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Abstract: Tribocorrosion tests were conducted on Ti6Al4V against alumina in phosphate buffered saline solution under 
normal loads of 3−30 N (corresponding to the maximum Hertzian contact pressures of 816−1758 MPa) using a 
ball-on-disk tribometer. Nano-hardness measurements revealed the formation of work-hardened layers on the pure wear 
and tribocorrosion surfaces. As the normal load increased from 15 to 30 N during the pure wear, the surface hardness 
was increased by about 100%. However, a lower generation of wear debris resulted in a lower wear rate under a normal 
load of 30 N. The presence of corrosion caused an increase in the wear rates by 28%−245% under various normal loads. 
The corrosion current density acquired from polarization curves was increased by three orders of magnitude and the 
open circuit potential (OCP) shifted to more negative potentials during tribocorrosion compared with the stagnant 
condition. The successive formation and removal of tribofilms, which consisted of oxygen and phosphorous compounds, 
resulted in peaks in the OCP trend and lower fluctuations in coefficient of friction under normal loads higher than 3 N. 
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1 Introduction 
 

Titanium alloys have a wide variety of 
applications in medical industries [1,2]. This is due 
to the formation of a passive film on the surface, 
which goodly limits the contact between the active 
metal and body fluid. The passive film results in an 
excellent corrosion resistance, and prominent 
biocompatibility [3,4]. However, titanium-based 
alloys normally possess limitations in wear and 
tribocorrosion resistance, causing a drawback for 
use in dynamic contacts [5−7]. Tribocorrosion, as a 
degradation process, occurs by the combined effect 
of tribological and corrosive phenomena [8,9]. In 
tribocorrosion, mechanical damage and corrosive 
media frequently interact with each other and the 
results are often different in terms of material 

removal rates and the mechanisms for either wear 
and corrosion degradation [10−12]. Indeed, the 
interaction between wear and corrosion, as 
indicated by synergy, can change the mechanical, 
chemical and electrochemical behaviour of 
materials [10,13]. The synergy can be positive or 
negative. The surface may be protected by the 
formation of durable protective layers, i.e., a 
negative synergy, or suffered from a severer 
damage than wear alone by excessive material 
removal, i.e., a positive synergy [14]. 

Among titanium alloys, Ti6Al4V with 
alpha−beta structure has the strength to be widely 
used for metallic joint implants [15]. In artificial 
joint applications, the dynamic contact between 
Ti6Al4V and its counterparts may remove the 
passive layer and expose the bare metal in contact 
with bio-fluid [16]. Sliding has a detrimental effect  
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on the health by the release of aluminum and 
vanadium ions in the human body [17]. There have 
been some reports on tribocorrosion behaviour of 
titanium alloys in simulated body fluids [18,19]. 
However, less attention has been paid to the specific 
role of synergy between wear and corrosion. RUNA 
et al [18] studied the tribocorrosion induced by the 
micro-motion between Ti6Al4V stem and bone. 
They found that the passive film was destroyed 
during sliding and the presence of protein may act 
as an obstacle to the formation of a new passive 
film. 

LICAUSI et al [20] worked on the influence of 
various simulated body fluids on tribocorrosion 
behaviour of Ti6Al4V. They reported that the 
tribocorrosion mechanism was wear-dominant; 
however, it could be changed to corrosion-dominant 
in acidic medium containing fluorides. In another 
research [21], Ti6Al4V alloy was fabricated by 
casting and powder metallurgy, and the effect of 
fabrication technique on tribocorrosion behaviour 
was studied. The results represented that the 
sintered alloy had a better tribocorrosion response 
for implant applications. It was explained that a 
more durable tribofilm was formed on the sintered 
alloy during sliding. 

There are various mechanical and dynamic 
stresses on biomaterials used in the human joint 
implants [22], which may lead to various bio- 
tribocorrosion responses and mechanisms. The 
presence and characteristic of tribofilm depend on 
the loading conditions and are one of the reasons 
for various tribocorrosion responses [23]. YAN   
et al [24] reported that normal load may result in an 
increase in the corrosion and the metal ion release 
rate of a CoCrMo alloy implant. On the other hand, 
STACK et al [25] demonstrated that the rate of bio- 
tribocorrosion of Co−Cr in the Ringer’s solution 
can be decreased by applying higher normal loads. 
In another study, MATHEW et al [26] used two 
different test set-ups and reported that the 
tribocorrosion behaviour of a low carbon CoCrMo 
was governed by the normal loads in both set-ups. 

According to the literature, in the field of 
tribocorrosion, there are different acceptable 
procedures such as mechanistic and synergistic 
approaches [27]. However, synergistic approach is 
one of the acceptable methods by which the role of 
corrosion and wear components on tribocorrosion 
can quantitatively be determined [28]. Although the 

bio-tribocorrosion of titanium alloys has been 
widely investigated, few researches have been 
carried out to evaluate the effect of applied normal 
load on the bio-tribocorrosion behaviour. In this 
study, the synergistic tribocorrosion behaviour of 
Ti6Al4V was evaluated in phosphate buffered 
saline solution under various normal loads of  
3−30 N. The experiments were carried out 
according to ASTM G119−09 standard [29] using a 
ball-on-disk tribometer with in-situ electrochemical 
measurements. 
 
2 Experimental 
 

The wear−corrosion tests were performed 
according to ASTM G119−09, which is based on 
the following equation: 
 
T=Wo+Co+S                             (1) 
 
where T is the total rate of material loss during 
wear−corrosion, i.e., the tribocorrosion rate, Wo is 
the pure wear rate in the absence of corrosion (i.e., 
cathodic protection of specimen during the 
tribocorrosion test), Co depicts corrosion rate during 
stagnant condition, and S is quantitative synergy 
(synergy rate) that shows the interaction between 
mechanical and electrochemical damages. To 
specify the total wear and corrosion rates in the 
tribocorrosion condition, it is needed to obtain CW, 
the total corrosion component of tribocorrosion rate 
as measured in the presence of wear, and WC, the 
total wear component of tribocorrosion rate. CW can 
be calculated using Eq. (2), which is based on the 
Faraday’s law [30]: 
 

corr W
W

kI E
C

v
                              (2) 

 
where k is a constant (1.036×10−8 mg/(μAꞏs)), Icorr 
(μA) is corrosion current which can be achieved by 
Tafel extrapolation from polarization curves during 
tribocorrosion, EW is dimensionless equivalent 
weight of the material, which is 11.65 for Ti6Al4V 
in accordance with ASTM G102−99 [30], and v is 
sliding speed in m/s. WC is obtained using the 
following equation: 
 
WC=T−CW                               (3) 
 

Synergy rate can also be obtained as the sum 
of ∆CW (change of corrosion rate arising from wear, 
i.e., CW−Co) and ∆WC (change of wear rate resulting 
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from corrosion, i.e., WC−Wo):  
S=∆CW+∆WC                            (4) 
 

In the present study, a Ti6Al4V round bar with 
a diameter of 32 mm was used as the test material. 
Chemical composition of the alloy was obtained 
using optical emission spectroscopy (OES) and is 
presented in Table 1. The bar was sliced into the 
disks with a thickness of 3 mm. The surface of 
specimens was then polished to reach an average 
surface roughness (Ra) of (0.30±0.07) μm. 
 
Table 1 Chemical composition of Ti6Al4V alloy (wt.%) 

Al V Fe Mo Si Cu

6.37 4.33 0.03 0.01 0.01 0.01

W Nb Ni Sn Mn Ti 

˂0.01 0.008 ˂0.005 ˂0.005 ˂0.004 Bal.

 
A polymeric cup was mounted on an existing 

ball-on-disk tribometer for conducting tribo- 
corrosion and pure wear tests. Figure 1 
schematically shows the set-up used for the 
tribocorrosion test. The tests were conducted in a 
three-electrode cell at room temperature. The 
counter and reference electrodes were platinum and 

saturated Ag/AgCl, respectively. A bronze ring on 
the rotating shaft in connection with a fixed 
graphite electrode was used to electrically connect 
the rotating disk sample with the potentiostat. The 
experiments were performed in a phosphate 
buffered saline (PBS) solution. The PBS was 
prepared in accordance with ASTM F2129−15 [31] 
with the composition of 8 g/L NaCl, 0.2 g/L KCl, 
1.15 g/L Na2HPO4 and 0.2 g/L KH2PO4 in 
distillated water. 

The wear−corrosion and pure wear tests were 
conducted under various normal loads of 3, 8, 15 
and 30 N (corresponding to the maximum Hertzian 
contact pressures of 816, 1107, 1395 and 1758 MPa) 
at a sliding velocity of 0.1 m/s (160 r/min). Under 
standard walking conditions, hip joint bearings as 
the severest loading condition normally imposed 
contact pressures less than 100 MPa [32,33]. 
However, the contact pressure can significantly 
increase due to the malpositioning of the bearings 
such as the head displacement. For example, the 
head displacement in the range of 0.1−2.0 mm  
leads to the maximum contact pressure ranging 
from 850 MPa to 2 GPa [34]. This justifies the 
selected contact pressures to cover the extreme 
loading conditions of the hip bearings. 

 

 

Fig. 1 Schematic tribocorrosion set-up mounted on ball-on-disk tribometer to obtain electrochemical signals 
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Alumina balls, 5 mm in diameter with a 
hardness of HV0.1 1550 and surface roughness of 
about 0.12 µm were used as the counterpart. The 
nominal chemical composition of the alumina ball 
was: 48.6 wt.% Al, 46.4 wt.% O and 5.0 wt.% Si. 
The wear−corrosion tests were performed at open 
circuit potential (OCP). The pure wear tests (i.e., 
to measure Wo) were performed under cathodic 
protection by applying a potential of −1000 mV 
relative to OCP [29]. Although some investigators 
have argued that this is not pure wear condition 
because hydrogen atoms as a product of cathodic 
reactions can change the wear behaviour of 
materials in some circumstances [35]; it is still 
common to refer to the tests under cathodic 
protection as pure wear tests [36]. The specimens 
were cleaned with acetone in an ultrasonic bath 
before and after testing. To obtain the tribocorrosion 
and pure wear rates, mass losses were measured 
after a sliding distance of 300 m by weighing the 
samples with an accuracy of 10−4 g using electronic 
microbalance. Each experiment was repeated three 
times, and the average material removal rate and 
standard deviation were reported. 

The electrochemical measurements were 
performed using a 302N Autolab potentiostat/ 
galvanostat and NOVA 1.9 software coupled to the 
ball-on-disk tribometer. The changes in OCP of the 
samples versus Ag/AgCl electrode were recorded 
during the wear−corrosion tests. To obtain the 
corrosion rate of the samples during tribocorrosion 
(CW), a distinct series of the wear-corrosion tests 
under each condition were run and the polarization 
tests were conducted after sliding for 5 min using a 
scan rate of 1 mV/s. The polarization curves were 
also obtained in the stagnant and flow states, i.e., 
rotating of the disk without any contact with the 
ball counterpart. In these conditions, the samples 
were immersed in the solution for 1 h to stabilize 
OCP, and the polarization tests were then conducted 
with a scan rate of 0.167 mV/s (0.6 V/h). 

Nano-hardness profile measurement on the 
cross section of the pure wear and wear−corrosion 
tracks was carried out by a nano-hardness tester 
using a Berkovich indenter under a load of 10 mN 
with loading/unloading rates of 0.2 mN/s. Six 
indentations were carried out at each depth below 
the tribocorrosion and pure wear surfaces and the 
average values were reported. The tribocorrosion 
and pure wear surfaces were further studied using 

scanning electron microscopy (SEM), energy 
dispersive spectroscopy (EDS), and secondary ion 
mass spectroscopy (SIMS). 
 
3 Results and discussion 
 
3.1 Nano-hardness properties of wear tracks 

The nano-indentation test was performed at 
depths of 1−4 μm by an incremental step of 1 μm 
on the cross sections of the tribocorrosion and pure 
wear tracks after sliding under various normal loads 
of 3−30 N. The load−penetration curves at a depth 
of 1 µm for the wear tracks obtained under various 
normal loads in the tribocorrosion and pure wear 
(i.e., sliding under cathodic protection) conditions 
are typically shown in Figs. 2(a) and (b), 
respectively. Figure 2(a) also shows that the 
penetration depth due to the indentation load 
consists of two parts of elastic and plastic 
deformations. The hardness values shown in Fig. 2,  
 

 
Fig. 2 Variation of nano-indentation load versus 
penetration depth for Ti6Al4V at depth of 1 μm beneath 
wear surface following tribocorrosion (a) and pure wear 
(b) tests under normal loads of 3, 8, 15, and 30 N (Elastic 
(1) and plastic (2) depths of penetration are typically 
shown for tribocorrosion sample under normal load    
of 3 N) 
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were obtained from the plastic penetration    
depth [37]. 

The average hardness (H) extracted from the 
curves [37] such as in Fig. 2 at various depths 
beneath the wear tracks (1−4 μm) of both pure wear 
and tribocorrosion samples under normal loads of 
3−30 N is presented in Fig. 3. A decrease in 
hardness was observed as the distance from the 
wear surface was increased. The higher hardness of 
the regions just below the wear surface compared 
with the bulk hardness ((4.90.5) GPa) was 
attributed to the work hardening due to plastic 
deformation during sliding, which was also  
reported by other investigators [10,38]. The plastic 
deformation of the regions below the wear track of 
the tribocorrosion samples under the normal loads 
of 3−30 N is shown in Fig. 4. The contact stresses 
during sliding deformed and aligned the subsurface 
material towards the frictional direction. The 
deformation under a normal load of 3 N was 
probably narrow in depth and not detectable in the 
SEM image (Fig. 4(a)). As the normal load 
increased, the depth of deformed region beneath the 
wear track was increased. For example, the depth of 
plastic deformation of about 6 μm under a normal 
load of 8 N (Fig. 4(b)) was increased to 13 μm 

under a normal load of 30 N (Fig. 4(d)). Under a 
normal load of 3 N in Fig. 3(a), a hardness close to 
the bulk hardness of Ti6Al4V ((4.90.5) GPa) was 
obtained at the depths of 3−4 µm. However, as the 
normal load increased to 30 N, a hardness of about 
6.1 GPa was obtained at a depth of 4 µm in     
Fig. 3(d). This indicated that the material at this 
depth was highly affected by the contact stresses as 
shown in Fig. 4(d). The plastic deformation likely 
occurred in Ti6Al4V by dislocation slip and 
deformation twins during sliding [39,40]. 
Intersections between dislocation and twins 
hindered more plastic deformation during wear, 
leading to the work hardening [41]. 

Comparing Figs. 3(a−d) revealed that the near 
surface hardness increased as the normal load 
increased for both pure wear and tribocorrosion 
samples. As the normal load increased, for example, 
from 3 to 30 N, the average hardness at the depth  
of 1 μm increased from 7.5 to 17.5 GPa for the  
pure wear and from 5.2 to 8.8 GPa for the 
tribocorrosion samples, respectively. An increase in 
the normal load could provide more plastic 
deformation and work hardening on the wear 
surface, resulting in a higher density of dislocations 
and the formation of other crystal defects such as 

 

 

Fig. 3 Nano-hardness profiles of wear samples under normal loads of 3 N (a), 8 N (b), 15 N (c) and 30 N (d) under 

tribocorrosion and pure wear conditions 
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twins and voids during wear [42,43]. This led to a 
higher hardness in the near surface regions under 
the higher normal loads in Fig. 3. 

Figure 3 also showed that the maximum 
hardness of the subsurface was higher in the pure 
wear samples as compared with the tribocorrosion 
samples under various normal loads. The lower 
hardness of the tribocorrosion subsurface, as 
compared with pure wear, could be due to the 
formation of a bio-tribofilm and the removal of 
work hardened layers exposed to the corrosive 
medium (PBS, phosphate buffered saline) on the 
sliding surface during tribocorrosion. The formation 
of tribofilm, which was only about 100 nm in 
thickness under a normal load of 30 N [44], could 
lower the magnitude of tribological stresses in 
Ti6Al4V substrate. Therefore, a lower plastic 
deformation and work hardening in the subsurface 
regions of the tribocorrosion samples resulted in a 
lower hardness as compared with the pure wear 
samples in Fig. 3. 

Figure 3 showed that the difference between 
the maximum hardness of pure wear and tribo- 
corrosion samples was especially considerable 
under a normal load of 30 N in which the maximum 
hardness of the pure wear sample reached about  

HV 1780 (17.5 GPa) at 1 μm away from the  
surface, which was about twice of that in 
tribocorrosion sample (HV 900 or 8.8 GPa). The 
higher hardness of the subsurface region for the 
pure wear sample under a normal load of 30 N was 
probably due to high strain and strain rate      
that occurred during sliding, leading to the 
formation of a highly severe plastic deformation 
(SPD) layer [45]. Under the lower normal loads, 
this SPD region could form much closer to the wear 
surface than a depth of 1 µm where the hardness 
measurements were obtained. 

 
3.2 Micrographs of wear tracks 

Figure 5 showed back scatter electron SEM 
images of Ti6Al4V tribocorrosion tracks under 
various normal loads. The wear tracks showed 
indications of grooves and micro-abrasion due to 
sliding against alumina balls. The back scatter 
electron micrographs in Fig. 5 also represented 
some darker patches, which could be indicative of 
the formation of a different phase on the wear 
surfaces. The EDS analyses of various regions in 
Fig. 5 are listed in Table 2. According to the 
analyses in the table, the darker regions contained 
oxygen and phosphorous as compared with the  

 

 
Fig. 4 Subsurface micrographs of tribocorrosion samples after 300 m of sliding under various normal loads of 3 N (a),  

8 N (b), 15 N (c) and 30 N (d) (The cross sections were chemically etched with the Kroll’s etchant with 

V(H2O):V(HNO3):V(HF)=92:6:2) 
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Fig. 5 Back scatter electron SEM images of tribocorrosion tracks under various normal loads of 3 N (a), 8 N (b), 

15 N (c) and 30 N (d) in PBS solution after 300 m of sliding (Coarser arrows show the sliding direction) 

 

metallic brighter regions with almost no oxygen and 
phosphorous. The dark patches indicated the 
formation of bio-tribofilms due to tribo-mechanical 
and tribo-chemical reactions during sliding. The 
oxygen in the solution reacted easily with deformed 
titanium alloy on the sliding surface, resulting in an 
oxygen-rich tribofilm [44] during tribocorrosion 
testing. Table 2 showed that the oxygen content of 
the dark patches increased with the increase in 
normal load, which could indicate the formation of 
thicker bio-tribofilms. The surface coverage of the 
layers was also increased at the higher normal loads 
of 15 and 30 N as could be seen in Fig. 5. PERRET 
et al [46] demonstrated that the tribofilm could act 
as the obstacles for dislocation annihilation in the 
free surface. This could suggest larger hardening 
area due to the higher coverage of the tribofilm 
under higher normal loads, which in turn could 
better support the tribofilm during sliding. Under 
higher normal loads, a more plastic deformation of 
the wear surface (Fig. 4) resulted in a higher density 
of dislocations and twins, which led to an increase 
in the stored energy in the surface and subsurface of 

Table 2 EDS results of dark areas (A, C, E and G) and 

bright regions (B, D, F and H) on tribocorrosion surfaces 

shown in Fig. 5 

Normal 

load/N
Region

Content/wt.% 

Ti Al V O P 

3 
A 90.2 4.1 1.3 3.3 1.1

B 91.8 6.5 1.7 − − 

8 
C 83.3 5.5 2.5 7.4 1.3

D 92.4 5.3 2.1 0.3 − 

15 
E 80.2 7.3 1.8 9.9 0.8

F 92.3 6.0 1.8 − − 

30 
G 77.0 6.7 2.1 11.8 2.4

H 92.0 5.9 1.9 0.1 0.1
 
the material [47]. The higher stored energy of the 
surfaces could reduce the activation energy of 
chemical reactions and enable the surface to react 
more easily with the solution during tribo- 
corrosion [48]. Moreover, a subsurface material 
with higher hardness and strength developed under 
higher normal loads (Fig. 3) would make a more 
durable tribo-layer during sliding. 
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To verify the presence of phosphorous and 
oxygen in the bio-tribofilms, the tribocorrosion 
track formed under a normal load of 30 N was 
analyzed by SIMS (secondary ion mass 
spectrometry) and the depth profile is presented in 
Fig. 6. The results revealed that phosphorous and 
oxygen ions appeared on the wear surface. The 
phosphorous ions and water in PBS solution could 
react with bare titanium surface and form     
some phosphorous-containing complexes [49−51]. 
HANAWA et al [49] indicated that the repassivated 
film on titanium in Hanks’ solution consisted of 
TiO2, TiO(OH)2 and titanium phosphate using 
X-ray photoelectron spectroscopy and Auger 
electron spectroscopy. In accordance with the 
model proposed by HEALY and DUCHEYNE [50], 
titanium oxide could somewhat dissolve in the 
physiological body fluid and phosphorous ions are 
adsorbed in the passive film at the same time. The 
adsorbed phosphorous ions then reacted with     
Ti—OH and were incorporated into the passive film. 
This mechanism needed a long period of time,   
i.e., more than 5000 h to occur in a stagnant 
condition [51]. However, the contact stresses during 
sliding could increase the driving force of the 
reaction, and result in the formation of phosphorous 
and titanium complex on the wear surface during 
tribocorrosion tests [52]. 
 

 

Fig. 6 SIMS depth profiles of tribocorrosion tracks after 

300 m of sliding under normal load of 30 N 

 
3.3 Potentiodynamic polarization 

The polarization curves of samples during 
tribocorrosion under various normal loads of 
3−30 N are shown in Fig. 7. The polarization  
curves in the stagnant and flow (i.e., sample 

rotating in the solution without loading) conditions 
are also presented in Fig. 7. Figure 7 revealed   
that at potentials higher than 0.23 V (vs Ag/AgCl), 
the electrochemical current densities were 
approximately equal in the stagnant and flow 
conditions. The anodic branch of polarization 
curves in these two conditions exhibited a passive 
plateau at a potential span up to about 1.5 V 
(vs Ag/AgCl). Figure 7 showed a more negative 
corrosion potential, for the sample during flow as 
compared with the stagnant condition. This could 
be related to the easier removal of the unstable 
oxides i.e., TiO and Ti2O3 [53], from the passive 
TiO2 layer in the flow condition. These oxides, 
which loosely adhered to the passive film [54], 
were easily removed from the surface during 
rotation of the disk in the solution and resulted in a 
lower corrosion potential, i.e., a higher tendency to 
corrosion. 
 

 
Fig. 7 Polarization curves of samples under stagnant, 

flow, and tribocorrosion conditions at various normal 

loads of 3, 8, 15 and 30 N 

 
As compared with the stagnant and flow 

conditions, the polarization curves were 
significantly changed during tribocorrosion, i.e., 
under loading. There were about 345 and 110 mV 
decrease in the corrosion potential under a normal 
load of 3 N compared with the stagnant and flow 
conditions, respectively. This suggested a higher 
tendency of the alloy for corrosion during 
tribocorrosion [55], which was probably due to the 
local removal or destruction of the passive film. 
The decrease in the corrosion potential of the 
tribocorrosion samples compared with the stagnant 
condition was about 527, 639 and 791 mV under 
normal loads of 8, 15 and 30 N, respectively. The 
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lower corrosion potential during sliding under 
higher normal loads was due to the higher plastic 
deformation of the wear surface (Fig. 4) leading to 
easier reaction [48] during tribocorrosion. 

Figure 7 also showed an increase of about 
three orders of magnitude in the corrosion current 
densities (Jcorr) during the tribocorrosion compared 
with those in the stagnant and flow conditions.  
This was also consistent with the study conducted 
by HACISALIHOGLU et al [56]. During 
tribocorrosion, the passive film was damaged, 
resulting in a direct contact between the active bare 
metal and the corrosive medium, which led to 
unrestricted charge transfer responses [57] and a 
sharp increase in the corrosion rate. It could be 
observed from Fig. 7 that there was no tangible 
change in corrosion current density under various 
normal loads. A higher corrosion current density 
was expected under a higher normal load due to a 
higher surface damage, a larger real contact area 
and higher plastic deformation on the surface. 
However, as the normal load increased from 3 to  
30 N, Jcorr was changed from 270 to 210 μA/cm2. It 
seems that the formation of tribofilm with higher 
coverage on the wear surfaces under the higher 
normal loads in Fig. 5 could control the corrosion 
rate by lowering the direct contact of the mating 
surfaces. 

3.4 Open circuit potential and coefficient of 
friction 
The changes in the coefficient of friction and 

open circuit potential with sliding distance during 
tribocorrosion under various normal loads are 
presented in Fig. 8. Prior to loading, the OCP 
increased in the PBS solution, which was related to 
the formation and growth of the passive film on 
Ti6Al4V surfaces [58]. At the onset of sliding, a 
considerable decrease in the potential was observed. 
The decrease in OCP or a higher tendency of the 
alloy for corrosion was attributed to the destruction 
of the passive film and plastic deformation on the 
contact regions (Fig. 4), which also resulted in a 
higher corrosion rate in Fig. 7. The tribocorrosion 
surface became more active under the higher 
normal loads, which led to a more negative OCP 
(Fig. 8). 

The film destruction and excessive plastic 
deformation on asperities, which increased the 
surface energy, resulted in a more active surface by 
a sharp drop in the OCP at the start of sliding. In 
stage A shown in Figs. 8(c) and (d), a small gradual 
increase in the potential could be observed under 
normal loads of 15 and 30 N. By the onset of 
sliding, a nobler surface was formed probably due 
to the formation of tribofilms as shown in Fig. 5, 
which allowed the OCP to shift gradually towards  

 

 

Fig. 8 Coefficient of friction and open circuit potential vs sliding distance of Ti6Al4V alloy under normal loads of     

3 N (a), 8 N (b), 15 N (c) and 30 N (d) before, during and after tribocorrosion 
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the higher potentials. In fact, a transient in the 
dominant wear mechanism from a mechanical  
wear to a tribochemical wear could exist at this 
stage [48]. 

Figure 8 showed that after the tribocorrosion 
tests, the OCP increased rapidly and shifted to a 
nobler potential as a result of the repassivation of 
the contact areas and the presence of the tribofilms. 
The fluctuations in the coefficient of friction 
amplitude were decreased as the applied normal 
load increased. The existence of the fluctuations in 
the coefficient of friction could be related to a high 
adhesion between Ti6Al4V and alumina counterpart, 
causing a stick//slip [59]. Therefore, a lower 
fluctuation in the trace of coefficient of friction as 
the normal load increased was attributed to a lower 
adhesion due to the formation of a tribofilm with 
higher surface coverage as depicted in Fig. 5. The 
tribofilm could also increase the average tangential 
strength of the sliding interface and, therefore, 
increase the average coefficient of friction under 
higher normal loads as shown in Fig. 8. The higher 
amount of plastic deformation and work hardening 
under higher normal loads could result in a higher 
increase in the shear strength than the hardness 
values of the wear surface and subsurface regions  
in Fig. 3 [60]. This could also contribute to the 
increase in the average coefficient of friction with 
normal load. Figures 8(b−d) showed that there were 
some instantaneous peaks in the OCP traces 
towards the anodic side under normal loads of 8, 15 
and 30 N, respectively. This meant that some 
periods with low amplitude fluctuations were 
observed under the higher normal loads, specially 
30 N. The formation of tribofilm patches on the real 
contact areas during sliding could be responsible for 
the peaks observed. 
 
3.5 Synergetic tribocorrosion 

Figure 9 presents the tribocorrosion (T) and 
pure wear (Wₒ) rates of Ti6Al4V in the PBS under 
various normal loads of 3−30 N. The figure showed 
that as the normal load increased, the tribocorrosion 
rate increased as expected according to the Archard’s 
wear equation [61]. However, the specific 
tribocorrosion rate (STR) as obtained by dividing 
the tribocorrosion rate by the normal load, which 
compared the severity of damage with the normal 
load, showed a different trend in Fig. 9. The figure 
showed a higher STR and a severer wear under a 

normal load of 8 N compared those with 3 N. The 
drop in STR under higher loads of 15 and 30 N 
indicated that the wear became milder probably due 
to a higher coverage of the tribofilm (Fig. 5) and the 
decrease in adhesion between the mating surfaces. 
 

 
Fig. 9 Tribocorrosion (T), pure wear (Wo), synergy rate 

(S) and specific tribocorrosion rate (STR) of Ti6Al4V in 

PBS solution under various normal loads of 3, 8, 15 and 

30 N 

 
The pure wear surfaces under various normal 

loads are presented in Fig. 10. Figures 10(a) and (b) 
showed grooves and plastic deformation on the pure 
surfaces under normal loads of 3 and 8 N, similar to 
the tribocorrosion surfaces in Fig. 5, which resulted 
from sliding against the hard counterpart, i.e., 
alumina ball [6]. This could suggest the occurrence 
of ploughing as a dominant wear mechanism on the 
pure wear surfaces. In comparison, the presence of 
oxygen-rich tribofilm on the tribocorrosion surfaces 
(Fig. 5 and Table 2) in conjunction with the 
ploughing and plastic deformation indicated that the 
predominant wear mechanism was a chemical wear 
accompanying with ploughing. 

A remarkable point in Fig. 9 was that 
increasing the normal load from 15 to 30 N resulted 
in a decrease of about 45% in the pure wear rate 
(Wₒ). A higher work hardening under a higher 
normal load of 30 N resulted in a subsurface 
hardness of about two times higher compared with 
a normal load of 15 N in the pure wear condition 
during sliding (Figs. 3(c) and (d)). Therefore, 
considering a twice increase in the normal load, the 
Archard’s wear equation [61] would predict a 
similar wear rate. However, SEM micrographs of 
the pure wear surfaces in Fig. 10 under normal 
loads of 15 and 30 N showed that a larger amount 
of wear debris was generated under a normal load 
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Fig. 10 SEM images of pure wear tracks (i.e., under cathodic protection of −1 V (vs Ag/AgCl) in PBS solution) under 

normal loads of 3 N (a), 8 N (b), 15 N (c) and 30 N (d) after 300 m of sliding 

 

of 15 N due to the brittle fracture of the material as 
the predominant wear mechanism. This led to a 
higher wear coefficient and, therefore, a higher 
wear rate. Furthermore, according to our previous 
published paper [44], plastic deformation and work 
hardening of the wear surface and subsurface 
during sliding could result in the grain refinement 
of Ti6Al4V. The grain refinement is a strengthening 
mechanism, which at the same time, increases the 
hardness and toughness of the material [62]. Under 
a normal load of 30 N, a higher plastic deformation 
led to a higher work hardening and a higher 
hardness (Fig. 3(d)), which could result in a more 
grain refinement and a higher toughness of the wear 
surface and subsurface [44]. This probably led to a 
change in the wear mechanism from a severer 
brittle fracture to a more ductile deformation. This 
caused a lower generation of wear debris resulting 
in a lower wear coefficient and, therefore, a lower 
wear rate under a normal load of 30 N as compared 
with 15 N during pure wear condition. 

The synergistic interaction between wear and 
corrosion was obtained from Eq. (1) and also shown 

in Fig. 9. The synergy rate (S) was positive under 
all normal loads. This revealed that the material 
removal rates were enhanced by the presence of the 
corrosive medium (PBS), as compared with the 
pure wear rates. To study the synergistic effect, the 
tribocorrosion data of Ti6Al4V in PBS using    
Eqs. (1), (3) and (4) are listed in Table 3. Under 
various normal loads, WC, the wear component of 
the tribocorrosion rate or T (T=WC+CW), i.e., the 
total wear rate in the presence of corrosion, was 
much higher than CW, the corrosion component of 
tribocorrosion rate. The contribution of WC ranged 
from 97% to 99.7% under normal loads of 3 to 
30 N, respectively. This revealed that the tribo- 
corrosion of Ti6Al4V in PBS was wear-dominant 
[19,55]; however, the influence of corrosion on the 
wear rate could not be neglected. Although, CW 
comprised a very small portion of tribocorrosion 
rates (T); a high value of ∆WC, i.e., the change in 
wear rate due to corrosion, in Table 3, showed that 
the wear rate was mainly enhanced due to the 
presence of corrosion. This was more pronounced 
under a normal load of 30 N, where the presence of 
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corrosion unexpectedly enhanced the tribocorrosion 
rate to more than 245% respect to the pure wear rate 
as compared with 52%, 30% and 28% under the 
lower normal loads of 3, 8 and 15 N, respectively. 
The higher tribocorrosion rate (T) compared with 
the pure wear rate (Wo) might be related to the 
higher removal rate of the work hardened layer 
during tribocorrosion. Figure 3 revealed a lower 
subsurface hardness for the tribocorrosion 
compared with the pure wear samples, which was 
also attributed to the removal of the wok hardened 
layer. The removal of the work hardened layer in 
the tribocorrosion tests was due to the destructive 
interaction between corrosion and mechanical wear. 
It meant that the formation and subsequent removal 
of corrosion products on the work harden layer 
increased the corrosion rate during tribocorrosion, 
which also resulted in a higher tribocorrosion rate 
compared with pure wear shown in Fig. 9 and Table 
3. The removal of the work harden layer in 
tribocorrosion condition was the reason for the 
large increase in the ∆WC and WC in Table 3. A 
higher value of ∆WC resulted in a higher synergy 
rate (S=∆WC+∆CW), leading to a higher tribo- 
corrosion rate (T) as compared with Wo. 

To better show the effect of interaction 
between wear and corrosion, i.e., the contribution of 
synergy on the tribocorrosion rate, the S/T ratio was 
calculated under various normal loads and 
presented in Table 3. The S/T ratio was 0.71 under a 
normal load of 30 N, which implied that 71% of the 
total tribocorrosion rate was related to the 
interaction between corrosion and wear, as 
compared with 22%−34% under the lower normal 
loads. This suggested that the role of corrosion on 
the wear degradation was largely increased under a 
normal load of 30 N. In addition, a lower OCP 

under a normal load of 30 N in Fig. 8 indicated a 
higher tendency to corrosion, which led to a higher 
S/T ratio. This could also be due to the dissolution 
of the work hardened or SPD layer as discussed 
earlier. The corrosion and subsequent wear of the 
layer increased the material removal rate, i.e., the 
tribocorrosion rate, under the normal loads tested. 
This was more pronounced under a normal load of 
30 N, which resulted in a higher work hardening of 
the wear surface and higher corrosion and a higher 
S/T ratio. This clearly indicated the higher effect of 
the dissolution of work hardened layer on the 
tribocorrosion rate of Ti6Al4V. 
 
4 Conclusions 
 

(1) There was a high increase in the hardness 
and decrease in wear debris and wear rate of 
Ti6Al4V disk against alumina ball in PBS solution 
as the normal load increased from 15 to 30 N 
during pure wear. 

(2) A higher tribocorrosion rate was obtained 
compared with the pure wear due to the successive 
formation and removal of the tribofilms, which 
were more pronounced under the normal loads 
higher than 3 N. 

(3) EDS and SIMS analyses revealed the 
formation of tribofilms containing oxygen and 
phosphorous compounds during tribocorrosion. The 
presence of the tribofilms led to a higher coefficient 
of friction with a lower fluctuation under normal 
loads of 8, 15 and 30 N compared with 3 N during 
tribocorrosion. 

(4) The corrosion component of tribocorrosion 
rate, CW, was only a small portion of the 
tribocorrosion rate (T). However, the presence of 
corrosion led to 28%−245% increase in the wear 

 
Table 3 Tribocorrosion variables of Ti6Al4V in PBS 

Normal 

load/ 

N 

Variable/(μgꞏm−1) 
S/T ratio

T Cₒ Wₒ S=T−Cₒ−Wₒ CW WC ∆CW ∆WC 

3 2.78±0.52 
0.001144±

0.00032
1.83±0.83 0.95±0.61 0.08±0.01 2.70±0.30 0.08±0.01 0.87±0.51 0.34±0.03

8 11.67±0.34 
0.001144±

0.00032
9.0±1.73 2.67±0.93 0.02±0.00 11.65±2.34 0.02±0.00 2.65±2.01 0.23±0.03

15 29.83±1.5 
0.001144±

0.00032
23.33±1.33 6.50±1.4 0.20±0.01 29.63±3.58 0.20±0.01 6.30±2.47 0.22±0.02

30 44.67±2.23 
0.001144±

0.00032
12.90±0.64 31.77±1.17 0.12±0.02 44.55±6.01 0.12±0.02 31.65±5.79 0.71±0.06
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component of tribocorrosion rate (WC) compared 
with the pure wear (Wo) under different normal 
loads. 

(5) The ratio of synergy-to-tribocorrosion rate 
(S/T) was about 71% under a normal load of 30 N 
compared with 22%−34% under lower normal 
loads. This revealed the destructive role of 
corrosion in the tribocorrosion rate under the 
highest normal loads. 
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磷酸盐缓冲液中 Ti6Al4V 合金 
在不同法向载荷下的摩擦腐蚀行为 
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摘  要：使用球对盘式摩擦计，在法向载荷为 3~30 N(对应最大赫兹接触压力为 816~1758 MPa)的条件下，研究

Ti6Al4V 合金在磷酸盐缓冲液中对磨氧化铝的摩擦腐蚀行为。纳米硬度测试结果表明，在纯磨损和摩擦腐蚀表面

形成加工硬化层。在纯磨损过程中，当法向载荷从 15 N 增加到 30 N 时，表面硬度提高约 100%；然而，当法向

载荷为 30 N 时，产生的磨屑越少，磨损率越低。在不同法向载荷下，腐蚀的存在使磨损率增加 28%~245%。与

静态相比，在摩擦腐蚀过程中，极化曲线获得的腐蚀电流密度增加 3 个数量级，且开路电位(OCP)向负电位方向

偏移。由氧和磷化合物组成的摩擦膜不断形成和消除，使 OCP 曲线达到峰值，并使法向载荷高于 3 N 时的摩擦

因数波动减小。 
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