces acquired by each cantilever were normalised against the one acquired at -1.2 VAg/AgCl. 397 

 398 

Averaged values of the normalised adhesion between alumina particles against titanium in the 399 

presence of BSA under each electrochemical condition are presented in Figure 10b. The maximum 400 

adhesion was observed at cathodic potential, followed by OCP, and anodic potential where it 401 

exhibited the smallest interaction. Because the interaction between alumina and titanium in PBS 402 

was measured to be negligible, the adhesion measured here corresponds to the force needed to 403 

separate BSA molecules from alumina and titanium surfaces. Furthermore, since the interaction 404 

between alumina and BSA is expected to be the same under all electrochemical conditions studied 405 

here, the observed variation in adhesion is due to the interaction between BSA and titanium. 406 

Therefore, the presence of BSA increases the adhesion of the debris at the interface between the 407 

sliding surfaces. Under anodic conditions, the adhesion is slightly lower than cathodic ones. 408 



 409 

Figure 10: (a) Representatives force-distance curves of alumina against titanium, and (b) adhesion between 410 

alumina and titanium surface, in the presence of BSA at -1.2 VAg/AgCl, OCP, and +1.0 VAg/AgCl. Adhesion in 411 

the absence of BSA was negligible and not shown. Data points represent mean values of n=600 412 

measurements ± standard error (P<0.05). 413 

 414 

4 Discussion 415 

4.1 Effect of electrode potential on the tribocorrosion damage of titanium 416 

The passive film formed on the titanium surface is highly depended on the prevailing 417 

electrochemical conditions. Under the selected cathodic applied potential, titanium surface 418 

remains passive40 and reduction reactions (mainly water and oxygen) would take place on the 419 

surface. However, anodic oxidation of titanium could be more favoured, resulting in thicker oxide 420 



films when anodic potential is applied. Therefore, it is sensible to assume that an oxide film is 421 

present on the titanium surface when being exposed to electrolyte under all electrochemical 422 

conditions in the present study. Furthermore, previous study suggested that reduction of titanium 423 

oxide is a hard to achieve.41 Upon initiation of sliding, the passive film is mechanically detached 424 

from the surface, leaving the active titanium underneath exposed and causing the OCP to drop and 425 

the current to increase. Without the passive film to protect the surface, the corrosion rate is greatly 426 

increased. When the sliding stops, the passive film is quickly regenerated on the titanium surface 427 

and protects from further corrosion. 428 

 429 

During tribocorrosion, two wear mechanisms are present; wear accelerated corrosion that 430 

occurs with the elimination of the passive film by mechanical disruption and repassivation of the 431 

surface, and mechanical wear by plastic deformation.15 The total material loss is significantly 432 

increased at anodic conditions as oppose to cathodic or OCP. Although the corrosion is greatly 433 

increased upon removal of the passive film at anodic conditions, the contribution of the corrosion 434 

to the total mass loss is only 7%, with the rest due to mechanical wear. Therefore, the increased 435 

material loss is due to the effect of the presence of a thicker passive film on the mechanical 436 

behaviour of the material.15 It is believed (and in good agreement with the nano-adhesion 437 

measurements which show higher adhesive forces at an applied cathodic potential) that the 438 

detached metallic particles are easily deformed and smeared back on the wear track area at cathodic 439 

potential, which in turn reduces the rate of wear loss. As a result of the increased plastic 440 

deformation and smearing at cathodic conditions, the hardness of titanium is increased due to strain 441 

hardening, as suggested by the results in Figure 9. 442 



The increased mechanical wear at anodic conditions could also be attributed to an increased 443 

presence of debris at the sliding interface. This is in agreement with a previous study where it was 444 

found that the formed debris metallic particles were dissolved in the electrolyte at low anodic 445 

potential before they could form a large third body.38 In contrast, at higher anodic current, the 446 

formed metallic debris have sufficient time to repassivate and form large wear debris (Figure 8). 447 

The newly formed third bodies are in turn act as abrasive particles during sliding that accelerates 448 

the mechanical material removal. 449 

 450 

4.2 Effect of albumin on tribocorrosion characteristics of titanium 451 

It has been found that albumin could act as a cathodic inhibitor in PBS solution - it reduces the 452 

rate of cathodic reactions, which in turn shifts the corrosion potential and the cathodic current 453 

towards more cathodic values.17 This is consistent with the present work, as shown in Figure 1 and 454 

Figure 2a, where the reduction in the cathodic reactions rates shifted the OCP towards lower values 455 

and decreases the cathodic current under cathodic polarization condition in the presence of BSA. 456 

It was also suggested that the adsorbed BSA molecules on the titanium surface could hinder the 457 

transport of oxygen towards the solid/liquid interface and, consequently, inhibit the rate of oxygen 458 

reduction.17, 42, 43 At the same time, protein molecules could bound metal ions and carry them away 459 

from the solid/liquid interface, which in turn accelerates the rate of anodic reactions.44, 45 This 460 

second mechanism is apparent in Figure 2b where the presence of BSA results in a current increase.  461 

 462 

The presence of albumin in the PBS solutions increases significantly the mechanical wear 463 

(Figure 4), which is attributed to two factors as was shown by the force-distance curves (Figure 464 

10). Firstly, BSA increases the adhesion of debris onto the sliding surfaces, causing an increased 465 

amount of debris present at the sliding interface and, thus, greater mechanical wear. This is 466 



suggested by the nanoadhesion measurements between alumina and titanium - the adhesion is 467 

negligible in PBS but increases greatly in the presence of BSA. Secondly, the presence of albumin 468 

under anodic conditions further increases the mechanical wear, which is likely due to a 469 

combination of an increased presence of debris and a reduction in the adhesion between BSA and 470 

titanium particles at anodic potential (Figure 10b). This is consistent with previous study where it 471 

was found that protein enhances the efficiency of the abrasives (third bodies) and leads to larger 472 

material loss.20 473 

 474 

5 Conclusions 475 

In the present study, the tribocorrosion behaviour of pure titanium and the effect of BSA on it 476 

have been studied. For that, different electrochemical conditions (i.e. cathodic and anodic 477 

potentials) were applied at the titanium surfaces and in all cases a passive layer with different 478 

thicknesses was found to form on the surface. Upon mechanical damage, the active titanium 479 

underneath is being exposed and the corresponding corrosion rate is significantly increased. The 480 

total material loss during tribocorrosion of titanium is highly attributed to the mechanical wear, 481 

while the wear accelerated corrosion is only a small fraction of the total loss. The mechanical wear 482 

is caused by plastic deformation and detachment of particles, while it is further increased at anodic 483 

conditions due to greater presence of debris particles at the sliding interface. 484 

 485 

The presence of BSA inhibits the repassivation rate of oxide film by hindering the rate of 486 

cathodic reaction, while it also accelerates the rate of anodic reactions. Albumin was also found to 487 

significantly increase the mechanical wear by increasing the adhesion of the debris on the sliding 488 

interface. Furthermore, an increased mechanical wear was observed at anodic conditions, which 489 



could be attributed to a combination of an increased presence of titanium third bodies and reduced 490 

adhesion with protein that could enhance their wear efficiency.  491 
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