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Abstract
Previous investigation has established the formation of tribofilm is influenced by tribochemical reactions between the 
electrolyte and the articulating surface of cobalt alloy through sliding tests in various simulated fluids. Although it has 
successfully characterized the film composition via spectroscopy analysis and indicated to have impact on material loss, a 
comprehensive understanding of the material degradation mechanism in tribocorrosion condition was still lacking. Therefore, 
this study aims to investigate the role of protein in the tribocorrosive degradation of cobalt-chromium-molybdenum (CoCrMo) 
alloy in different simulated physiological electrolytes. Using a similar testing protocol, tribocorrosion tests were conducted 
with reciprocating ceramic ball against CoCrMo samples immersed in saline and culture medium, compared to both 
electrolytes diluted with 25% fetal bovine serum (FBS). Synergistic and mechanistic approaches were employed to model the 
tribocorrosive degradation. Results reveal that protein plays a beneficial role in reducing corrosive (electrochemical) surface 
degradation under tribocorrosion condition, whilst increasing mechanical wear degradation in the process. Despite studies 
have shown that tribocorrosion behavior in metal alloys is highly influenced by the presence of organic matter, this study 
provides a more clarity of the roles played by protein in tribocorrosive degradation on CoCrMo surface as its novel finding.
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1 Introduction

CoCrMo is a widely used bearing material in hip and knee 
arthroplasties due to its mechanical properties, self-mating 
performance, and perceived biocompatibility [1–3]. How-
ever, concerns have arisen about the release of metal ions 
and debris into the biological environment, questioning its 
suitability for biomedical applications [4–8]. Tribocorro-
sion process is a primary contributor to the simultaneous 
generation of metallic debris (mechanical wear) and ion 

release (electrochemical corrosion) on articulating com-
ponents [9–11]. To achieve reduced wear and corrosion, a 
thorough understanding of the fundamental surface degrada-
tion mechanisms is essential [12]. It is important to note that 
tribocorrosion cannot be simplified to the straightforward 
addition of wear and corrosion losses, given its simultaneous 
mechanical and chemical events [9, 13–15]. Additionally, 
comprehending the interactions between contacting surfaces 
and biological fluid is crucial in determining the tribocor-
rosive degradation of implant materials. Therefore, effective 
control of tribocorrosion requires a distinct strategy.

Tribocorrosion can be effectively studied using the syn-
ergistic approach [6–9]. A standardized method (ASTM 
G119) has been proposed, considering the combined effects 
of mechanical wear and electrochemical corrosion, along 
with a synergistic factor involving wear-induced corrosion 
and corrosion-induced wear [16]. That standard has been 
widely used in various studies [14, 17–22] to quantify the 
synergism of different materials in diverse environments, 
which can be categorized as antagonistic or synergistic [2, 
23]. In response to certain limitations of the synergistic 
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approach, the mechanistic approach initially developed by 
Uhlig [24], was standardized as UNE 112086 [25]. This 
mechanistic approach identifies two primary mechanisms 
governing tribocorrosion: mechanical removal due to wear 
and anodic dissolution/corrosion during intermittent de-
passivation. However, the approach was later refined to 
account for additional factors, such as pure passive corro-
sion beyond the contact area and corrosion-enhanced wear 
loss [26]. The mechanistic approach has gained popularity 
among researchers due to its simplicity and effectiveness 
[27–31]. Understanding these interactions is vital in assess-
ing the performance of materials under tribocorrosion condi-
tions with the biological species presence, such as protein, 
in the physiological environment as the complexity factors.

Proteins are the predominant molecule in synovial fluid, 
which exhibit a complex structure of amino acids and is 
stabilized by various interactions [32, 33]. Studies have 
demonstrated some effects of the protein when interacting 
with metal surface, such as on metal-oxide bonding, surface 
film, corrosion reactions, and tribocorrosion properties [27, 
34–41]. While Munoz and Mischler [27, 35, 36] investigated 
that protein adsorption increases the corrosion rate of 
CoCrMo alloy [27, 35, 36], Yan et al. [42, 43] presented 
that it significantly enhances the corrosion resistance of 
articulating metal surface as also appeared in several other 
studies [44, 45]. This shows the protein can act multiple 
roles depending on its operating environment. The protein 
molecule reactivity toward the surface is affected by the 
electrochemical potential and tribological conditions [35, 
46, 47]. Interestingly, studies hypothesized that protein 
contributed to abrasive wear, even though it tended to 
deposit as a film on the metal surface during sliding [29, 48, 
49]. When protein possesses unfolded structures due to shear 
stress or increased temperature, it can easily complex with 
the metal or aggregate with other protein, forming protein-
metal complexes that act as abrasive particles, accelerating 
material degradation rates. These protein particles can 
also lead to the increased friction, material wear, and 
inflammatory oxidative conditions [50].

This study was done as a follow-up investigation based 
on the previous findings published by the authors [11], 
which successfully characterized the structure of tribofilms 
deposited in the wear scar on CoCrMo surfaces. It was 
noted from the previous study, the proteinaceous species 
such as calcium, phosphorus, and sulfur were catalyzed by 
tribology-induced processes, leading to their deposition 
onto the tribofilm, as confirmed by the X-ray photoelectron 
spectroscopy (XPS) profiling analysis. Moreover, the 
addition of protein in simulated physiological fluids was 
indicated to enhance corrosion resistance. The average 
coefficients of friction (µ) observed during 2 h of sliding over 
CoCrMo–alumina interfaces were found to be significantly 
lower in electrolytes that contained organic species, 

including protein and cell culture medium when compared 
to the µ measured in saline solutions, in which the reduction 
in µ was more than 50%. This observation suggested that the 
presence of organic substances had a substantial lubricating 
effect during the sliding process, resulting in lower friction. 
However, a comprehensive understanding of the material 
degradation process in the presence of protein during 
tribocorrosion remains largely unknown.

There are only a limited number of recent studies 
investigating tribocorrosion behavior in cobalt alloys with 
the presence of organic matter in the testing environment, 
employing both mechanistic and synergistic approaches 
to understand material mass loss mechanisms. Therefore, 
this study aims to explore the role of protein substances 
in the tribocorrosive degradation mechanism of CoCrMo 
alloy surfaces using both tribocorrosion approaches. As a 
novel finding, this investigation reveals that protein plays 
a “double agent” role during tribocorrosion tests. On one 
hand, its presence reduces corrosive (electrochemical) 
surface degradation, yet on the other hand, it tends to 
elevate mechanical wear degradation during sliding tests 
when compared to tests conducted without protein. This 
study is expected to highlight on the protein–metal surface 
interaction under tribocorrosion, contributing to a broader 
understanding of their performance in physiological 
environments in order to later design of new materials in 
orthopedic implant applications.

2  Material and Methodology

Figure 1 shows a schematic of the overall experimental pro-
cedures employed in this study, including the list of test-
ing electrolytes, tribocorrosion testing methods, surface 
analysis, and measurements to obtain tribocorrosive deg-
radation components and then analyzed by tribocorrosion 
approaches.

2.1  Testing Materials

The testing materials employed in this study consisted of 
CoCrMo samples immersed in four different electrolytes. 
The CoCrMo alloy used in this study was a wrought low-
carbon Co-28Cr-6Mo alloy, complying with ASTM F75-
12 standard specifications [51]. The 22-mm diameter rod 
supplied by Peter Brehm GmbH, Germany, was cut into 
flat components of 6 mm thickness. The samples were 
prepared by grinding with silicon carbide paper (grit sizes 
600–1200) followed by mirror-polishing using 3 and ¼ µm 
diamond paste and polishing paper (Bruker Corporations, 
UK) to achieve an approximate surface Ra of ~ 5 nm. After 
degreasing with acetone, rinsing with deionized (DI) water, 
and drying with compressed air, the CoCrMo samples were 
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used directly for tribocorrosion testing. This preparation 
method aligns with practices within the field [52–55] and 
complies with ASTM G5 [56] and G59 [57] guidance.

This study compared four different electrolytes used as 
seen in Table 1, as also detailed in the previous study [11]. 
Analytical laboratory-grade sodium chloride (NaCl) from 
Sigma, UK, was used as the received salt ion in this study. 
The pure saline consisted of 0.9% w/v sodium chloride 
(NaCl) in deionized water with a viscosity of 0.000885 
Pa.s [58] as one of the electrolytes. One of the organic-
containing electrolytes, devoid of protein, lipids, or growth 
factors, was a high-glucose Dulbecco’s modified Eagle’s 
medium (Gibco’s DMEM) solution from Life Technologies 
Corporation, UK. This solution contained Mg ions from 
magnesium sulfate  (MgSO4–7H2O). The DMEM had a 
high-glucose level of 4.5 mg/mL, along with a substantial 
concentration of amino acids, vitamins, and inorganic 
salts. With a pH of 7.2 and conductivity of 0.68 mS/cm, 
this solution was commonly used in cell culture processing 
applications. DMEM possessed the same chloride content 
as FBS, which influenced the corrosion behavior [59–61].

Fetal bovine serum (FBS) from Sera Laboratories Inter-
national, UK, was used as the testing electrolyte, filtered 
at triple 0.1 µM and European grade. The FBS concentra-
tion was in accordance with the version of ISO 14243-3 
standard for hip simulation, necessitating a 25% (v/v) con-
centration of serum or a minimum 17-g/L total protein 
content [61–63]. For this study, the 25% FBS was diluted 
in phosphate-buffered saline (PBS) and the DMEM solu-
tion to investigate the effect of protein in the physiological 

electrolyte composition as comparison to the as-received 
saline and DMEM solutions.

2.2  Tribocorrosion Tests

A reciprocating tribometer (BICERI, UK) was utilized to 
simulate tribocorrosion, employing a reciprocating alumina 
 (Al2O3) ceramic ball with a diameter of Ø = 12 mm and 
grading standard of 25 (Atlas Ball and Bearing Company, 
UK). The ceramic ball was in direct contact with a flat 
CoCrMo sample, exposing an area of 3.80   cm2. To 
achieve an initial mean Hertzian contact pressure ( Pmean ) 
of 815 MPa, a constant normal load of 30 N was applied 
[11, 64]. The applied contact pressure aimed to simulate an 
extreme movement of the hip joint, exceeding that of normal 
standard gait condition [11, 29, 61].

All tests were conducted with a 10-mm stroke length, 
1-Hz frequency, and sliding speed of 20 mm/s (1 cycle per 
second in tribocorrosion test) at room temperature (~ 25 °C) 
under equilibrium conditions (i.e., corrosion not forced). The 
total sliding time was 2 h, and each test was conducted in 
triplicate (n = 3). After the tests, the samples underwent a 
rapid rinse with DI water, were dried with compressed air, 
and then stored in a desiccator to prevent contamination 
before surface chemical analysis.

The reciprocating pin-on-plate tribometer was equipped 
with a 3-electrode electrochemical cell controlled via a 
PGSTAT101 potentiostat (Metrohm Autolab, the Nether-
lands), as depicted in Fig. 2 (reproduced from the previous 
study [11, 29]). The electrochemical cell consisted of the 
CoCrMo sample as the working electrode (WE), a silver/

Fig. 1  Schematic of tribocor-
rosion tests, surface analysis 
protocols, and components 
to achieve tribocorrosion 
approaches

Table 1  Characteristics of the 
testing electrolytes [11]

Electrolytes pH Conductivity 
(mS/cm)

Viscosity 
(mPa s)

Lambda ratio λ Protein 
(gram per 
volume)

Saline 6.9 3.8 0.88 0.019 0 g/L
25% FBS + PBS 7.4 3.8  < 1 0.021 17 g/L
DMEM 7.2 0.68 1.07 0.022 0 g/L
25% FBS + DMEM 7.2 0.68 1.07 0.022 17 g/L
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silver chloride (Ag/AgCl) as the reference electrode (RE), 
and a platinum (Pt) disk as counter electrode (CE).

2.2.1  Electrochemical Measurements

Corrosion and tribocorrosion were assessed using open-
circuit potential (OCP) and intermittent linear polarization 
resistance (LPR) measurements, consistent with the 
approach used in the previous studies [11, 29]. OCP was 
determined by recording the potential difference between the 
working electrode (WE) and reference electrode (RE) at a 
rate of 1 Hz. The absence of current flow between the counter 
electrode (CE) and WE indicated equilibrium between the 
anodic and cathodic reactions of the CoCrMo sample. 
Monitoring the OCP evolution during the test provided 
a semi-quantitative evaluation of the system’s corrosion 
behavior. A previous study [65] apparently have done 
critiques on the LPR measurement, in which it has benefit 
as it can calculate a wide range of corrosion resistance with 
a straightforward method. By applying relatively small over-
potential and determining the ratio of voltage over current 
through the three electrodes in an electrolyte, the corrosion 
parameters can be monitored and calculated, without 
additional data processing and destructing the sample [66, 
67]. To note that in some cases it may be difficult to measure 
accurately the corrosion resistance when the environment 
containing the electrode does not form a linearity between 
over-potential and current density, as well as has limitations 
when measured in severe corrosive circumstances [68, 69].

Intermittent LPR measurements were conducted at 500 s 
after immersion, followed by 30-min intervals during sliding 

and finally at 500 s after the test to assess the material’s 
resistance to polarization and subsequent corrosion current. 
To calculate the polarization resistance ( Rp ), the potential of 
the WE were shifted ± 10 mV versus OCP with a scan rate 
of 0.25 mV/s, and the resulting current was measured. The 
LPR technique, operating within a few millivolts (mV) of 
the sample OCP, is considered non-destructive. Conduct-
ing LPR measurements intermittently avoided potential 
changes within the system that might arise from sustained 
over-potential application. ASTM G119-09 [70] and G59-97 
[57] outline the use of the LPR technique and Stern–Geary 
coefficients to determine corrosion currents in tribocorrosion 
systems [60]. Figure 3 provides an overall schematic of the 
tribocorrosion tests in OCP conditions.

Figure  4 presents example plots of current versus 
potential obtained from LPR tests under (a) static and 
(b) sliding conditions (example tested in saline) [29]. 
A linear E–I response was observed around zero net 
current. The slope of the measured current as a function 
of applied potential represents the polarization resistance, 
calculated using a voltage window of ± 5 mV around zero 
net current, consistent with previous studies [11, 29, 71]. 
The Rp values were then converted into corrosion current 
density ( Icorr ) in Amperes using the Stern–Geary formula 
(Eq. 1) and standard Tafel constants ( �a and �c = 120 mV/
decade) obtained through extrapolation of the Tafel plot. In 
this study, the values of both Rp and Icorr were plotted and 
obtained by CorrWare and CorrView software (AMETEK 
Scientific Instruments, USA). The obtained Icorr values were 
integrated over the tribocorrosion test time ( t  ) in seconds 
to determine the total charge transfer of ion removal ( Q ) in 
Coulombs, as described in Fig. 4c and Eq. (2) [71].

The charge transfer obtained from LPR data was used 
to estimate the mass loss ( m ) of the metallic surface 
resulting from corrosion components, following Faraday’s 
Law (Eq. 3). Faraday’s constant ( F ) of 96,500 C/mol and 
the molar mass ( M ) of 55.7  g/mol, obtained from the 

(1)Icorr =
�a.�c

2.303
(

�a + �c
) .

1

Rp

,

(2)Q =
t

∫
0

Icorrdt.

Fig. 2  Instrumented reciprocating tribometer scheme (image was 
reproduced from the previous study [11])

Fig. 3  Schematic of the tribo-
corrosion tests’ procedure in 
OCP condition
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stoichiometric average of CoCrMo alloys composition, 
yielded a valence number ( n ) of 2.4 and a density ( � ) of 
8.29 g/cm3. These values were consistent with those used 
in previous studies involving CoCrMo samples [11, 29, 
71–73]. The estimated mass loss was then divided by the 
material density to calculate the corrosion volume loss ( VC ) 
in accordance with Eq. (4).

2.2.2  Cathodic Potentiostatic Polarization

Potentiostatic polarization was employed to monitor 
the transient cathodic net current behavior at a fixed 

(3)M =
M.Q

n.F
,

(4)VC =
m

�
.

(static) potential between the working electrode (WE) 
and reference electrode (RE). Applying a fixed cathodic 
potential was intended to inhibit the oxidation of the 
metal surface. By applying cathodic potential during 
sliding, corrosion damage could be avoided, allowing for 
the measurement of pure mechanical wear loss ( W0 ) at 
the surface. Friction coefficient data were not shown for 
this test. Prior to potentiostatic testing, samples (n = 3) 
were immersed in OCP to stabilize surface passivation 
for 500 s. Subsequently, a constant potential was applied 
(E = − 0.8 V in this study) and the tribological condition 
was introduced at 60  s after potentiostatic condition 
started. The potentiostatic tests were conducted under 
sliding conditions for a duration of 2 h. After finished, the 
cleaning procedure was conducted for CoCrMo samples as 
similar as the ones in OCP condition and then the samples 
were moved for the volume loss measurements.

Fig. 4  Example of polarizations during LPR scan at a static and b sliding conditions in 0.9% NaCl, as well as c plotted I
corr

 values over testing 
time to obtain the total charge transfer
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2.3  Surface Analysis

Vertical scanning interferometry (VSI) (NPFlex, Bruker, 
USA) was utilized to acquire three-dimensional surface 
profiles and measure the total volume loss after 2-h 
sliding. VSI utilized white light and surface reflection 
to generate fringes, employing a 10× magnification lens. 
The Vision64 software (Bruker, MA, USA) processed the 
results, calculating the wear scar contour and negative 
volume after removing surface form and tilts. To measure 
the total volume loss, the layer height was adjusted to 
calculate all points below the plane.

Specific wear rates were then determined using 
Archard’s Law [74, 75]. As shown in Eq. (5) [76], the 
specific wear rate ( SWR ) in µm3/N.m was calculated by 
dividing the total volume loss ( Vtotal ) in µm3 by the constant 
normal load ( W  ) in Newton and the sliding run distance 
( ΔS ) of 144 m for the 2-h sliding duration. In this study, 
VSI measured surface losses from CoCrMo samples under 
(i) OCP condition to obtain the total volume loss ( Vtotal ) 
in µm3 for a tribocorrosion system at equilibrium and (ii) 
cathodic potentiostatic to obtain the pure mechanical wear 
losses ( W0 ) in µm3 comparing various electrolytes.

A Carl Zeiss’ EVO MA 15 scanning electron 
microscopy (SEM) was employed to examine the worn 
surface morphology and particle depositions on the sample 
surface. The images captured are expected to qualitatively 
support the findings from the volume losses calculation.

2.4  Tribocorrosion Analysis

This study used both synergistic and mechanistic 
approaches to analyze the tribocorrosive behavior under 
the given testing conditions, aimed to fill the gap left by 
the previous study [11].

2.4.1  Synergistic Mode

In this study, the ASTM G119 standard [77] was 
employed to determine the material loss of the CoCrMo 
samples following the tribocorrosion test. This standard 
encompasses four contributing factors: pure mechanical 
wear ( W0 ), pure corrosion ( C0 ), and the combined effects 
of wear and corrosion ( S ), as described by Watson’s 
formula in Eq. (6) [9]. The S components can be further 
divided into two parts: the increase in wear loss due to 
corrosion dissolution (corrosion-enhanced wear; ΔWc ) 

(5)V = SWR.W.ΔS.

and the increase in corrosion loss due to mechanical wear 
(wear-enhanced corrosion; ΔCw).

In summary, all material loss contributors were 
converted into ‘volume loss’ (µm3) based on the standard 
procedure. Vtotal was measured using VSI during the 
tribocorrosion test at OCP condition, representing 
the cumulative material loss. The C0 and ΔCw were 
estimated from the corrosion current measured by LPR 
scans during static immersion and the tribocorrosion 
sliding test, respectively, using Faraday’s Law to convert 
electrochemical currents into volume loss. The W0 was 
determined by VSI after the potentiostatic sliding test 
at the cathodic potential of − 0.8  V. Finally, ΔWc was 
estimated by subtracting the Vtotal from the combined 
contributions of W0 , C0 , and ΔCw . The role of electrolytes 
was expected to be revealed clearer from this result on the 
tribocorrosive degradation.

The synergistic behavior of corrosion and wear was 
evaluated by the ratio between corrosion-enhanced 
wear ( ΔWc ) and wear-enhanced corrosion ( ΔCw ). These 
interactions were categorized as antagonistic, antagonistic-
synergistic and synergistic [23], as follows:

• Antagonistic: ΔWc∕ΔCw < 0.1

• Antagonistic-synergistic: 1 > ΔWc∕ΔCw ≥ 0.1

• Synergistic: ΔWc∕ΔCw > 1

2.4.2  Mechanistic Mode

To complement the synergistic approach, the mechanistic 
approach by Uhlig’s formula in Eq. (7) [24] was employed 
to estimate the dominant degradation mechanism in the 
various electrolytes. Based on previous studies by Stack 
et al. [28, 78], the total volume loss ( Vtotal ) was divided into 
two components: corrosion volume loss ( VC ) and mechanical 
wear volume loss ( VW).

The ratios between VC over VW were then used to 
determine the specific tribocorrosion mechanisms [28, 78]. 
The following criteria were applied to identify the dominant 
tribocorrosion mechanisms:

• Wear: VC∕VW ≤ 0.1

• Wear-corrosion: 0.1 < VC∕VW ≤ 1

• Corrosion-wear: 1 < VC∕VW ≤ 10

• Corrosion: VC∕VW > 10

(6)
Vtotal = W0 + C0 + S

Vtotal = W0 + C0 +
(

ΔWc + ΔCw

).

(7)
Vtotal = VW + VC

VC = C0 + ΔCw and VW = W0 + ΔWc

.
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2.5  Statistical Analysis

The results are presented as averages with error bars 
representing the standard deviation (SD). Statistical 
analysis was performed using one-way analysis of variance 
(ANOVA). The tested samples (n) were grouped based on 
testing electrolytes for comparison. ANOVA was employed 
to determine the significance of the electrolyte’s effect on 
the tribocorrosive degradation of the CoCrMo surface. A 
significance level of α = 0.05 was used, and the p-value 
was compared in the mentioned comparison. Results with a 
p-value less than 0.05 were considered significantly different 
and indicated by an asterisk (*).

3  Results

3.1  Friction and OCP

Figure 5a and b show the transient trend of µ and OCP volt-
ages per sliding cycle, respectively. Both µ and OCP volt-
ages were recorded simultaneously during the tribocorrosion 
sliding tests, with three repetitions, but the figures visualize 

one result for each electrolyte. It was evident that the µ in 
saline was consistently the highest from the beginning of the 
sliding test compared to organic-containing electrolytes. It 
started below µ ~ 0.35 and gradually increased over cycles, 
stabilizing at around µ ~ 0.37 ± 0.03 after 5,000 cycles. In 
DMEM, µ started at the lowest value of 0.10 and gradually 
increased to 0.14 at 1,800 cycles. It was stable, then after 
5,200 cycles, the µ tended to gradually increase reaching 
more than 0.16 ± 0.02 at the end of the test. However, there 
was a possibility of an increasing µ if the test continued 
with more cycles. Conversely, protein-containing electro-
lytes (25% FBS + PBS and 25% FBS + DMEM) showed a 
higher µ at the starting point (~ 0.15 and 0.13, respectively) 
compared to the DMEM sample. However, both electrolytes 
showed mixed of gradual decreases and steady states in µ 
after 2,000 cycles, reaching 0.13 ± 0.01 and 0.12 ± 0.02 for 
25% FBS + PBS and 25% FBS + DMEM, respectively, at 
the end of the tests, which was significantly lower than that 
observed in pure DMEM. Interestingly, most of the transient 
data of µ had a change of trend when closely to 2,000 cycles 
of sliding test.

Regarding open-circuit potential (OCP), in the pre-sliding 
stage, CoCrMo in saline exhibited the highest (more noble) 

Fig. 5  The evolution of the tran-
sient a µ and b OCP voltages 
over 2-h sliding cycles under 
OCP conditions
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OCP at above − 0.25 V followed by DMEM and both 25% 
FBS-containing electrolytes, which had less than − 0.33 V. 
When sliding started, all samples had a spontaneous 
reduction in the OCP voltages due to the de-passivation 
process and then followed by the gradual increase until 
reaching some points on the voltages due to re-passivation. 
Interestingly, different electrolytes showed various trends; 
the sliding OCP in saline were still significantly lower than 
the pre-sliding condition at − 0.40 V at start with slightly 
decreased until the end of sliding. The sliding OCP in 25% 
FBS + PBS were seen to be recovered back to the state, 
whereas like the pre-sliding voltages, at around − 0.36 V with 
gradual decreased until the sliding stopped. In the contrary, 
DMEM and 25% FBS + DMEM showed higher sliding 
OCP voltages compared to the trends during pre-sliding. 
However, the samples in 25% FBS + DMEM (− 0.36 V) had 
similar trend with the 25% FBS + PBS sample, in which did 
not show re-passivation OCP as significant as in the pure 
DMEM solution (− 0.26 V) during sliding. After the sliding 
stopped, OCP voltages in all electrolytes had a spontaneous 
increase reaching points even significantly higher (more 
noble) compared to the pre-sliding voltages.

3.2  Electrochemical Loss

Table 2 presents the average Icorr values through LPR meas-
urements during both static and sliding test conditions. The 
plotted Icorr values against time were represented in the style 
of Fig. 4c, which has been visualized in the previous study 
[11]. The Icorr values after 500 s of the samples immersion 
in saline was the highest, followed by DMEM samples. 
These two electrolytes had significantly higher Icorr values 
compared to the 25% FBS + PBS and 25% FBS + DMEM 
samples. A similar trend was seen during the sliding condi-
tion, with the Icorr values in saline were always the highest 

reaching 4.42 ± 0.93 µA.cm−2 after 4,260 cycles. The Icorr 
values in DMEM samples at sliding were seen to be sig-
nificantly lower than the saline, however, higher compared 
to both 25% FBS-containing electrolytes. It seems that the 
25% FBS + DMEM results overall were significantly lower 
than DMEM due to the FBS dilution. No statistical differ-
ence was found in the results between 25% FBS + PBS and 
25% FBS + DMEM. After 500 s following to the sliding 
stopped, no significant difference was seen in the Icorr values 
between saline, DMEM and 25% FBS + DMEM. However, 
the three electrolytes’ Icorr values were still significantly 
higher than the 25% FBS + PBS result at the static post-
sliding condition.

These trends obviously reflected the charge transfer 
results, as well as wear-enhanced corrosion calculated. 
The charge transfer over 2-h tribocorrosion test in saline 
were significantly the highest than all organic-containing 
electrolytes, reaching (109.01 ± 22.49) ×  103 C. The charge 
transfer from DMEM samples were found to be statistically 
below the saline values, yet higher compared to both 25% 
FBS-containing electrolytes. This order aligned with the 
wear-enhanced corrosion loss results. However, the pure 
corrosion loss trend was in line with the Icorr values obtained 
after 500-s post-sliding immersion. There was no significant 
difference in the C0 values between saline, DMEM, and 25% 
FBS + DMEM, whereas the results were still statistically 
higher compared to the 25% FBS + PBS.

3.3  Total Volume Loss

Figure 6 compares the total volume loss ( Vtotal ) at the OCP 
condition and its conversion into specific wear rate ( SWR ) 
on CoCrMo after 2 h of tribocorrosion testing in all electro-
lytes, as previously reported. The Vtotal in saline electrolyte 
(6.77 ± 0.91) ×  106 µm3 was the highest after 2 h of sliding 

Table 2  The average I
corr

 values calculated from the LPR measurements during tribocorrosion tests

Conditions Time (Second) Current density ( I
corr

 ), µA.cm−2

Saline 25% FBS + PBS DMEM 25% FBS + DMEM

Static pre-sliding 500 0.39 ± 0.02 0.16 ± 0.06 0.30 ± 0.04 0.23 ± 0.01
Sliding 2,380 4.37 ± 0.99 0.94 ± 0.56 2.39 ± 0.54 1.17 ± 0.33

4,260 4.42 ± 0.93 0.94 ± 0.46 2.01 ± 0.33 1.33 ± 0.13
6,140 4.16 ± 0.98 1.00 ± 0.48 2.07 ± 1.48 1.29 ± 0.39
8,020 4.22 ± 0.59 1.07 ± 0.52 2.02 ± 1.05 1.33 ± 0.36

Static post-sliding 8,600 0.26 ± 0.02 0.18 ± 0.05 0.25 ± 0.10 0.26 ± 0.06
Integration by Eq. (2)
 Charge transfer  

(×  103 Coulomb)
109.01 ± 22.49 25.20 ± 11.17 54.70 ± 10.13 32.96 ± 7.65

Calculation by Eq. (4)
 C

0
 (×  106 µm3) 0.30 ± 0.05 0.16 ± 0.06 0.26 ± 0.01 0.23 ± 0.03

 ΔC
w
 (×  106 µm3) 3.12 ± 0.31 0.63 ± 0.15 1.46 ± 0.31 0.81 ± 0.21
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compared to the organic-containing electrolytes. A gradual 
increase in Vtotal was observed in 25% FBS + PBS compared 
to the DMEM sample, while no significant difference was 
found between Vtotal in samples tested with 25% FBS + PBS 
and 25% FBS + DMEM. These Vtotal values will later be split 
into the four components of volume loss to observe tribocor-
rosive degradation behavior in each electrolyte as explained 
earlier.

3.4  Cathodic Potentiostatic

Figure 7 illustrates the evolution of the transient net cur-
rent during the 2-h sliding at E = − 0.8 V (vs. RE Ag/AgCl) 
potentiostatic condition, where negative values indicate the 

cathodically protected state. The current data shown is as 
evidence that the electrochemical degradation from corro-
sion on the CoCrMo surface can be disregarded. Therefore, 
the material loss obtained is solely due to mechanical wear 
degradation. The volume losses obtained by VSI on the 
CoCrMo at E = − 0.8  VAg/AgCl (pure wear volume loss or W0 ) 
after 2 h of sliding in all electrolytes are presented in Fig. 8.

3.5  Material Loss Mechanisms

The Vtotal values were subtracted by the obtained values 
of C0 , W0 and ΔCW to estimate ΔWC values in various 
electrolytes, compiled in Fig.  8. Table  3 presents the 
obtained tribocorrosion contributors based on the 
synergistic approach ( C0 , W0 , ΔCW and ΔWC ), while the 
mechanistic components ( VC and VW ) are included to 
complement the analysis. It shows that the W0 in saline 
electrolyte was significantly higher than in the organic-
containing electrolytes. No significant difference in W0 was 
observed between the 25% FBS + PBS, DMEM and 25% 
FBS + DMEM samples during the 2-h sliding. The C0 was 
significantly lower than the other volume loss contributors 
in all electrolytes, and no significant difference was observed 
in the C0 between the samples in all electrolytes.

The CoCrMo tested in 25% FBS + PBS had the highest 
ΔWC , while the DMEM had the lowest when compared to 
the remaining electrolytes. The ΔWC in saline electrolyte 
was higher compared to 25% FBS + DMEM after the 2-h 
sliding tests, but it was not statistically different. However, 
the 25% FBS + DMEM significantly reduced the ΔWC 
compared to the sample tested in 25% FBS + PBS, indicating 
an effect of DMEM content. On the other hand, the 25% 
FBS + PBS and 25% FBS + DMEM significantly reduced the 
ΔCW when compared to the DMEM. The CoCrMo in saline 
electrolyte had the highest volume loss of ΔCW compared 
to the samples tested in organic-containing electrolytes. 
These trends suggest that the protein content in the FBS 
electrolyte tends to increase the corrosion-enhanced wear 
loss ΔWC but can reduce the wear-enhanced corrosion loss 
ΔCW contributor during tribocorrosion on the CoCrMo 
surface when compared to the protein-free electrolytes 
(saline electrolyte and DMEM, in this case).

In Fig. 9, the contributing ratio (%) of each degrada-
tion component from their Vtotal is shown. In the saline 
electrolyte and DMEM, the total volume loss was mainly 
dominated by ΔCW accounting for approximately ~ 45%, 
followed by W0 at ~ 35%. Additionally, C0 and ΔWC con-
tributed to less than ~ 15% each in the saline electro-
lyte and DMEM. Conversely, a different behavior was 
observed in the protein-containing electrolytes. In the 
25% FBS + PBS, the total volume loss was mainly domi-
nated by ΔCW at ~ 48%, followed by W0 at ~ 36%, ΔCW 
and C0 . For the CoCrMo tested in 25% FBS + DMEM, the 

Fig. 6  Total volume loss ( V
total

 ) and SWR of the wear scar on 
CoCrMo in all electrolytes over the 2-h tribocorrosion tests at OCP 
(n = 3; SD bar; *p < 0.05)

Fig. 7  Transient net current during 2-h sliding tests at a potentiostatic 
E = −0.8 V (cathodically protected) condition in all electrolytes
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contributions of ΔWC and ΔCW were similar, each account-
ing for ~ 26% of the Vtotal . As a result, the total volume loss 
in the 25% FBS + DMEM was mainly dominated by W0 
at ~ 40%, while the contribution of C0 was only ~ 4%.

3.6  SEM Imaging

Figure 10 displays SEM images of the CoCrMo wear scars 
following the tribocorrosion tests in different electro-
lytes. The wear scar from the saline test exhibited a width 
(~ 509.73 µm) and displayed distinct traces of abrasion 

Fig. 8  Compilation of the 
volume loss components when 
using the synergistic approach 
over the 2-h tribocorrosion tests 
(n = 3; SD bar; *p < 0.05)

Table 3  The volumetric losses attributed to each contributor, employing both synergistic and mechanistic approaches during the 2-h tribocorro-
sion tests (n = 3; ± SD)

Electrolytes Volume losses contributors (×  106 µm3)

V
total Synergistic Mechanistic

C
0

W
0

ΔC
W

ΔW
C

V
C

V
W

Saline 6.77 ± 0.91 0.30 ± 0.05 2.36 ± 0.20 3.12 ± 0.31 0.99 ± 0.04 3.42 ± 0.71 3.35 ± 0.23
25% FBS + PBS 4.25 ± 0.55 0.16 ± 0.06 1.40 ± 0.28 0.63 ± 0.15 2.06 ± 0.11 0.79 ± 0.35 3.46 ± 0.23
DMEM 3.04 ± 0.39 0.26 ± 0.01 1.09 ± 0.18 1.46 ± 0.31 0.23 ± 0.14 1.72 ± 0.32 1.32 ± 0.10
25% FBS + DMEM 3.10 ± 0.63 0.23 ± 0.03 1.24 ± 0.22 0.81 ± 0.21 0.82 ± 0.20 1.04 ± 0.24 2.06 ± 0.42

Fig. 9  Ratio of each component 
using the synergistic approach 
over the 2-h tribocorrosion tests
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Fig. 10  SEM images of the wear tracks on CoCrMo alloy after a 2-h sliding test at OCP in a saline, b 25% FBS + PBS, c DMEM, and d 25% 
FBS + DMEM electrolytes
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compared to the others (~ 367.67 µm for the 25% FBS-con-
taining electrolyte). The wear track in the saline electrolyte 
sample showed dominating layers at the tip corner and out-
side, suggesting the removal and reformation of the passive 
film during sliding. In contrast, the wear scars in organic-
containing electrolytes exhibited clear indications of layers 
covering the abrasive wear both on the inside and edges of 
scar. The chemical analysis of the tribofilm structure has 
been presented in the previous paper [11].

4  Discussion

This study contributes to the understanding of tribocorrosion 
in biomedical alloys, which is crucial for enhancing medical 
device performance. Building on the previous stage of the 
study [11], it has explored the formation of a tribofilm 
resulting from tribochemical reactions between simulated 
physiological electrolytes and cobalt alloy surfaces during 
sliding tests. While the previous study provided valuable 
insights into film composition and its impact on material 
loss, a comprehensive understanding of the tribocorrosion 
mechanism was still lacking. This study specifically focused 
on the role of protein in the tribocorrosive degradation 
of CoCrMo alloy in different simulated physiological 
electrolytes using both synergistic and mechanistic 
approaches. The tribocorrosion tests involved reciprocating 
ceramic ball against CoCrMo samples immersed in saline 
and culture medium, compared to when both electrolytes 
diluted with 25% fetal bovine serum (FBS). The major 
findings from this study reveal that protein exhibits 
contradictory effects on electrochemical corrosive and 
mechanical wear mechanisms during tribocorrosion tests. 
On one hand, it reduces corrosive (electrochemical) surface 
degradation, but on the other hand, it elevates mechanical 
wear degradation during sliding tests compared to tests 
without protein. It was noted that that tribocorrosion cannot 
be simplified to the addition of wear and corrosion losses, 
given its simultaneous mechanical and chemical events 
[9, 13–15], thus further discussion through tribocorrosion 
modes illuminated the role of protein in degradation.

4.1  Tribocorrosive Degradation Modes

To evaluate the interaction categories of mechanical wear 
and electrochemical losses with respect to the effect of elec-
trolytes, the tribocorrosion mappings are shown in Fig. 11 
for both modes. These mappings provide a thorough under-
standing of the degradation mechanisms and their relative 
contributions under different test conditions.

In 25% FBS-containing electrolytes, VC , particularly ΔCW 
as a synergistic component, was significantly lower than in 
saline and DMEM. Fig. 11a shows the interaction behavior 

between corrosion and wear processes ( ΔWC∕ΔCW ) 
using the tribocorrosion synergistic approach [23] for all 
investigated electrolytes in this study. The results revealed 
a synergistic interaction ( ΔWc∕ΔCw > 1 ) in the 25% 
FBS + PBS samples, while the saline electrolyte and DMEM 
samples exhibited an antagonistic-synergistic interaction 
( 1 > ΔWc∕ΔCw ≥ 0.1 ). Interestingly, the CoCrMo tested 
in 25% FBS + DMEM displayed an intermediate behavior, 
lying between the synergistic and antagonistic-synergistic 
regimes, suggesting a contrasting role between the FBS 
and DMEM solutions. This suggested the beneficial role 
of protein in both 25% FBS + PBS and 25% FBS + DMEM 
decreases corrosive (electrochemical) surface degradation, 
unlike non-protein as in saline and DMEM solutions. As 
summarized by Fuentes et al. [79], the concept of metal 
passivity explains the autonomous formation of a passive 
oxide layer in passive type metals, known as passivation 
process and acting as a natural protection against 
corrosion. When two articulating surfaces experience 
rubbing under varying loads, velocities and directions, the 
passive oxide layer experience disruption and removal, 
triggering de-passivation. This exposes fresh material at 
the de-passivated surface to the surrounding electrolyte, 
rendering it susceptible to corrosion, leading to wear-
enhanced corrosion denoted as ΔCW . Hence, the findings 
of this study suggest that the presence of protein has altered 
the exposed surface properties once the de-passivation took 
place, likely by suppressing the dissolution of metal ions 
even before the reformation of the passive film. Mathew 
et al. [2] confirmed the role of bovine serum protein in 
generating protective films against corrosion. Yang et al. 
[80] employed an in situ electrochemical hip joint simulator 
to investigate a metal-on-polyethylene (MoP) THR’s 
behavior during long-term walking with 30-g/L protein. To 
note that these results might be affected if using different 
contact conditions during the tribocorrosion testing, such 
as linear tribometer or higher load given as in this study. 
Their findings revealed the development of two passivation 
films on the interface surface along with an adsorbed protein 
layer, originating from precipitated and aggregated proteins. 
These aligned with other previous studies by the authors 
[29, 40] when using pre-denatured protein in FBS diluted 
saline compared to the ones in as-received FBS with various 
concentration, whereas showing that tribofilm emerged 
from denatured proteins and wear debris. This dual-layer 
formation likely contributed to reduced corrosion, promoting 
the corrosion inhibitory capability of both layers. SEM 
imaging in this study confirmed their similarity, aligning 
with the common assumption of a denatured protein-based 
tribofilm [12, 29, 81], primarily composed of graphitic 
carbon [11, 82]. This mechanism correlates with the de- 
and re-passivation process during rubbing. Protein seemed 
to have an active role in stabilizing OCP voltage during 
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sliding, noticeable de-passivation from the initial sliding 
in both FBS-containing electrolytes. Although OCP trends 
in both electrolytes gradually dropped over the 2-h sliding, 
they remained higher than saline samples. The reason behind 
DMEM samples exhibiting the highest OCP values during 
sliding remains vague.

On the contrary, protein presence appeared to increase 
mechanical wear degradation during sliding, opposing 
the behavior observed in protein-free electrolytes. The 
influence of FBS on material degradation seemed to 
be primarily associated with an increase in volume 
loss attributed to mechanical wear ( VW ). In Fig. 11b, a 
tribocorrosion mechanistic map [28, 78] was generated to 
analyze the ratios between the volume loss attributed to 
electrochemical corrosion ( VC ) and mechanical wear ( VW ). 
The results revealed that the tribocorrosion mechanism 

in the FBS-containing electrolytes was predominantly 
governed by the wear-corrosion mechanism, with a ratio 
of 0.1 < VC∕VW ≤ 1 . This is expected to provide a deeper 
insight into the underlying degradation mechanisms, helping 
to understand the relative contributions of electrochemical 
corrosion and mechanical wear in different electrolytes. This 
is also linear with results in a synergistic context, in which 
this trend is confirmed by the elevated ΔWC values observed 
in 25% FBS + PBS and 25% FBS + DMEM, in comparison 
to the saline and DMEM samples, respectively. Following 
the outlined process of metal passivity [79], when the freshly 
exposed material on the de-passivated surface comes into 
contact with the electrolyte, it becomes susceptible to 
metal ion dissolution, leading to surface roughening and 
concomitant corrosion-enhanced wear, referred to as ΔWC . 
Simultaneously, the wear debris, comprising oxide layers, 

Fig. 11  The impact of 
electrolytes on the tribocor-
rosive behavior using both the 
a synergistic and b mechanistic 
approaches after the 2-h sliding 
tests (n = 3; SD bar)
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metal ions, and detached bulk material, has the potential to 
undergo oxidation, binding and reactions with any present 
electrolyte or biological species. This aligns with the 
findings of the current study, suggesting that the presence 
of protein modifies the surface properties following the 
removal of the passive film, in which this alteration appears 
to decrease the dissolution of metal ions. However, the 
interaction between protein and the metal surface leads to 
the formation of complexes upon their removal through 
sliding. It has been noted in studies [79, 83] that the resulting 
products of metal debris-electrolyte interaction, including 
oxides or complex compounds, tended to accumulate and 
function as third bodies, escalating abrasive wear within the 
tribological interface, consequently increasing ΔWC . This 
observation aligned with the studies conducted by Sadiq 
et al. [55, 84], who explored the tribocorrosion synergistic 
approach using CoCrMo coupled with UHMWPE in calf 
serum electrolyte. Their synergy mapping demonstrated 
that shifts between wear regimes are influenced by the 
interaction of proteins with the metal surface or the 
formation of a tribofilm. This correlation also corresponded 
with the increased mechanical wear attributed to protein 
aggregation and tribofilm presence. When comparing the 
transition from a non-protein to a protein-based electrolyte, 
it is rational to assume that protein presence indeed impacts 
the modification in wear behavior. Similarly, Sun et al. [85] 
reported that the adsorption of proteins in bovine serum onto 
CoCrMo alloy in a comparable testing setup reduced wear 
rates during sliding wear-corrosion. It suggested that the 
introduction of particles seemed to accelerate wear due to 
heightened particle entrainment. This might be also linked 
to particle aggregation occurring at the surface contact, 
consistent with the earlier findings highlighting the role of 
protein structure and concentration [29]. Namus et al. [54, 
86] further emphasized that the worn surface of the CoCrMo 
alloy subjected to OCP conditions exhibited indications of 
mild plowing and an abrasive-corrosive wear mechanism. 
This observation corresponded with the SEM imaging 
results obtained in this study.

An investigation done by Namus et al. [86] presented an 
aligned trend in terms of the percentage of tribocorrosive 
components influenced by protein presence on CoCrMo. It 
observed the highest wear rate to be associated with ΔWC , 
followed by W0 and ΔCW . This material degradation is 
attributed to the interplay between corrosion and mechanical 
response of the material under cyclic tribological loading. 
Alongside the comparison of different materials, the 
study highlighted the significant structural deterioration 
of the oxide layer of CoCrMo alloy under the influence of 
cathodic potential. Furthermore, it pointed out the synergy 
between corrosion and mechanical wear as the materials 
vulnerability, a concern particularly relevant to orthopedic 
environments. The specific loss of Cr ions from the oxide 

film and the subsequent re-passivation process on CoCrMo 
hold significance in this case [41]. Nevertheless, it is worth 
considering that the application of cathodic protection 
within the synergistic method could potentially introduce 
result misinterpretations. This concern was acknowledged 
by Hesketh et al. [63], who pointed out the limitations of 
this approach due to the potential influence of polarization 
on protein adsorption [42, 54, 85]. In the broader context, 
the interplay between wear and corrosion, manifested 
through synergistic interactions, significantly contributes 
to the complexities of tribocorrosion and tribochemistry 
phenomena [87]. The occurrence of wear-corrosion 
dominance within the 25% FBS-containing electrolytes 
can be attributed to the apparent influence of protein 
content. While protein reduces the corrosion process, 
it simultaneously increases mechanical damage on the 
CoCrMo surface during sliding. This mechanistic behavior 
aligned closely with findings from Mathew et al. [2], who 
observed wear-corrosion as the fundamental degradation 
mechanism at alumina–CoCrMo interfaces within bovine 
calf serum electrolytes. The study elucidated that the 
wear-corrosion interplay could be prompted by escalating 
mechanical degradation due to increasing contact pressure. 
In contrast, the corrosion-wear mechanism predominantly 
occurred in saline electrolyte and DMEM. This behavior was 
attributed to the protein-free nature of these electrolytes, in 
that way elevating their role in the corrosion process.

4.2  Study Limitations

Several limitations in this study need to be acknowledged. 
The testing duration was limited to a 2-h sliding period, 
chosen for its practicality under high initial contact pressure. 
The previous paper [11] has reported the averaged coefficient 
of friction (µ) showing highest µ in saline and comparable 
µ in 25% FBS + PBS, DMEM, and 25% FBS + DMEM. 
The current study was aimed to highlight transient µ and 
OCP voltage trends over time. Although friction behavior 
during 2-h tests in protein-containing electrolytes showed no 
significant difference from DMEM, a longer testing duration 
could offer greater clarity on shifting friction behavior. 
Furthermore, the study employed room temperature, which 
was lower than bodily fluid conditions, yet the temperature 
of rubbing surfaces subjected to shear stress likely increased. 
This was not controlled in the study. Another limitation lies 
in the absence of testing in pure PBS, which could provide 
a direct comparison to protein effects via 25% FBS dilution. 
Additionally, measurement techniques have limitations, 
discussed in the previous paper [29]. LPR techniques and 
Stern–Geary theory suitably assess tribocorrosion currents 
under equilibrium conditions [88, 89]. However, sustained 
over-potential affects material–protein interactions and 
tribocorrosion mass loss mechanisms [35, 46, 53, 90, 91]. 
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These effects are documented in prior studies and ASTM 
G119-09 [9, 61, 92–94]. LPR techniques assume single 
charge transfer reactions and a considerable distance 
between OCP and reversible potentials Erev of anodic and 
cathodic reactions [95, 96]. Although the tribocorrosion 
system here was transient, OCP remained stable before 
LPR, with deviations < 3-mV/min pre-polarization. Linear 
E–I behavior and absence of metal deposition on counter 
electrode surfaces indicated separation from reversible 
reactions and mitigated capacitive charging effects [97, 98]. 
Considering the transient nature of the system and formation 
of surface films limiting activation-controlled corrosion 
reactions, variations in Tafel and proportionality constants 
are expected over time. While assuming a constant 120 mV/
dec value, variations in �a and �c could introduce up to 20% 
maximum error in corrosion currents. Future research 
employing a.c. techniques will explore variations in these 
constants with test duration and environmental conditions.

5  Conclusion

This study successfully investigated the impact of organic 
species, particularly highlighted the roles of protein, in 
simulated physiological electrolytes on the tribocorrosive 
behavior of CoCrMo alloy through synergistic and 
mechanistic approaches. The comprehensive investigation 
of tribocorrosion behavior under different electrolytes led 
to the following key conclusions:

• The presence of protein content in the fetal bovine serum 
(FBS)-containing electrolytes resulted in a significant 
reduction in total charge transfer and volume loss due 
to corrosion, while simultaneously increasing the 
mechanical wear loss during the tribocorrosion process, 
as compared to the protein-free electrolytes.

• The CoCrMo sample tested in the protein-free culture 
medium DMEM exhibited improved mechanical wear 
resistance, but showed higher susceptibility to corrosion 
during sliding, hypothesized due to its lack of protein.

• The tribocorrosion mechanism in the protein-containing 
electrolytes was predominantly governed by the wear-
corrosion mechanism, showing a synergistic interaction.

• In the non-protein electrolytes, such as the saline and 
DMEM used in this study, the tribocorrosion process 
was dominated by the corrosion-wear mechanism and 
exhibited an antagonistic-synergistic interaction.

Future studies should focus on in  vivo experiments 
using a hip simulator to replicate real articulating joint 
conditions while controlling parameters. Additionally, 
further investigations are needed to explore the role 
of proteins and synovial fluid substances on surface 

material degradation under various joint kinematics and 
electrochemical conditions, involving a wider range of 
biomaterial alloy types. These insights are essential for 
optimizing biocompatibility and longevity of biomaterials 
in challenging biological environments affected by 
tribocorrosion.
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