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a b s t r a c t 

Ti-6Al-4V has been used as a surgical implant material for a long time because of its combination of 

strength, corrosion resistance and biocompatibility. However, there remains much that is not understood 

about how the surface reacts with the environment under tribocorrosion conditions. In particular, the 

conditions under which tribofilms form and their role on friction and wear are not clear. To evaluate the 

complicated nature of the dynamic surface microstructural changes on the wear track, high resolution 

transmission electron microscopy (TEM), scanning transmission electron microscope (STEM) and electron 

energy loss spectroscopy (EELS) have been used to characterise the structure and chemical composition 

of the tribofilm. Detailed analysis of the formation and structure of the tribofilm and the metal surface 

deformation behaviour were studied as a function of applied potential and the role of proteins in the lu- 

bricant. For the first time, graphitic and onion-like carbon structures from wear debris were found in the 

testing solution. The presence of carbon nanostructures in the tribocorrosion process and the formation 

of the tribofilm leads to an improved tribocorrosion behaviour of the system, in particular a reduction in 

wear and friction. A detailed, quantitative, analysis of surface deformation was undertaken, in particular, 

the geometrically necessary dislocation (GND) density was quantified using precession electron diffrac- 

tion (PET). A clear correlation between applied potential, tribofilm formation and the surface strain was 

established. 

Statement of significance 

The formation of tribofilm and microstructure modification of the Ti-6Al-4V surface during tribocorrosion 

in a physiological environment is not fully understood. In particular, the correlation between microstruc- 

tural changes and electrochemical conditions is not clear. This study presents a detailed investigation of 

the structure and chemical composition of tribofilms at the nanoscale during tribocorrosion tests in sim- 

ulated body fluid and gives a detailed and quantitative description of the evolved surface structure. A 

clear correlation between applied potential, tribofilm formation and the surface strain was established. 

Moreover, particular attention is paid to the wear debris particles captured from the lubricating solution, 

including nanocarbon onion structures. The implications for tribocorrosion of the alloy in its performance 

as an implant are discussed. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Ti-6Al-4V, with predominantly a hexagonal close packed (hcp) 

-phase and a small fraction of body centred cubic (bcc) β-phase, 

as been extensively used for biomedical applications such as den- 
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al implants, bone anchorage of extra-oral prostheses, bone fixation 

ystems and orthopaedic devices due to its biocompatibility and 

igh corrosion resistance [1] . Ti-6Al-4V readily forms a thin, dense, 

itanium oxide layer on the surface which enhances the corrosion 

esistance in physiological environments [2] . However, the physio- 

ogical environment varies with the specific application of the de- 

ice and the host’s health condition, for example peri-implant in- 

ammation and as a direct consequence of the deterioration of the 

mplant itself [ 3 , 4 ]. 
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Adverse local tissue and possible systemic reactions and toxi- 

ities resulting from the wear and corrosion products associated 

ith metal implants have been widely reported [4–10] . Many 

n vivo studies have shown the existence of particles/debris of dif- 

erent sizes in peri-implant tissues around the implant alloys in 

he case of both Ti and CoCr alloys [4–8] . Inflammation around the 

eri-implant tissue generates reactive oxygen species (ROS) (H 2 O 2 , 

ClO 4 
− etc .) to kill the bacterial infection. However, ROS can dras- 

ically alter or even increase corrosion by damaging the oxide film 

nd the potential of the solution is raised [ 4 , 9 ]. It is, therefore, im-

ortant to differentiate the impact on implant degradation of ROS 

xidation (affecting corrosion) from the alteration of the solution 

otential to provide additional insight into how the system reacts 

nder tribocorrosive environments with varying potentials. 

Tribocorrosion plays a decisive role in implant degradation in 

he human body where two metal components are in contact, or 

 metal component is in contact with another surface such as a 

one, ceramic or cement. There are three interrelated components: 

ribology (friction, wear and lubrication), corrosion (material and 

ts environment) and biochemistry (interaction between cells and 

rotein) [11] . To understand these issues, tribocorrosion test meth- 

ds have been developed over the years under well-defined load- 

ng and sliding conditions [12] . The absorption of protein (albu- 

in for example) onto the Ti alloy implant surface has been in- 

estigated in conditions where there is no contact to disturb the 

urface and has clearly shown that protein absorption is an im- 

ortant part of the processes [13–17] . Analysis and characterisa- 

ion of the chemical composition and structure of a tribofilm, as 

ell as its role in tribocorrosion processes, are key to explain- 

ng the materials performance [18–21] . Reports on the structure 

f the tribofilm vary. Liao et al. [22] reported a graphitic tribofilm 

n metal-on-metal hip (CoCrMo) replacements retrieved from pa- 

ients. In contrast, Zheng et al. [23] found an amorphous carbona- 

eous top layer up to 500 nm thick on the surface of a CoCrMo 

lloy that had also developed a nanocrystalline subsurface struc- 

ure. Similarly, Hesketh et al. [24] reported an amorphous tribofilm 

ith no long-range graphitic ordering. Balachandran et al. [25] re- 

ently reported the microstructure and compositional alterations in 

he subsurface of Ti-6Al-4V and CoCrMo alloy couple during fret- 

ing and showed the complexity of the surface changes. Clearly, a 

etter understanding of the surface structural changes and the for- 

ation of tribofilms is needed. 

Tribological contact often leads to surface deformation which is 

nown to change the behaviour of the material to the local envi- 

onment [ 18 , 26 ]. Perret et al. [20] and Maldonado et al. [21] have

hown that the deformation of the material underneath the rubbed 

urface depends on the local electrochemical conditions prevailing 

uring tribocorrosion. The reasons for this are far from fully under- 

tood. 

Surface deformation leads to a substantial increase in disloca- 

ion density and often a considerable refinement in the microstruc- 

ural scale, the extent of which depends on surface-specific strain 

ardening behaviour. Conventional TEM allows some of this infor- 

ation to be acquired, but diffraction information is usually aver- 

ged over a significant length scale. Precession electron diffraction 

PED) is a recent technique in the TEM to fully quantify fine-scale 

eformation structure in terms of phase constitution, nanoscale 

isorientation and the dislocation density. PED offers a spatial res- 

lution of 0.5-5 nm, with an outstanding angular resolution of 

0.1 ° [27] . The technique has been used extensively to investigate 

he deformed structure in adiabatic shear bands of titanium al- 

oy [28] , the deformation structures in ultrafine-grained titanium 

29] and the defect structure of nano-scaled non-ferrous structural 

lloys [ 27 , 30 ]. However, using PED to characterise nanocrystalline 

eformation structures generated by tribological contact has not 

et been reported and is implemented here for the first time. 
467 
It is clear that the formation of the tribofilm and the mi- 

rostructure modification of the surface of the Ti-6Al-4V during 

ribocorrosion in a physiological environment is not fully under- 

tood. In particular, microstructural changes are not understood 

s a function of critical variables such as electrochemical condi- 

ions. This study presents a detailed investigation of the structure 

nd chemical properties of tribofilms and surface structure formed 

t nanoscale during tribocorrosion tests in simulated body fluid. 

he micromechanical properties of these features are fully charac- 

erised, giving the first quantitative description of the evolved sur- 

ace structure. Moreover, particular attention is paid to the wear 

ebris particles captured from the lubricating solution, including 

anocarbon onion structures. The implications for tribocorrosion of 

he alloy in its performance as an implant are discussed. 

. Experimental 

.1. Materials 

Commercially available grade 5 Ti-6Al-4V ELI (Extra Low Inter- 

titial) alloy from Ti-shop (UK) for surgical implant applications 

specification ASTM F136) was used in this study. The Ti-6Al-4V al- 

oy sheet with a thickness of 3 mm was sectioned by wire electri- 

al discharge machining (WEDM) into 22 × 22 mm square coupons 

nd mechanically ground and polished to a 0.25 μm silica suspen- 

ion finish. The polished coupons were then cleaned by sonication 

n deionised water and isopropanol for 20 minutes before each tri- 

ocorrosion test. 

25 vol. % Bovine Serum Albumin (BSA) (First Link Ltd., UK) 

n phosphate-buffered saline (PBS) (Sigma - Aldrich) solution was 

sed as the simulated body fluid solution. This gives a solution 

ith a protein content of 15.8 g/L, which is within the range of 

ormal protein content in the human body fluid of a healthy hu- 

an. Ultrapure water (Alfa Aesar) was used for preparing the so- 

ution and cleaning/rinsing surfaces. The initial pH of the solution 

as 7.45 and the end value was 7.01. 

.2. Tribocorrosion test procedure 

A ball on disk reciprocating sliding configuration, which con- 

ormed to ASTM G133, was used. Inert 4 mm diameter Al 2 O 3 balls 

99.0%, Oakwade Ltd., UK) were used as the counter-body. The tri- 

ocorrosion tests were carried out in a three-electrode tribocorro- 

ion cell on a Universal Micro Tribometer (UMT) TriboLab (Bruker) 

ntegrated with an EasyStat potentiostat. The reference electrode 

RE) was Ag/AgCl, with a platinum wire as the counter electrode 

CE) and the Ti-6Al-4V coupon was the working electrode (WE). 

n applied normal load of 0.5 N was selected, which gave a nom- 

nal initial Hertzian contact pressure of 600 MPa, assuming elastic 

ontact conditions. The reciprocating stroke length was 2 mm, and 

he sliding speed was 20 mm/s. The latent time (the time between 

wo successive contact events) was 0.1 s. Various testing times up 

o 4.5 hours were used, which gave a total sliding distance of 3240 

. 

The first set of two tests were conducted under Open Cir- 

uit Potential (OCP) conditions. Cleaned Ti-6Al-4V coupons were 

ounted into the tribo-corrosion cell and initially slid against the 

 mm Al 2 O 3 ball in the PBS solution for one hour. Diluted BSA so-

ution (37 °C) was then added in one of the tests without stopping 

he sliding. The final concentration of BSA in this test solution was 

5 vol. %. The other one continued sliding in PBS solution. Both 

ests were stopped after another 2 hours of sliding. 

Secondly, the tribocorrosion behaviour of Ti-6Al-4V was investi- 

ated at different surface potentials, namely at + 0.5V, -0.5V, -0.8V 

nd -0.95V. These were selected on the basis of an extensive study 

nto the effect of applied potential on the surface oxide behaviour 
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Fig. 1. Tribocorrosion measurements for Ti-6Al-4V sliding against Al 2 O 3 in A) 25 

vol.% BSA in PSA buffer simulated body fluid. BSA was added after 1 hour of slid- 

ing in PBS solution with continued sliding for another 2 hours, and B) PBS buffer 

solution alone. 
n the same alloy investigated here [31] . These potentials are also 

onsistent with the work of Hsu et al. [32] , who examined the 

orrosion behaviour of Ti-6Al-4V by electrochemical techniques. In 

his series of tests, BSA was added to make a 25 vol. % solution 

rom the beginning of the test. Load and sliding were applied af- 

er a 30 min wait to allow the system to stabilise. The set poten- 

ial was applied simultaneously at the onset of the tribocorrosion 

ests. All the potential values reported in this work were measured 

gainst the Ag/AgCl reference electrode. Tests under each condition 

ere repeated at least three times, with the data presented rep- 

esentative of the three tests. Data was compressed, and the COF 

as processed by an oscillating function using 50% in the middle 

f each motion by Viewer software (UMT, Bruker). 

.3. Analysis and characterisation of the worn surface and particles 

rom the testing solution 

After the tribocorrosion test, all the samples were rinsed briefly 

y ultrapure water then left to dry under air for post-test analysis. 

he profiles of the wear scars and wear volumes were measured 

nd calculated using a Bruker Alicona surface profiler. The specific 

ear rate K , with units in mm 

3 /N/m was calculated by the stan-

ard formula: 

 = 

V 

dL 

here V is the wear volume of material loss in mm 

3 , L is the nor-

al load in N and d is the total sliding distance in m. 

The test solution was transferred into a clean centrifuge tube 

nd kept still for 20 minutes. Then the top supernatant was 

aken for preparing the TEM samples for examining the wear de- 

ris/nanoparticles in the test solutions by following the standard 

rocedure. TEM grids with silicon monoxide support film were 

sed to prepare the TEM samples of tribological debris from the 

esting solutions. 

The morphology and composition of the tribofilm on the wear 

cars were observed using an FEI F50 Scanning Electron Mi- 

roscopy (SEM) with Energy-dispersive X-ray spectroscopy (EDX) 

ystem, operating at 1 kV (secondary electron images), 2 kV 

backscattered electron image) and 15 kV(EDX). 

.4. Analysis and characterisation of microstructure of subsurface 

The cross-sectional samples for tribofilm and subsurface anal- 

sis and characterisation were prepared by FIB following standard 

rocedures using the FEI Helios Nanolab G3 with a Ga + ion source 

perated at 30 kV. The structure and chemical composition of the 

nterface, tribofilm and the subsurface were examined using a cold 

eld emission gun (c-FEG) JEOL F200 TEM coupled with a twin, 

olid-state, ultra-sensitive large silicon drift detectors (SDD) EDX 

ystem operating at 200 kV. 

Precession electron diffraction (PET) using the NanoMegas 

TAR 

TM PET and ASTAR 

TM ACOM-TEM systems integrated into the 

EOL F200 TEM was used to acquire the orientation data for the 

alculation of the geometrically necessary dislocation (GND) den- 

ity. A precession angle of 1.4 ° was configured for all experiments. 

he precession frequency was 100 Hz and a beam spot size of 2 

m was used. A step size of 7 nm for both x and y directions

as used for the OCP and -0.95V samples and 2 nm for the + 0.5V

nd PBS only samples. The diffraction patterns were collected at a 

amera length of 150 nm. Once collected, the dataset was matched 

gainst diffraction patterns in the database and indexed automati- 

ally by Index software (NanoMegas, Belgium). The data was then 

xported and post-processed by the customised MATLAB scripts 

originally from MTEX [33] ) to calculate the grain boundary (GB) 

nd GND density. 
468 
.5. Statistical analysis 

The Shapiro-Wilk test was used to assess the normality of the 

istribution of wear rate. Results are presented as mean ± standard 

eviation. All wear rates in this study were distributed normally. 

ifferences and sample means were tested and compared by one- 

ay ANOVA and Tukey comparison test to determine if the wear 

ate of each condition differed from one another. The values P < 

.05 were considered statistically significant. 

Nonparametric statistical tests were used for examining the 

rain size and GND density distribution because their normality of 

istribution cannot be assumed. The data sets from the four test- 

ng conditions are treated as independent samples. The Kruskal- 

allis ANOVA method was used to assess the differences and sam- 

le means of grain size and GND density of each testing condition. 

he differences in GND density have been tested for each selected 

lip system, and the values p < 0.01 were considered statistically 

ignificant. Statistical analysis was performed on OriginPro® 2020b 

.7.5.184 (Academic) (OriginLab Corporation, Massachusetts, USA). 

. Results 

.1. Tribocorrosion behaviour in simulated body fluid 

.1.1. Tribocorrosion behaviour with and without BSA 

To show the impact of BSA on the tribocorrion process, tribo- 

orrosion tests in solutions with and without BSA were performed. 

oth sets of tests ( Fig. 1 ) started in the PBS solutions without BSA.

his was to ensure that running-in was complete and the sliding 

ouple was operating in steady state. Then after one hour of slid- 

ng, the BSA was added into one of the tests ( Fig. 1 A), while the

ther continued sliding in PBS buffer solution alone ( Fig. 1 B). The 

otal sliding time for both tests was 3 hours. In the PBS only so- 

ution, the friction (red line) exhibited a continuous rise from of 

.32 - 0.48 at the start of the test to 0.42-0.8 after 3h, with an

ncreasingly noisy signal. In contrast, when the BSA was added af- 

er 1h sliding ( Fig. 1 A) the COF suddenly dropped from 0.32 - 0.48

o 0.28 - 0.38 with less noise than experienced in the first hour. 

fter about another 40 minutes sliding, the COF abruptly became 

mooth. The noise in the COF curve remained low until the end 

f the test, although there were brief periods where the COF oscil- 

ated more strongly. 



J. Qi, D. Guan, J. Nutter et al. Acta Biomaterialia 141 (2022) 466–480 

Fig. 2. Tribocorrosion behaviour A) COFs and B) currents at different applied potentials. (a) E = + 0.5V; (b) E = -0.5V; (c) E = -0.8V; (d) E = -0.95V. Sliding was undertaken 

for 4.5 hours for all tests after a 30 min stabilisation time. 
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In both tests, at the initial running-in stage in the PBS only so- 

ution, the potential (black line) dropped from approximately -0.2V 

o -0.7V, then stabilised around at -0.6V at the end of one-hour 

liding. After the addition of BSA ( Fig. 1 A), the potential decreased 

o -0.65V and gradually decreased with further sliding. Then, after 

nother ∼40 min sliding, there was an abrupt rise in the OCP to 

0.39V, which coincided with the drop in the COF (both in value 

nd the extent of noise). After a period of further stable behaviour, 

here was an abrupt drop to -0.71V, which coincided with the on- 

et of noise in the COF. The OCP then rose to -0.25V, again as- 

ociated with a period of stable COF. There was then an abrupt 

rop to -0.82V, again associated with the onset of noise in the COF. 

hus, drops in the OCP appeared to be associated with stable peri- 

ds of the COF, while abrupt rises in the OCP were associated with 

ignificant noise in the COF curve. The increase in the OCP is ex- 

ected to be associated with the formation of a protection layer 

esulting in surface passivation, which clearly resulted in a lower, 

ore stable COF. However, the abrupt reductions would have been 

ssociated with a break-up of the passive surface film, associated 

ith an unstable COF. In contrast, in the test without the addition 

f BSA ( Fig. 1 B) after initial running-in, the OCP slowly increased 

rom -0.7V to approximately -0.5V at the end of 3-hour sliding, 

ith the noise in the potential signal decreasing as the test pro- 

eeded. There was no abrupt change in either OCP or COF during 

he whole process. Clearly, as Fig. 1 shows, there was a dynamic 

rocess with repeated breakdown and recovery of the passive sur- 

ace film with the addition of BSA. 

The friction and corrosion performance improved after the ad- 

ition of BSA, but obviously there was an incubation time be- 

ore the COF and OCP became stable. Thus, the addition of BSA 

learly helped the formation of a surface protective layer. Numer- 

us studies have shown that dissolved proteins affect the friction 

nd wear performance of metal-on-metal and metal-on-polymer 

omponents [34] . 

.1.2. Tribocorrosion behaviour with different surface potentials 

Fig. 2 shows the COF and currents as a function of sliding time 

or a range of applied potentials, with BSA present in the solution 

rom the start of all tests. With a positive potential of + 0.5V, the 

OF was initially noisy, with an average value of ∼0.34, Fig. 2 Aa. 

fter ∼40 min sliding, the COF abruptly dropped to ∼0.24 with 

 remarkably stable friction. There were several brief breakdowns 

nd quick recoveries during the remainder of the test, but other- 

ise the COF was stable at around 0.24. The current during the 
469 
est followed the COF very closely, with the two plots looking al- 

ost identical, Fig. 2 Ba. 

When a negative potential -0.5V was applied, after an initial 

oisy COF, passivation was still observed after about 1.5 hours of 

liding. However, there were frequent breakdowns with a noisier 

OF in the range of 0.28 ∼0.32. Breakdowns in the COF were asso- 

iated with rapid rises and falls in the current, while a stable COF 

as associated with a stable low current, Fig. 2 b. 

When a more negative potential of -0.8V was applied, passiva- 

ion was not observed. The COF was stable around 0.32 but was 

ontinuously noisy, but with longer wavelength oscillations. The 

urrent followed a roughly similar trend, with the current grad- 

ally falling throughout the test, Fig. 2 c. 

Very similar behaviour was observed with an applied potential 

f -0.95V ( Fig. 2 d). Thus, as the applied potential became more 

egative, a protective layer was less likely formed, resulting in 

igher, noisier friction. Clearly, a protective tribofilm was formed 

t OCP and + 0.5V and to a lesser extent at -0.5V. As with the -

.8V, the current at -0.9V was largely stable, gradually decreasing 

hroughout the test. Undoubtedly, the surface potential has a ma- 

or impact on the formation of a protective layer of Ti-6Al-4V in 

imulated body fluid. 

.1.3. Wear track profile and wear rate 

Fig. 3 A shows the specific wear rate for the various applied 

otentials and under OCP conditions comparing the PBS solution 

n its own with that with the PBS solution and the BSA added. 

he statistical analysis results from one way ANOVA shows that at 

he P = 0.05 level, the mean wear rates are significantly differ- 

nt. And the Tukey comparisons test indicates that the difference 

f the mean wear rates is significant at the 0.05 level. The spe- 

ific wear rate was the highest when sliding in PBS solution with- 

ut BSA and lowest in 25% BSA solution with an applied surface 

otential of + 0.5V. The worn surface profiles were similar (other 

han different wear rates), Fig. 3 B, although pile-up was observed 

t the edge of the wear track at the end of the test with an ap-

lied -0.95V. Thus, this provides further evidence that the addition 

f BSA, which resulted in decreased friction, was associated with 

he improved formation of a protective tribofilm that resulted in a 

ower wear rate. Clearly, surface potential influences the formation, 

r not, of a protective layer, with a protective layer forming at OCP, 

ositive potential, but it does not form at cathodic potentials. The 

esting time for all the conditions in Fig. 3 was 4.5 hours. 



J. Qi, D. Guan, J. Nutter et al. Acta Biomaterialia 141 (2022) 466–480 

Fig. 3. Comparison of specific wear rate (A) and wear scar profiles (B) for all 4.5h tests at various conditions. 

Fig. 4. SE and BC images of plain view of the wear scars from different testing conditions: A) PBS only; B) OCP; C) + 0.5V and D) -0.95V. E, F, G, H (SE images) and I, J, K, L 

(BC images) are the enlarged view of the worn surface, respectively. 
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.2. Morphology and chemical composition of the worn surface 

Fig. 4 gives low magnification images and details of the worn 

urfaces for OCP with PBS only, OCP with BSA, + 0.5V and -0.95V. 

igs. 4 a - 4 h are secondary electron (SE) images and Figs. 4 i - 4 l are

ackscattered electron images. All surfaces showed classic plough- 

ng by the harder alumina counterface asperities. The presence of 

 tribofilm was apparent in places, e.g. Fig. 4 g. Fig. 5 gives a more

etailed view of the worn surface morphology and chemical dis- 

ribution from the tribocorrosion test with + 0.5V potential applied 
470 
fter testing for 4.5 hours. The worn surface was characterised by 

loughing and cutting. A discontinuous surface layer, with light 

rey contrast, was present across the grooves and adjacent area, 

ften associated with small debris particles, which showed bright 

ontrast and was rich in sodium and chlorine, suggesting they 

ere salt residues. This intermittent layer is not the adsorbed pro- 

eins on the surface since the distribution of potassium does not 

verlap with this layer. Rather, the layer contained carbon and oxy- 

en. Further evidence from backscattered electron images ( Figs. 4 j 

nd 4 k) shows that the layer on the wear track of the OCP and
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Fig. 5. Wear track morphology and EDX elemental maps of the worn surface after 

tribocorrosion test with + 0.5V potential applied. The yellow rectangular box indi- 

cates the sample location of the FIB sample for TEM. 

Fig. 6. Bright-field (BF) TEM image shows the cross-section of the + 0.5V sam- 

ple. Presented wear debris (red arrows), tribofilm (yellow arrows), and the sub- 

surface microstructure. Above the dotted white line is the deformed region with 

fine-grained regions and a nanocrystalline layer, with an abrupt transition to the 

original substrate. The black box indicates the sample position of Fig. 7 . 
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 0.5V are darker in contrast, which means this layer is probably 

ot only oxides ( Figs 4 i and 4 l). To further investigate this layer

nd the surface structure, a FIB sample was removed from the re- 

ion marked by the yellow box in the middle of Fig. 5 for further

xamination by S/TEM, described in the next section. Similar FIB 

ections were removed from the samples from other conditions. 

.3. Microstructure and chemical composition of tribofilm and 

ubsurface of the + 0.5V sample 

Fig. 6 shows an example of a cross-section underneath the worn 

urface of the + 0.5V sample from a region of ∼20 × 8 μm. To 

void the damage from the Ga ions during the FIB preparation, two 

rotective Pt deposits were made on top of the surface, firstly by 

lectron deposition and then by ion beam deposition. These layers 

lso served to label the outer worn surface. A complicated surface 

tructure was observed, comprising several different layers from 

he top to the bottom of the image. Below the Pt deposition, wear 

ebris could be seen attached to the surface (indicated by the red 

rrows). In addition, a thin tribofilm (bright contrast, indicated by 

he yellow arrows) was present across the entire surface. The en- 

arged image of the tribofilm (the black box in Fig. 6 ) is shown in

ig. 7 . A deformed nanocrystalline region was observed between 

he tribofilm and the white dotted line with a thickness of 2.5 - 
471 
.5 μm. After an abrupt transition, the original microstructure was 

bserved below this. 

Fig. 7 gives high resolution STEM high-angle annular dark- 

eld (HAADF) and bright-field (BF) images showing the detailed 

tructure of the wear debris, tribofilm and the nanocrystalline 

ayer on the + 0.5V sample. The wear debris (red arrows) had a 

omplex structure comprising a mixture of crystalline and amor- 

hous regions, appearing as an agglomerate of particles with dif- 

erent structures. The crystalline regions appeared to have a sim- 

lar structure to the nanocrystalline substrate, i.e. containing very 

ne equiaxed crystallites. The crystalline particles appeared to be 

rapped in a layer that exhibited brighter contrast, similar in mor- 

hology to the tribofilm and appeared to be predominantly amor- 

hous. 

The worn surface itself was covered in a continuous tribofilm, 

arked by the yellow arrows in Figs. 6 and 7 . The tribofilm was

ontinuous, but its thickness varied from place to place in the 

ange of 30 nm to several hundred nm. Closer scrutiny showed 

hat the tribofilm was composed of two distinct layers. The outer 

ayer was very thin ( ∼30 nm) and continuous across the worn sur- 

ace. The second layer, which was below the outer layer, exhib- 

ted darker contrast in bright field images, was much thicker (up 

o hundreds of nm) and was not continuous across the surface. 

Fig. 8 shows the two-layer tribofilm in more detail. High- 

esolution BF TEM images of the two different layers are shown 

ogether with the fast Fourier transforms (FFT) from those images, 

hich is a diffraction pattern of these regions. The outer tribofilm 

xhibited a typical amorphous structure, as shown by the high- 

esolution image and FFT shown in Fig. 8 C. The layer below this 

ne also exhibited an amorphous like structure, Fig. 8 B, but the 

FT from this image shows a narrow diffuse diffraction ring which 

ight indicate some short-range order. Although both layers show 

morphous structures, there are differences between the two, with 

he diffuse diffraction halo from the outer layer having smaller 

tomic spacing over a wider range than the inner layer. 

A detailed analysis of the chemical composition of the outer 

orn surface was conducted. EDX was carried on the outer layers, 

ncluding the tribofilm and the wear debris, alongside the results 

rom all four testing conditions presented in Fig. S1. The elemen- 

al maps suggest the composition of the wear debris and tribofilm 

re the same, both containing Ti, V, Al, C and O. However, these 

esults are limited by spatial resolution and signal to noise ratio of 

he technique. Therefore, electron energy loss (EEL) spectra were 

btained from each tribofilms and the substrate, Fig. 8 . The posi- 

ions are marked in numbers and colours as 1 (black), 2 (red) and 

 (blue) to the upper layer, lower layer and the substrate, respec- 

ively in Fig. 8 A, with the resultant EELS spectra shown in Fig. 8 D.

he outer tribofilm, position 1, is essentially a carbon film, with no 

i or O detected. The carbon K-edge comprises mainly σ ∗ but with 

 small π ∗ peak. This is consistent with the high-resolution image 

nd associated FFT, which shows that this is amorphous carbon. 

he EEL spectrum from the inner tribofilm, location 2, shows the 

resence of C, Ti, and a small amount of O. Therefore, the lower 

art of the tribofilm is a mixture of Ti, C and O. The shape of

he C-K edge is similar to that from the outer tribofilm, indicat- 

ng that the carbon is largely amorphous. The EEL spectrum from 

he substrate, location 3, is almost only Ti, with very small C and 

 K-edges, which could be derived from contamination of the TEM 

pecimen. No evidence was found of a discrete continuous oxide 

lm on the surface of the metal. 

EELS analysis was also carried out on the wear debris still at- 

ached to the surface, shown in Figs. 6 and 7 . The results are pre-

ented in Fig. S2. Some debris particles exhibited EEL spectra sim- 

lar to the substrate (position 1 in Fig. S2), i.e. only showing a 

i K-edge. This is consistent with the STEM HAADF image, which 

uggests that these are metal wear debris fragments. Two spec- 
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Fig. 7. High magnification STEM images of the surface cross-section of the + 0.5V sample. A) HAADF and B) BF images of interface details of debris (red arrows) and tribofilm 

(yellow arrows), with various thicknesses to a maximum of between 205nm to 259nm. 

Fig. 8. A) is the enlarged image from the black box in Fig. 6 , which shows the detail 

of the tribofilm. B) and C) are high-resolution images of the yellow and green boxes 

in A, respectively. The insets in B & C are the corresponding FFT diffractograms 

for the two layers. D) is an EELS spectrum taken at three positions indicated in A. 

Position 1 (black) is on the bright upper layer, 2 (red) is on the lower grey layer, 

and 3 (blue) is on Ti-6Al-4V substrate. 

t

s

m

g

b

A

s

t

c

f

d

b

e

m

b

g

l

w

3

s

t

a

n

u  

F

a

r

s

b

t

b

l

s

w

t

t

w

3

(

t

t

t

c

ra were obtained from the carbon-based debris, which exhibited 

imilar contrast to the tribofilm and appeared to wrap around the 

etallic wear debris or was present as discrete particles. One re- 

ion, location 2, showed only a C-K edge, but interestingly, the car- 

on peak exhibited a stronger π ∗ peak than found in the tribofilm. 

nother similar region showed a similar C-K edge (again with a 

tronger π ∗ peak) but with a small amount of Ti present. 

Below the double layer tribofilm, the surface exhibited substan- 

ial microstructural changes to the bulk, Fig. 7 . Deformation bands 

ontaining much finer grains were found running through the sur- 
472 
ace. The grain size in these bands was similar within a band but 

ifferent between bands. The crystallite size in these deformation 

ands was typically 50 nm, but smaller crystallites, which were not 

asy to resolve, were observed. The interface between these defor- 

ation bands and the substrate, and indeed from one deformation 

and to another, was sharp, with no evidence of microstructural 

radation. The deformation bands extended to about 2.5-3μm be- 

ow the worn surface, at which point there was an abrupt interface 

ith the undeformed substrate. 

.4. Microstructure and chemical composition of the tribofilm and 

ubsurface of the OCP and cathodic samples 

Fig. 9 gives cross-sections from the worn surface of the sample 

ested under OCP conditions in PBS solution, but without a BSA 

ddition. The surface exhibited an intermittent tribofilm that was 

early absent in some regions ( Fig. 9 A) and extended uniformly 

p to ∼65 nm in other areas ( Fig. 9 B). High-resolution TEM and

FT analysis of these images showed that the tribofilm was largely 

morphous but contained a few crystallites. 

The addition of BSA to the PBS solution under OCP conditions 

esulted in a thicker tribofilm being formed. Fig. 10 shows a repre- 

entative region, where the variability in the thickness of the tri- 

ofilm can be seen, with the thicker regions being about twice as 

hick ( ∼130 nm) as the PBS solution without BSA. Again, the tri- 

ofilm was predominantly amorphous, although a few fine crystal- 

ites were present. 

BF STEM images from a cross-section of the -0.95V sample are 

hown in Fig. 11 . A relatively uniform but thin (50-70 nm) tribofilm 

as present. Thus, the tribofilm was nearly an order of magnitude 

hinner than on the + 0.5V sample. The tribofilm was almost en- 

irely amorphous, although again occasional very fine crystallites 

ere present, Fig. 11 C. 

.5. Grain size distribution and geometrically necessary dislocation 

GND) density characterisation of subsurface 

PED was used to characterise the subsurface deformation struc- 

ures for each test condition. PED allowed the GB and GND density 

o be measured. GNDs are dislocations with the same Burgers vec- 

or sign that accommodate the plastic strain gradients in the mi- 

rostructure. The GND could be separated for the α-Ti (hcp) and 
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Fig. 9. STEM BF images from a FIB specimen taken from the OCP condition tested in PBS without a BSA addition. A) & B) showing variable thickness tribofilm that was 

almost absent in some areas (A) and extended up to 65 nm in others (B). C) High-resolution image and insert FFT diffractogram showing the structure of the tribofilm, 

where present. 

Fig. 10. STEM BF image from a FIB specimen taken from the OCP test after BSA had been added. A tribofilm over variable thickness (up to 130 nm) is present. 
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-Ti (bcc) phases. Furthermore, the GND density could be mapped 

eparately for the prismatic and basal slip systems in the hcp α- 

i. The results of this for the various test conditions are sum- 

arised in Fig. 12 , where ← → indicates the sliding direction and 

he surface position. The GB positions are superimposed on the 

ND maps ( Fig. 12 A). All the grain boundaries are high angle grain

oundaries which are > 15 degrees. Some of the grains in the im- 

ges are blank in all three slip systems. This is because the system 

ould not identify the crystal, which is a result of the structure be- 

ng amorphous or because the local deformation was so severe that 

he region could not be indexed. The latter explanation is more 

ikely and was especially obvious seen in the fine grain regions of 

he + 0.5V sample. 

The Max Feret Diameter (FERET max ) was chosen as the param- 

ter to evaluate the grain size. The FERET max , also called the cal- 

iper diameter, is the largest distance between two parallel tan- 

ential lines in any in-plane direction of a grain at an arbitrary an- 

le, illustrated in Fig. 12 C. The statistical analysis results ( Fig. 12 D)

how total grain numbers in the region of interest (ROI) are 3622, 

449, 828, 529 for + 0.5V, OCP, -0.95V, and PBS_only, respectively. 

he maximum FERET max are 1020 nm, 2440 nm, 1810 nm, and 290 

m for + 0.5V, OCP, -0.95V, and PBS_only, respectively. The Kruskal- 
473 
allis ANOVA method shows at p = 0.01 level that each test con- 

ition’s grain size distribution is significantly different for one and 

he other. Dunn’s test shows that the difference of the means is 

ignificant at P = 0.05 level. Except for the PBS_only, the other 

hree samples have a comparable region. The + 0.5V has the largest 

umber of grains and about 81% of which are under 20 nm. The 

 0.95V has the smallest grain number in the three tests, and 58% 

alls in the 30 – 40nm range. 

The statistical analysis results from the Kruskal-Wallis ANOVA 

how that at the P = 0.01 level, the GND density distributions cal- 

ulated for the four samples are significantly different for all three 

elected slip systems. Dunn’s test shows that at P = 0.05 level, the 

ifference of the means is significant. The data were summarised 

nd presented by the histograms in Fig. 12 B. In the HCP basal and

rismatic slip systems, the + 0.5V sample has the highest GND den- 

ity at and above 1 ×10 16 . The + 0.5V sample also has the highest

ND density at and above 1 ×10 15 in the β-BCC slip system. 

In all samples, the dislocation density was far greater in the 

anocrystalline region than in the other regions. Moreover, the dis- 

ocation density was much higher in the α-phase (hcp) than in the 

-phase (bcc). The β-titanium was often broken into small frag- 

ents by the deformation process. In addition, the GND density 
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Fig. 11. STEM BF images from a FIB sample from the test at -0.95V. A uniform tri- 

bofilm is present with various thicknesses from 50-70nm, A) & B). It was a single 

layer tribofilm, B). C) High-resolution image of the tribofilm, which has the appear- 

ance of a mechanically mixed layer, comprising a mixture of amorphous and crys- 

talline material. 
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as higher on hcp basal planes than on the prismatic planes across 

ll four samples. 

The GND density was a strong function of the test condition. 

he -0.95V exhibited the lowest GND density, while the + 0.5V had 

he highest GND density for all the slip systems. The GND den- 

ity in the OCP test in the PBS solution without BSA was similar to 

hose obtained in the -0.95V. The GND density in the OCP test with 

SA was smaller than that of + 0.5V. The extent of the nanocrys- 

alline layer, broadly defined as having a grain size of less than 

0 nm, was much greater for the + 0.5V sample compared with 

ll the other conditions, as previously shown in Fig. 7 . Indeed, the 

anocrystalline surface layer was only fully developed under the 

 0.5V conditions. 

.6. Structure and chemical composition of wear debris in the test 

olution 

Wear debris in the testing solution after tribocorrosion exper- 

ments were collected for TEM investigation. TEM images of the 

ypical remains found in the solution are presented in Fig. S3 for 

he specimen tested at + 0.5V. The same features were found in the 

olutions from OCP and -0.5V tests. 

The particles/fragments had a layered or sheet-like morphol- 

gy, with two sheets often seen together but also smaller rounder- 

haped particles, Fig. S3. These particles comprised Ti, Al and/or 

 oxides, presumably formed during the tribo-corrosion process. 

 carbon layer of variable thicknesses surrounded these particles 

note that the particles were suspended on a silicon substrate to 

nsure that any carbon detected had only come from the sample 

nd not the sample preparation). 

Further investigation of these surrounding sheets demonstrated 

hat the thicker ones were often amorphous. The thin ones are 

ore likely a mixture of different carbon structures. Some parts 

ere amorphous, and some parts had a regular long-range or- 

ered arrangement. In some regions, a graphitic structure or even 

raphene-like flakes were found, Fig. 13 A. The high-resolution TEM 

mage shows the characteristic honeycomb 2D structure with the 

istances between the atoms 0.141nm, and the lattice spacing 0.25 
474 
m ( Fig. 13 B), which agrees with the length of the σ -bond and

attice vector in graphene 2D hexagonal lattice (inset in Fig. 13 A), 

espectively [35] . 

Other carbon allotrope structures, such as nanocarbon onion, 

ere found in the test solutions from ±0.5V and OCP samples 

 Fig. 14 ). Nanocarbon onions, also called onion-like carbon or car- 

on nano-onions (CNO), are nanoscopic carbon particles with a 

early spherical shape of multiple enclosed fullerene-like carbon 

hells [37] . 

Fig. 14 A are the EELS spectra of the onion-like structure. The 

orresponding positions are indicated in Fig. 14 B, a HAADF image 

rom the + 0.5V 1h sample. EELS spectra and measured spacing 

approximate 0.34 - 0.35 nm) confirm this to be onion-like carbon. 

he carbon K-edge contained a small p 

∗ peak, associated with the 

raphitic type bonding. When compared with the carbon K-edge 

ne structure (ELNES) spectra of carbon onions formations from 

eng et al. [38] and the Maroc et al. [37] , the CNO found in our

est solution were still in the middle stages of formation and have 

ot fully complete. Oxygen is also detected in the EELS spectra. 

oreover, close examination indicates a very small N K-edge. The 

resence of N and O K-edges suggests the source of where the CNO 

volved from, which is the BSA protein initially in the system. 

Fig. 14 C is a TEM image from the + 0.5V 4.5h sample. The CNOs

re marked by orange arrows and amorphous carbon indicated by 

ed arrows on the same sheet, surrounding metal oxide particles, 

s noted before. This confirms that the film that covers the oxides 

s a mixture of different carbon structures. Figs. 14 D and E are the 

EM images of CNO from OCP and -0.5V samples, respectively. The 

pacing between two neighbouring layers and the size of the dif- 

use halo shows the dominant spacing is approximate ∼0.35 nm. 

. Discussion 

.1. The role that protein plays in the tribofilm formation 

What happens at a contacting surface is a rather complicated 

ombination of several processes, including the mechanical wear 

rocess, the corrosion processes, the role of liberated debris, the 

bsorption effects such as the attachment of oligomers and the de- 

omposition of proteins, with whatever product results from that. 

The tests run under OCP conditions without a protein addition, 

ollowed by the addition of a protein, were designed to investigate 

he role that protein plays in the tribocorrosion process. The ad- 

ition of protein (BSA) certainly improved the tribocorrosion be- 

aviour as the COF decreased and the variation in COF became 

uch less, which coincided with passivation ( Fig. 1 ). This was as- 

ociated with a slight improvement in the wear rate. It implies 

hat a protective layer was formed on the surface, with the protein 

n integral part of the formation process, which was confirmed by 

EM, as discussed below. 

BSA has several isomeric forms at different pH. In addition, 

ow the protein absorbs will depend on the applied potential. 

t a neutral pH, BSA is in the normal form (N-form, also known 

s heart-shaped form) and carries a net negative charge with the 

ost compact conformation [ 16 , 39 , 40 ]. Beykal et al. [40] reported

hat the adsorption of negatively charged BSA to gold surfaces 

nder a range of constant applied voltage ( + 0.5V to - 0.5V) at 

H = 6.78. It was observed that adsorption occurred under all 

onditions but with different total mass adsorption and adsorption 

ate. The greatest mass adsorption and rate occurred at + 0.5V, and 

he lowest adsorption and rate was at -0.5V. Moreover, Park et al. 

15] reported that temperature-induced denatured BSA oligomers 

n bulk solution adsorbed more quickly and in larger mass quan- 

ities onto silica surfaces. When BSA monomers were thermally 

enatured (30 min at 70 °C) they had irreversible conformational 

hanges from N-form to an extended form (E-form) and assem- 
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Fig. 12. GB and GND results. A) GB superimposed on the GND density distribution maps in the subsurface regions from the four selected testing conditions. The scale bar 

is 100 nm on the PBS sample and is 500 nm for the remaining three samples. The colour scale is log(GND density in m 

2 ). Arrows indicate the sliding direction and surface 

position. B) Histograms for GND density distribution at three selected slip systems. C) Schematic illustration of Max. Feret Diameter, D) Calculated grain size (max ferret 

diameter) chart, and E) Histogram of the grain size distribution for each testing condition. 
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led into more adhesive oligomers with much larger surface con- 

act area and remained stable. As a result, the oligomers serve as a 

uperior passivation agent to inhibit biofouling on a silica surface. 

he pH of the simulated body-fluid used in this study was around 

 during testing, but the surface in our case is Ti-6Al-4V which 
475 
as different surface chemistry from gold and silica surfaces. How- 

ver, the absorption of BSA onto a Ti alloy surface under different 

lectrochemical conditions has been reported and exhibits similar 

ehaviour [14] . The protein behaviour and the solution chemistry 

hould be comparable, and therefore it is reasonable to deduce 
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Fig. 13. High-resolution TEM image A) showing the graphic-like structure found on the thin film around the particles from the test solution of the + 0.5V sample. The inset 

is the schematic real space hexagonal lattice with a 2-atom base with parameters [36] . B) Measured lengths between atoms and enlarged image of the red circle in A. 

Fig. 14. Carbon onion structure found in testing solutions under various conditions: A) EELS spectra of onion-like structure and the positions are indicated in B; B) HADDF 

image from + 0.5V 1h sample; and C) TEM image from + 0.5V 4.5h sample. Carbon onion (orange arrow) and amorphous (red arrow) on a sheet around particles; D) TEM 

image from OCP sample; E) TEM image from -0.5V sample. The inset is the FFT diffractogram for the structure shows the dominant spacing is ∼0.35nm. 
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hat similar processes would take place in our system. Hence, the 

SA molecules will have carried a net negative charge and be at- 

racted to the surface with the greatest mass and fastest rate at 

 0.5V and the lowest mass and the slowest rate at -0.95V. After 

he addition of BSA proteins, monomers are attracted and attached 

o the surface but are repeatedly removed by the wear process. 

he heat generated by friction between the surfaces will raise the 

emperature around the contact area which in turn will denature 

he protein monomers and then induce the irreversible conversion 
476 
f monomers to oligomers. However, as discussed later, the flash 

emperature rise was considered to be relatively small in these ex- 

eriments. This results in better coverage and passivation on the 

urface. This process takes a while which is why in Fig. 1 the COF

ropped a bit immediately with the addition of BSA, and then after 

40 minutes, it became smooth associated with the brief rise in 

he OCP. The initially formed protective layer was quickly broken 

own until ∼15 minutes later a much more stable and adhesive 

rotective layer formed. 
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.2. The structure of the wear debris 

In the current work, a careful analysis of the wear debris was 

ndertaken after it was extracted from the lubricant. Nanocarbon 

tructures, including CNO, were observed in the wear debris from 

he OCP and ±0.5V tests, Figs. 13 , 14 . This is not the first time

hat CNO have been observed, with Liang et al. reporting CNOs in 

he wear debris removed from a tribofilm on explanted CoCrMo 

emoral heads [22] . Nanocarbon materials have been widely stud- 

ed and used in various applications, including the tribology indus- 

ry, since they exhibit excellent lubrication properties [ 41 , 42 ]. CNO 

as first found by Ijima [ 43 ] as a by-product while looking at a

ample of carbon black in a TEM. Since then, various approaches 

ave been taken to prepare CNO, as reviewed by Zeiger et al. 

37] , and most of the methods require extreme conditions such 

s high temperature ( > 1800 °C), or high pressure, or both to ob- 

ain high yield and quality under an inert atmosphere. Other syn- 

hesis methods were reported to produce CNO, such as by decom- 

osing of carbon-containing precursors, for instance, methane [44] , 

aphthalene [45] , lycopene extracted from tomatoes [46] , ghee oil 

47] etc., where it is possible to form CNO at relatively low tem- 

eratures (200 - 600 °C) without the presence of metal catalysts. 

bviously, the degradation process that the BSA proteins undergo 

n the current tests is far more than a simple denaturation in that 

he primary structure of the protein is not affected [48] . Although 

here is no direct research on this process, it is rational to presume 

hat protein could be the carbon-containing precursor and decom- 

osed to form CNO structures found in this work. 

In the current work, the solution temperature was kept con- 

tant at around 37 °C, but of course, friction induced temperature 

ransients could potentially increased temperature, albeit for short 

ime periods. A comprehensive summary of the available meth- 

ds for the calculation of flash temperature for various contact 

eometries is given in ref. [49] . All calculations require a knowl- 

dge of the asperity contact radius, i.e. the true contact area. Us- 

ng what might be considered relatively severe contact conditions, 

he flash temperature rise is calculated to be no more than 20 °C. 

his is consistent with other published calculations, for example, 

os measured a flash temperature rise of 64 °C for much more se- 

ere conditions than those used here (0.23m/s, 400N compared to 

.02m/s and 0.5N) [50] . 

In addition to the local temperature rises, the local contact 

tresses could potentially have contributed to CNO formation. 

hile the initial nominal Hertzian contact stress was ∼600 MPa, 

his will have been amplified at the asperity contacts to an ex- 

ent dependent on the true area of contact, exceeding the yield 

tress of the material. Moreover, the breakdown of the passive film 

t contacting asperities will have led to locally high current den- 

ities. For example, for the 0.5V test, the observed current was a 

aximum of ∼75μA ( Fig. 2 B). This corresponds to a current den- 

ity of ∼7.5mA cm 

−2 over the apparent contact area (as measured 

rom the traces in Fig. 3 B). The true area of contact will have been

uch smaller than the apparent area of contact, although the sur- 

aces were examined after running in, where conformal contact 

ill have resulted. The current density at a contacting asperity that 

esults in breaching the passive layer will have been substantially 

igher than ∼7.5mA cm 

−2 , but not high enough in itself to lead to

he formation of the CNO structures, which requires ∼100A cm 

−2 

as described below). Thus, it must have been the combination of 

emperature transients, high local contact pressure and high local 

urrent density as the passive film is breached that led to the for- 

ation of CNOs. 

There may be a concern that the CNO structures were an 

rtefact of electron irradiation during S/TEM experiments. Ugarte 

51] observed the transformation tendency of carbon soot to form 

ultiple shell spheres (’onions’) under intense electron-beam ir- 
477 
adiation in a 300 keV high-resolution electron microscope. The 

onditions under which carbon onions formed under the electron 

eam are electron energies above 100 keV, beam intensities of the 

rder of 100 A cm 

−2 and irradiation times of several minutes for 

he transformation of polyhedral to spherical onions up to hours 

or the transformation of amorphous carbon to onions [52] . In the 

urrent study, extreme caution was exerted during S/TEM obser- 

ation. Under the normal operating condition, the dose was care- 

ully controlled around 10 A • cm 

−2 , i.e. an order of magnitude be-

ow that at which electron-induced onion structures are formed. 

oreover, the silicon monoxide support film used to prepare wear 

ebris from the lubricating solution is very sensitive to dose and 

ill break down when the current density is higher than the nor- 

al operating condition. The operating conditions used here did 

ot result in any degradation of the silicon monoxide support film. 

hus, we are confident that the CNOs did not arise from damage 

nduced by the electron beam. 

A question arises as to why no CNO structures or any other 

ighly order carbon structures were observed in the tribofilms 

 Figs. 7–10 ), but were a frequent observation in the wear debris 

etrieved from the lubricating serum. This was not an error in sam- 

ling statistics as many worn surfaces were studied and in no case 

as a CNO structure found. Differences in the structure of wear de- 

ris and the worn surface structure are quite common [53] . These 

bservations imply that structural changes occur during the forma- 

ion of wear debris particles. It was the combination of the locally 

igh contact pressure at an asperity, the local flash temperature 

rom frictional heating and the locally high current density asso- 

iated with the breaching of the passive film that resulted in the 

ormation of CNO structures as the wear debris particle is formed. 

nly the amorphous carbon formed from degraded proteins which 

ere attracted and attached to the contact surface has been left on 

he surface and formed the more stable and protective layer, which 

mproved the friction performance at the same time. 

.3. The formation of the tribofilm as a function of potential 

High-resolution S/TEM observations of FIB specimens removed 

rom the worn surface of all test conditions showed that the tri- 

ofilm was predominantly amorphous, Figs 8 –11 , but in some re- 

ions it contained metallic wear debris ( Fig. 7 ). At + 0.5V, the tri-

ofilm had two layers, an outer layer that was entirely amorphous 

nd an inner layer that contained small amounts of crystalline ma- 

erial that appeared to be titanium or titanium oxide based ( Figs. 7 ,

 ). This inner tribofilm is almost certainly the product of the syner- 

ic effects of mechanical mixing and corrosion processes. The EELS 

pectra taken from the + 0.5V condition showed that the carbon 

 edge was predominantly σ ∗ with a smaller π ∗ peak. Interest- 

ngly, the debris attached to the worn surface, Fig. S2, exhibited a 

tronger π ∗ peak than found in the tribofilm. However, the shape 

f the carbon K-edge was still consistent with graphitic bonding 

nd is almost identical to that reported by Liao et al. [22] for a tri-

ofilm scrapped off a retrieved CoCrMo femoral head. Similar ob- 

ervations of graphitic bonding in tribofilms have been observed 

y various authors for several different materials, including metals 

uch as CoCrMo [ 18 , 54 ], carbon-based coatings [ 55 , 56 ] and ceram-

cs [57] . 

The thickness and extent of coverage of the tribofilm depended 

trongly on the surface potential. The tribofilm at + 0.5V was ∼200 

260 nm and a double layer (containing amorphous carbon and 

ome nanocrystalline fragments, Fig. 8 ). For the anodic conditions, 

ore CNO was produced on both the surface and in the solution 

djacent to the wear track than under other conditions. At OCP, the 

ribofilm was variable, up to ∼130 nm. At -0.95V, the tribofilm was 

gain of variable thickness but was the thinnest (up to ∼69 nm) of 

ll conditions where BSA was present. Thus, the precise role of the 
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SA molecules depended on the surface potential. As noted earlier, 

ince the BSA molecules will have carried a net negative charge, 

ore protein oligomers will be attracted to the surface at the an- 

dic potential of + 0.5V, and the lowest mass and slowest rate at 

he cathodic potential of -0.95V, consistent with the thickness of 

he tribofilm formed. 

It is interesting to note that a classical continuous oxide film 

as not found under OCP or anodic conditions. The STEM tech- 

iques used here certainly had sufficient resolution to locate a dis- 

rete oxide film, although such films can be extremely thin, for ex- 

mple, Zeng et al. [23] observed a film of just 2nm on the surface

f a CoCrMo alloy in a similar solution to the one used here. Thus, 

he view that depassivation events seen in Fig. 2 B were a result 

f breaching of the oxide film cannot be supported in the current 

ork. Rather, the experimental evidence is that depassivation was 

ssociated with removal of the tribofilm, as discussed below, ex- 

osing bare metal, which is a much larger event than the removal 

f a few nm of oxide. 

Tribofilm comprises predominantly amorphous carbon, with 

ignificant amounts of titanium and smaller amounts of oxygen. 

ome parts of the tribofilm contain metallic wear debris that has a 

imilar structure to the nanocrystalline layer. This observation and 

he incorporation titanium into the tribofilm suggests a mechanical 

ixing mechanism between the protein and the heavily deformed 

itanium. Indeed, the transition from nanocrystalline metal to the 

morphous structure can been seen in Fig. 7 in several places; in 

ome the metal crystallites are still clearly visible while in others 

he fine (nm) remnants of the crystalline structure can be seen in 

redominantly amorphous areas (as shown by the FFT in Fig. 8 C). 

Thus, the process of tribofilm formation appears to have been 

riven by firstly the proteins being attracted to the surface with 

he greatest mass and fastest rate at + 0.5V. This was then mechan- 

cally mixed with the nanocrystalline surface metal, which was 

ore extensive at + 0.5V. The tribofilm was responsible for surface 

assivation, with the removal of the tribofilm (and not a discrete 

xide film) resulting in depassivation. 

.4. The role of tribofilm and surface structure on friction and wear 

The tribofilm had a clear effect on the friction. The friction 

ended to be lower and the friction coefficient less noisy for the 

nodic potential test compared to the cathodic potential tests, 

ig. 2 . Thus, friction was lower and with less noise for the thicker 

ribofilms and wider coverage. This is consistent with the graphitic 

onding in the tribofilm that imparts lubricating properties of the 

ribofilm. Moreover, the current during the test followed the COF 

ery closely, with the two plots looking almost identical, Fig. 2 B. 

hus, this gives direct evidence that the formation of the tribofilm 

ed to passivation of the surface. 

The wear rates observed were a function of the surface poten- 

ial, Fig. 3 , and therefore the extent of formation of a tribofilm. The 

ighest wear rate was associated with the absence of BSA under 

CP conditions. The reduction in wear rate from the addition of 

SA, with the associated increase in tribofilm coverage and thick- 

ess clearly demonstrates that the absorption of proteins onto a 

urface reduces the wear rate. The next highest wear rate was as- 

ociated with cathodic conditions of -0.95V, with the lowest wear 

ate under anodic conditions of + 0.5V. Thus, the wear rate corre- 

ated with the thickness and coverage of the tribofilm, with the 

owest wear rates coming from the thickest tribofilm. This result 

s consistent with that of Namus et al. [58] , who found that the

owest wear rate for CoCrMo alloys as a function of the load was 

ssociated with the formation of a tribofilm, whereas the highest 

ear rate was associated with no tribofilm. Similarly, Gispert et al. 

59] found that albumin absorption resulted in the lowest wear 

ates for metallic surfaces when sliding against ultra-high molecu- 
478 
ar weight polyethene. As shown by Namus et al. [58] and Wimmer 

t al. [60] , the formation of a tribofilm is load-dependent, with a 

inimum load required for film formation. 

The reciprocating contact resulted in plastic deformation of the 

orn surface, the extent of which depended strongly on surface 

otential, Figs. 6 , 7 , 10 , 12 . The deformed structure was charac-

erised by measuring the GND density using PED for the first time, 

hich gives a quantitative measure of the damage accumulation. 

he -0.95V exhibited the lowest GND density, with only limited de- 

ormation observed. The GND density in the PBS solution without 

SA was similar to that obtained in the -0.95V and the OCP test 

ith BSA tests. In contrast, the + 0.5V had the highest GND den- 

ity, measured in both hcp and bcc phases and each slip system 

n the hcp phase. A clear nanocrystalline layer was developed in 

he surface region of the + 0.5V sample, broadly defined as having 

 grain size of less than 50 nm, which was not clearly developed 

n the other conditions. The hardness and modulus of the material 

f this nanocrystalline layer were greater than the other surfaces 

 Fig. 10 ). 

Perret et al. [20] have observed a similar effect of potential on 

he extent of surface strain and the formation of a nanocrystalline 

ayer for 304L stainless steel, with similar trends to those observed 

ere. The absence of a passive film led to a low dislocation density, 

hile anodic conditions led to an extensive, thick, nanocrystalline 

ayer. In both the present tests and those of Perret et al. [20] ,

he friction coefficient was 0.3 or above, so the maximum shear 

tress would have been at the surface. In the current work, the 

riction was the lowest for the anodic conditions and so friction- 

nduced deformation would have been the least in this case. In 

ny event, differences in friction between tests were small and so 

his could not explain differences in the extent of the nanocrys- 

alline layer. Perret et al. [20] argue that the passive film present 

nder anodic conditions, which was associated with the thickest 

anocrystalline layer, will have prevented dislocation annihilation 

t the surface, leading to greater accumulated strain. However, in 

he current work, no descrete continuous oxide film was found on 

he surface, rather the tribofilm itself provided the surface passiva- 

ion. 

In contrast to the anodic conditions, under cathodic conditions, 

islocations would be attracted to the surface and thus be anni- 

ilated. This remains the most plausible explanation for the dif- 

erences observed. However, it is difficult to envisage how the dif- 

erences in surface dislocation trapping or annihilation can lead to 

he differences in a nanocrystalline layer being absent in one case 

ut present to a thickness of at least 1μm in the other. Future work 

s required to fully understand the correlation between strain ac- 

umulation and surface potential. 

The wear rates decreased in the order PBS without BSA under 

CP (highest), -0.95V through to + 0.5V (lowest wear rate). Thus, 

he wear rate decreased as the thickness and coverage of the tri- 

ofilm increased. Equally, the wear rate decreased as the surface 

train accumulation increased. A higher surface strain was asso- 

iated with a higher surface hardness, but correlations of hard- 

ess with wear are notoriously difficult. The manner in which the 

anocrystalline layer affects the wear rate is complex. Namus et al. 

61] compared the tribocorrosion behaviour of CoCrMo alloys in 

hich a nanocrystalline structure had been deliberately induced in 

he material, which was then compared to the normal undeformed 

urface. A marginal improvement in wear rate was found for the 

anocrystalline structure, but this gain was offset by the much 

reater corrosion contribution to wear arising from the nanocrys- 

alline structure. Similarly, Namus et al. [58] examined the load- 

ependent wear transition in CoCrMo alloys. They found that the 

hickest nanocrystalline layer was associated with the post wear 

ate transition, where the wear rates were an order of magni- 

ude higher than that of the pre-transition condition, for which 
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nly a minimal nanocrystalline layer was present. Moreover, the 

anocrystalline layer had substantially higher hardness than the 

tarting surface, but this clearly did not lead to reduced wear. A 

ore likely explanation is that the tribofilm on the surface was 

irectly responsible for reducing the wear rate in a way it effec- 

ively reduced the material loss due to corrosion ( Figs. 1 and 2 ).

s a result, the small ( < 50 nm) nanocrystalline structure survives 

hen a thicker tribofilm covers the surface ( Fig. 12 ). What was ob-

erved in the current study is consistent with the observations of 

immer [60] , who found minimum wear rates with the most de- 

eloped tribofilm. 

. Conclusions 

In this study, commercially available alloy Ti-6Al-4V has been 

ested in simulated body fluid at different surface potentials. The 

ole of protein in the lubricant was also explored by investigating 

BS solution without a BSA addition under OCP conditions. 

The formation of a tribofilm on the surface strongly depended 

n the applied potential and on the presence of protein. The tri- 

ofilm was largely absent when the PBS solution did not contain 

rotein under OCP conditions. This led to the highest friction and 

ear rate. The addition of protein under the same conditions led 

o the more widespread formation of a tribofilm and a reduction 

n both friction and wear rate. 

The tribofilm coverage and thickness depended on the applied 

otential. It was the thinnest and the least coverage under cathodic 

onditions, while it was the thickest under anodic conditions. The 

ribofilm was carbon-based and exhibited graphitic bonding in all 

ases. Under cathodic conditions, the tribofilm had a two-layer 

tructure, with an outer layer comprising amorphous carbon with 

raphitic bonding and an inner layer that was similar but con- 

ained nanocrystals derived from the titanium substrate. The wear 

ate decreased with the thickness and extent of coverage of the 

ribofilm. 

The finding of nanocarbon onion in test solutions ( ±0.5V and 

CP) fills one of the missing links in the formation of tribofilm. 

hese structures were not found in the tribofilm on the worn sur- 

ace itself. It is believed that they form under high pressures under 

 contacting asperity during wear debris formation. 

Under the protection of the extra thick tribo-film on the worn 

urface, the anodically charged sample had the largest nanocrys- 

alline region with high GND density and a grain size < 50nm, 

hich led to increased hardness and modulus. However, it was not 

elieved that there was a correlation between wear rate and the 

hickness/properties of the deformed surface. 
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