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Abstract
The formation of tribochemical reaction layers, better known as tribofilms, on cobalt-chromium-molybdenum (CoCrMo) 
alloys commonly used in orthopaedic applications has been hypothesized to reduce degradation owing to wear and corrosion. 
However, the mechanisms and pathways influencing tribofilm formation remain largely unknown. This study aims to develop 
a clearer understanding of the role of protein structures and its concentration on tribocorrosion and surface tribofilms formed 
on CoCrMo alloys during boundary regime sliding. A reciprocating tribometer with a three-electrode electrochemical cell 
was employed to simulate and monitor the tribocorrosion of CoCrMo in situ. As-received Foetal Bovine Serum (as-FBS) 
and pre-heated FBS at 70 °C for 1 h (de-FBS) were diluted with saline (0.9% NaCl) at different concentrations (25% and 
75% v/v) and utilized as electrolytes during the tribocorrosion tests. The result shows that the denatured protein structure in 
electrolyte tends to reduce the volume losses due to wear and corrosion on the CoCrMo samples with an appreciation of the 
protein tribofilms. On the other hand, an increased protein concentration increased the total volume loss due to corrosive 
processes. A novel finding revealed in this study is that the tribocorrosion mechanism of the CoCrMo surface is dependent 
on the protein structure, concentration and sliding duration due to the change in surface condition.
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1 Introduction

CoCrMo is one of the most widely used bearing materials 
in Total Hip Replacements (THRs) owing to its excellent 
mechanical properties, self-mating performance and per-
ceived biocompatibility [1–3]. However, the use of CoCrMo 
alloys is not without problems and issues associated with 
tribology, corrosion and implant-associated debris remain of 
interest to the community [4–6]. Tribocorrosion, the com-
bined process of wear and corrosion, causes the simulta-
neous generation of metallic debris (mechanical wear) and 
ion release (electrochemical corrosion) [7, 8]. The release 
of metal products has been seen to elicit adverse biological 
reactions requiring surgical intervention and the revision 
of an existing implant [9–11]. Examples of tribocorrosion 
within orthopaedic applications include metal-on-metal 
(MoM) THR, MoM hip resurfacing and three-body abrasion 

within metal-on-polymer bearings [12–14]. Whilst the sec-
ond generation metal-on-metal hip replacements have largely 
been withdrawn from the market due to their higher than 
acceptable revision rates, MoM hip resurfacing is still being 
implanted and presents satisfactory results among certain 
patient demographics [15]. However, questions around the 
long-term risk associated with the implant derived debris, 
safety and longevity performance of metal-based implants 
remain [16–18].

Reduced wear and corrosion can only be achieved once 
the fundamental surface mechanisms are well understood 
[19]. The tribocorrosive mechanisms of CoCrMo surfaces 
has been investigated from in vivo retrieval implants [20] 
and in vitro tests [21] point of view. The results indicated 
that tribochemical reactions, chemical reactions activated 
by the tribological processes, are common on metallic sur-
faces when slid in protein containing electrolytes. It has been 
recently hypothesized that tribochemical reactions govern 
the formation or removal of chemical products or tribofilms 
at the mechanically mixed zone [22]. Tribofilms, which 
commonly contain organic carbon from pseudo-synovial 
fluid and metallic nanocrystalline material after mechanical 
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mixing, were found on the retrieved MoM bearings and 
thought to have a wear-reducing role [23]. Therefore, under-
standing the interactions between the contacting surfaces 
and biological fluid is crucial when determining the tribo-
corrosive degradation of implant materials.

Proteins, the dominant molecule in (pseudo) synovial 
fluid, are composed of a complex structure of amino acids 
and stabilized by several interactions, such as covalent bond-
ing (

e.g. disulfide bonds) and non-covalent bonding (e.g. elec-
trostatic forces, hydrogen bonding and hydrophobic inter-
action) [24, 25]. The protein structure can be unfolded by 
denaturation; a process to modify the protein structure by 
decomposing the weak intermolecular bonds [26]. Studies 
have successfully characterized the protein denaturation 
after heat treatment [27, 28], mechanical shear [29], reactive 
metal surfaces [29], conditioned pH [30–32], diseases and 
chemically denaturation [33–36] using Raman spectroscopy. 
Protein structure can be effectively indicated by changes in 
the Raman shift, signal intensity and deconvolution of spe-
cific Raman shift bands; for instance, disulfide bonds and 
secondary structures [27, 37]. Proteins have been shown to 
interact (e.g. protein adsorption) with a metal surface, affect-
ing the static and tribocorrosion properties [5, 17, 38–41].

Elevations in temperatures owing to the frictional shear 
of asperities at contacting interfaces, known as flash tem-
peratures, are well described in the field of tribology [30]. 
However, the temperature parameter has received limited 
attention in the area of biotribology, despite the sensitivity 
of the lubricating environment [17]. Wimmer et al. [21] 
hypothesized that protein tribofilms are, in part, due to 
thermal degradation of proteins estimated flash tempera-
tures within CoCrMo-CoCrMo contacts to be in the region 
of 55 °C. Furthermore, Bergmann et al. [42] reported that 
the implant temperature could reach a range of 20–60 °C, 
measured in vivo using an instrumented hip implant, and 

depended on the walking cycles, speed and material com-
binations. Elevated temperatures (> 50  °C) have been 
shown to weaken and even break the disulfide chain, which 
results in an unstable secondary structure and the loss of 
protein biological activity [34, 35, 43]. It is therefore logi-
cal that the initial and subsequent tribochemical reactions 
occurring at contacting surfaces may be affected by the 
structure of the protein within the (pseudo) synovial fluid. 
Hence, it is essential to understand the underlying degra-
dation mechanisms of metallic bearings when subjected to 
various protein conditions in the biological fluid.

Currently, no studies have used deliberately denatured 
protein structures as the testing electrolyte during tribo-
corrosion. Whilst previous studies have employed increas-
ing external temperature to investigate the static corro-
sion of CoCrMo in protein containing environment [44, 
45], the effects on denatured protein on the tribocorrosion 
processes remains largely unknown. Therefore, the aim of 
this study is to gain a clearer understanding of the effect of 
protein structures and its concentration on the tribocorro-
sion mechanism and surface tribofilms on CoCrMo alloys 
during boundary regime sliding. One of the novelties of 
this study is the fact that heat was used intentionally to 
break the protein structure and simulate the possibility of 
temperature changes occurring inside the human body via 
tribology at hard surfaces.

2  Materials and Methodology

A combination of tribocorrosion, surface and electrolyte 
analysis techniques were employed within this study. Fig-
ure 1 shows a schematic of the experimental protocol used 
in this study.

Fig. 1  Schematic of tribocorrosion tests and surface analysis protocols
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2.1  CoCrMo Samples

Wrought low-carbon Co-28Cr-6Mo alloy (later abbrevi-
ated to CoCrMo) was used as a flat sample, according to 
the specification in ASTM F75-12 standard [46]. The alloy 
was supplied (Peter Brehm GmbH, Germany) as a 22 mm 
diameter rod which was cut into a flat component with 6 mm 
thickness. The samples were grounded by silicon carbide 
paper (grit sizes 600 to 1200) then mirror-polished by a 3 µm 
and ¼ µm diamond paste and polishing paper (Bruker Cor-
porations, UK) to achieve an approximate surface  Ra ~ 5 nm. 
After polishing, CoCrMo samples were degreased with ace-
tone, rinsed with deionized (DI) water and dried under a 
compressed air stream. Samples were used for tribocorrosion 
testing directly after grinding procedures. This procedure is 
in line with others working within this field [47–50] and in 
line with ASTM G5 [51] and G59 [52] guidance.

2.2  Raman Confirmation and Electrolytes 
Preparation

Foetal Bovine Serum (FBS) (Sera Laboratories Interna-
tional, UK), triple 0.1 µM sterile filtered and European 
grade, was used as the testing electrolyte in this study. 
Bovine serum is a typical electrolyte used to simulate the 
proteins present in synovial fluid with such concentrations 
[53–55]. Figure 2a shows the heat treatment processes of 
FBS prior to dilution for tribocorrosion testing. A digitally 
controlled hotplate was used to heat the as-received FBS 
(as-FBS) at 70 °C for 1 h to produce pre-heated FBS (de-
FBS). The heating temperature was chosen based on the 
flash temperatures estimated in vivo [29, 40, 56]. Following 
these tests, all heated FBS were taken (30 mL by syringe) 
and moved to Petri dishes for Raman spectroscopy purposes. 

Raman spectroscopy was used to confirm the change in FBS 
structure after pre-heating at 70 °C for 1 h.

InVia Raman spectroscopy (Renishaw, UK) was utilized 
to confirm the protein structural changes of the de-FBS elec-
trolyte. The Raman spectrometer has a lateral resolution of 
800 nm and a spectral resolution of 1  cm−1. It is equipped 
with 785 nm wavelength lasers (the radius laser spot is 
640 nm) working at a 220 mW maximum laser power at the 
source. The Raman signals were acquired by an Olympus 
50 × objective with 0.75 numerical aperture for a backscat-
tering configuration. The raw spectra were proceeded using 
WiRE 3.4 software (Renishaw, UK) to subtract the entire 
spectrum baseline and truncate some expected band inter-
vals. A specific interval 1500–1800  cm−1 was observed as 
represent the covalent bond of amide I band [27, 37]. The 
Raman signals were then convoluted and fitted into sub-
peaks using Origin 2019b software (OriginLab Corpora-
tion, USA), especially to calculate the percentage areas of 
ordered and disordered α-helix backbone of protein second-
ary structure in the amide I band [37]. The objectives were 
to confirm the effect of pre-heat at 70 °C for 1 h in denatur-
ing the protein structures before used in tribocorrosion tests 
deliberately.

Figure 2b shows the testing electrolytes used in this study. 
Both as-FBS and de-FBS were diluted with DI water to 25% 
and 75% (v/v), or to a minimum of 17 g/L and 51 g/L total 
protein content, respectively. Analytical laboratory grade 
sodium chloride (NaCl) was purchased from Sigma, UK and 
used as-received salts ion in this study. The saline was then 
added to the FBS electrolytes to a concentration of 0.9% w/v 
NaCl. The 0.9% w/v NaCl without FBS (pure saline) was 
also used. FBS concentration was based on the version of 
ISO 14243–3 standard for hip simulation, which required a 
25% (v/v) concentration of serum. The 75% (v/v) was aimed 
to be a comparative variable regarding the concentration 

Fig. 2  Preparation of FBS-containing electrolyte: a pre-heating process at 70 °C for 1 h and b saline dilution for the FBS with different concen-
trations (25% and 75%)
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effect [55, 57, 58]. In addition, the dilution process was con-
ducted after the 1 h pre-heating process at 70 °C to avoid any 
concentration reduction and keep the FBS a similar condi-
tion with the untreated one.

2.3  Tribocorrosion Tests

A reciprocating tribometer (BICERI, UK) was employed to 
simulate tribocorrosion. The tribocorrosion test configura-
tion involved a reciprocating alumina  (Al2O3) ceramic ball, 
with Ø = 12 mm and grading standard of 25 (Atlas Ball and 
Bearing Company, UK), which directly in contact with a 
flat CoCrMo sample (exposed surface area = 3.80  cm2). The 
initial mean Hertzian contact pressure ʹ Pmean ́ was 565 MPa 
and achieved through the application of a constant normal 
load of 10 N [59]. The applied contact pressure was aimed 
to simulate an extreme movement of the hip joint, therefore, 
higher than in normal standard gait condition [55]. All tests 
were conducted with a 10 mm stroke length, 1 Hz frequency 
and sliding speed of 20 mm/s (1 cycle is equal to 1 s in tribo-
corrosion test), at room temperature 25 °C and equilibrium 
conditions (i.e. corrosion not forced). Total sliding time was 
varied between 3, 6 & 9 h. All tests were conducted in trip-
licate (n = 3). All samples had a rapid rinse with DI water, 
dried by compressed air and stored in a desiccator to avoid 
contamination before surface chemical analysis.

The reciprocating pin-on-plate tribometer was instru-
mented with a 3-electrode electrochemical cell controlled 
via a PGSTAT101 potentiostat (Metrohm Autolab, Nether-
lands), shown in Fig. 3. The electrochemical cell consists 
of the CoCrMo sample as working electrode (WE), a silver/
silver chloride (Ag/AgCl) reference electrode (RE) and plati-
num (Pt) disc counter electrode (CE), respectively.

2.3.1  Electrochemical Measurements

Corrosion and tribocorrosion were measured through a com-
bination of Open Circuit Potential (OCP) and intermittent 

Linear Polarization Resistance (LPR) measurements. OCP 
was measured by recording the potential difference between 
the WE and RE electrode at a rate of 1 Hz. There is no 
current flowing between the CE and WE as the anodic and 
cathodic reactions of the CoCrMo sample are in equilibrium. 
The evolution of OCP during the test can give a semi-quan-
titative assessment of the system’s corrosion.

Intermittent LPR measurements were taken at 500 s 
after immersion, at 1.5 h intervals during the sliding and 
500 s after the test stopped to assess the materials resist-
ance to polarization and subsequent corrosion current. To 
determine Polarization Resistance ′R′

p
 , the potential of the 

WE was shifted ± 10 mV versus OCP with a scan rate of 
0.25 mV/s and the resultant current measured. The LPR 
technique is considered non-destructive because it oper-
ates within a few milli-volts (mV) of the sample OCP. LPR 
measurements were conducted intermittently to avoid any 
changes within the system which may arise from sustained 
application of an over-potential. ASTM G119-09 [60] and 
referenced document G59-97 [52] describe the use of the 
LPR technique and Stern-Geary coefficients to determine 
corrosion currents within tribocorrosion systems [60].

Figure 4 shows an example plot of current vs potential 
obtained from an LPR test under (a) static and (b) slid-
ing conditions (the example tested in saline). A linear E-I 
response around zero net current was observed. The slope 
of measured current as a function of applied potential repre-
sents the Rp which was calculated using the voltage window 
of ± 5 mV around zero net current as utilized in the previous 
studies [8, 61]. The obtained Rp was converted into a corro-
sion current density ʹ Icorr ́ (Ampere) using the Stern-Geary 
formula (Eq. 1) and a standard set value of Tafel constants 
( βa and βc = 120 mV/decade) obtained through an extrapola-
tion process of the Tafel plot. The Icorr was integrated over 
the tribocorrosion test time ʹtʹ (second) to obtain the total 
charge transfer of ions removal, ʹQʹ (Coulomb) in Eq. 2, 
which passed through a substance [61].

Fig. 3  Instrumented reciprocat-
ing tribometer scheme (this 
image is reproduced from the 
previous study [8])
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After obtaining the charge transfer from LPR data, Fara-
day’s Law was used to estimate a mass loss ‘m’ of metallic 
surface resulted from corrosion components as in Eq. 3. Far-
aday’s constant ‘F’ was 96,500 C/mol and molar mass ‘M’ 
was 55.7 g/mol, obtained from the stoichiometric average of 
CoCrMo alloys composition. Therefore, the valence number 
‘n’ was 2.4 and density ρ was 8.29 g/cm3. These values were 
also similar to those used in previous studies with CoCrMo 
sample [61–63]. The estimated mass loss was divided by the 
value of material density, as in Eq. 4, to calculate the volume 
loss due to corrosion ‘Vc’.

2.4  Post‑Test Wear Analysis

Surface analysis was conducted to examine the influence of 
protein configuration on CoCrMo surfaces subjected to tri-
bocorrosion. The methodologies used are described herein:

(1)Icorr =
�a.�c

2.303
(

�a + �c
) .

1

Rp

(2)Q =

t

∫
0

Icorrdt

(3)m =
M.Q

n.F

(4)VC =
m

ρ

2.4.1  Chemical Analysis

An EVO MA 15 (Carl Zeiss, Germany) Scanning Electron 
Microscopy (SEM) was used to observe the worn surface 
morphology and film depositions at the surface. Energy 
Dispersive X-ray Spectroscopy (EDS) enabled the observa-
tion of the chemical elements on the sample surface. EDS 
captured the mapping scans of common elements with accel-
erating voltage of 10 kV. Atomic quantitative analysis was 
taken from two spots inside the wear scar in each sample 
(n = 3) by EDS. Previous studies [8, 64] characterized that 
typical elements, e.g. carbon, nitrogen, sulfur, oxygen and 
metallic traces, were found on the retrieved implant surface.

2.4.2  Atomic Force Microscopy (AFM)

AFM (Bruker, MA, USA) was employed to observe the high 
resolution of topography images of deposited films with the 
CoCrMo wear scars. AFM was used in tapping mode (in 
air) to generate mapping inside wear scar after tested in all 
electrolytes. Image processing and data acquisition were 
conducted by NanoScope Analysis software (Bruker, MA, 
USA) to obtain a high resolution of topography. The scans 
were taken on an area of 5 × 5 µm at different spots (n = 3).

2.4.3  Vertical Scanning Interferometry (VSI)

VSI (NPFlex, Bruker, USA) was used to obtain sample sur-
face profiles as three-dimensional representation and meas-
ure the total volume loss after 3 h, 6 h and 9 h sliding. VSI 
used white light and surface reflection to generate fringes 
with a magnification lens of 10x. The results were proceeded 
by the Vision64 software (Bruker, MA, USA) to generate 

Fig. 4  Example of polarizations during LPR scan at a static and b sliding conditions in 0.9% saline solution
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three-dimensional images. Wear scar contour and negative 
volume were calculated after removal of surface form and 
tilts. The total volume loss was measured by adjusting the 
layer height to calculate all points below the plane.

Specific wear rates then were calculated via Archard’s 
Law [65, 66]. Equation 5 [67] shows that the specific wear 
rate ‘SWR’ (µm3/N.m) can be calculated using total volume 
loss ‘Vtotal’ (µm3) divided by constant normal load ‘W’ (N) 
and sliding run distance ‘∆S’ (216 m, 432 m and 648 m for 
3 h, 6 h and 9 h sliding, respectively). SWRs were calcu-
lated for each tribocorrosion test interval as an indication of 
changes in the degradation mechanism.

2.5  Tribocorrosion Mechanistic Approach

The dominant degradation mechanism, either electro-
chemical corrosion or mechanical wear processes, can be 
estimated using a mechanistic approach by Uhlig’s formula 
(Eq. 6) [68]. Based on the studies by Stack et al. [69, 70], the 
total volume loss ( Vtotal ) can be categorized into volume loss 
due to electrochemical corrosion ( VC ) and volume loss due 
to mechanical wear ( VW ). Since the Vtotal has been measured 
by VSI and the VC was estimated via Faraday’s Law,  VW can 
be calculated via subtraction.

The mechanisms of tribocorrosion can be determined 
by the ratio between VC over VW [69, 70]. The following 
criteria was used to identify the dominating tribocorrosion 
mechanisms:

2.6  Statistical Analysis

All results are presented as an average attributed with error 
bar (standard deviation / SD). Statistical analysis was con-
ducted using one-way analysis of variance (ANOVA). The 
number of the tested samples (n) were categorized into spe-
cific variables (e.g. electrolyte and test duration) as com-
parative groups. ANOVA test can determine significance 
of the electrolytes effect on tribocorrosive degradation of 
CoCrMo surface. The level of significance used α = 0.05 

(5)Vtotal = SWR.W.ΔS

(6)Vtotal = VW + VC

Wear ∶ VC∕VW ≤ 0.1

Wear − corrosion ∶ 0.1 < VC∕VW ≤ 1

Corrosion − wear ∶ 1 < VC∕VW ≤ 10

Corrosion ∶ VC∕VW > 10

to be compared with a p-value in all mentioned compari-
son. The compared results that are significantly different 
(p < 0.05), have been marked by an asterisk (*).

3  Results

3.1  Raman Confirmation

Figure 5 shows the Raman spectra for FBS before (as-FBS) 
and after heat treatment (de-FBS). A significant decrease in 
the amide I peak intensity was seen for de-FBS after sub-
jected to heat treatment at 70 °C for 1 h. The deconvoluted 
area percentage of ordered α-helix decreased with the appli-
cation of heat treatment and enhanced the disordered α-helix 
percentage within the amide I band, indicating the native 
structure became denatured.

Characterization of the changes in pre-heated FBS at 
70 °C for 1 h was conducted in this study via Raman analy-
sis. A change in the amide I peak intensity, showing the 
decrease in ordered α-helix and an increase in disordered 
α-helix deconvoluted area percentages, was seen for de-
FBS after thermally treated 70 °C for 1 h. A past study [37] 
demonstrated that the protein conformational structure is 
reversible at temperatures below 50 °C. However, protein 
becomes irreversibly unfolded after passing the heat treat-
ment higher than 60 °C. After reaching 70 °C, the proteins 
can be altered in their physical form into a gel-like structure 
along with a change in colour. That study also showed that 
range of the critical temperature for protein denaturing was 
within 50–60 °C. Similar to this study, the unfolding pro-
cesses (α-helices secondary structure) were indicated by the 
shifting of Raman peaks and a reduction in signal intensity. 
Therefore, protein structure in de-FBS electrolyte used in 
this study was suggested to be fully denatured since the pre-
heating (at 70 °C for 1 h) treatment has passed the unfolding 
critical temperature.

3.2  OCP Measurements

Figure 6a and b show the transient OCP evolution during 
early immersion (pre-sliding), tribocorrosion test and after 
the test (post-sliding) in all electrolytes. Upon immersion, 
the OCP of all tests was seen to increase likely due to the 
hydration of the surface oxide layer. A typical de-/re-pas-
sivation behaviour upon the start of sliding was seen for 
all samples [71]. After sliding, the OCP in all electrolytes 
recovered to values greater than those recorded in the initial 
static immersion stage.

In the static immersion stage (pre-sliding), the CoCrMo 
sample in saline electrolyte had a more positive OCP value 
when compared to 75% FBS-containing electrolytes and 
25% de-FBS. During this test stage, the OCP for 25% 
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de-FBS was seen to be more positive when compared to 
sample immersed in 75% de-FBS. During sliding, the tran-
sient OCP in saline was more negative when compared to 
all FBS electrolytes. Similar to the pre-sliding stage, the 
transient OCP for 25% de-FBS during sliding stage was 
seen to be more positive when compared to sample slid in 
75% de-FBS. In post-sliding stage, all electrolytes had a 
more positive transient OCP value when compared to their 
pre-sliding stage. Furthermore, 75% as-FBS had a more 
positive OCP when compared to 25% de-FBS sample.

3.3  Volume Loss Due to Corrosion

Table 1 shows the average values and standard deviations 
of the polarization resistance ( Rp ) calculated from LPR 
measurements before, during and after sliding stages. Fig-
ure 7a shows the evolution of corrosion current density 
( Icorr ) derived from the application of Stern-Geary formula 
(Eq. 1) using the value of Rp at each points of the LPR 
measurements during the tribocorrosion tests. All samples 
tended to have a lower current density in the absence of 

Fig. 5  Deconvolution samples of the amide I Raman band to fit sub-peaks of α-helix structure for a the untreated / as-FBS and b after 1 h heated 
at 70 °C / de-FBS

Fig. 6  The evolution of transient OCP in a as-FBS and b de-FBS measured over early immersion (pre-sliding), tribocorrosion test and after test 
stopped (post-sliding) to compare saline and different FBS concentration
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sliding, both before and after sliding when compared to 
sliding stage. Furthermore, the current densities tended to 
gradually increase as a function of time during the sliding 
stage. Overall for all tests conducted in 25% FBS-contain-
ing electrolytes the current densities were lower than tests 
conducted in 75% FBS and saline electrolytes. In sliding, 
de-FBS tended to result in lower current densities when 
compared to the as-FBS electrolytes.

Figure 7b shows the average total charge transfer for 
all tribocorrosion tests. For all test durations, the use of 
25% FBS and 75% FBS was seen to significantly decrease 
and increase the total charge transfer, respectively, when 
compared to saline. Furthermore, an increase of charge 
transfer was observed for all 75% FBS-containing elec-
trolytes when compared to all samples slid in 25% FBS-
containing electrolytes. No significant difference in total 
charge transfer was observed between CoCrMo tested in 
as-FBS and de-FBS.

3.4  Chemical Analysis

Figures 8 and 9 show SEM and EDS analysis of the wear 
scars (two different spots) for CoCrMo surfaces after slid 
for 9 h in as-FBS and de-FBS electrolytes, respectively. 
These SEM images were supported with EDS mapping to 
observe the distribution of elements within the wear scar. 
Several species, i.e. carbon (C) and sulphur (S), were made 
an appearance along with metal elements (Co, Cr and Mo) 
and oxygen (O). EDS analysis at wear scar edges and corner 
indicated signs of carbon and oxygen. Sulphur and traces of 
carbon were also observed within the wear scar. The darker 
layers dominated the tip corner of wear and the inside wear 
track and along the wear borders. The EDS confirmed car-
bon and sulphur from bovine serum and also oxide from 
the passive reformation. Wear scar at 25% FBS showed a 
smaller width (via SEM image scale) and more oxide films 
were seen more at the corner when compared to 75% FBS.

Table 1  The average Rp values calculated from the LPR measurements during tribocorrosion tests

Conditions Time (Seconds) Polarization resistance ( Rp ), kΩ.cm−2

Saline 25% as-FBS 75% as-FBS 25% de-FBS 75% de-FBS

Static 500 128.17 ± 6.08 155.58 ± 14.39 126.02 ± 13.59 131.93 ± 16.72 129.06 ± 4.60
Sliding 5980 52.68 ± 11.31 86.44 ± 16.26 28.43 ± 3.87 101.90 ± 17.58 35.64 ± 8.89

11,460 52.36 ± 11.17 71.40 ± 11.09 24.48 ± 2.87 83.63 ± 11.84 29.25 ± 5.99
16,940 50.04 ± 10.20 79.12 ± 13.62 22.02 ± 2.32 80.46 ± 10.96 25.08 ± 4.41
22,420 88.85 ± 32.17 60.22 ± 7.89 22.15 ± 2.35 71.90 ± 8.76 22.63 ± 3.58
27,900 47.63 ± 9.24 50.93 ± 5.64 21.67 ± 2.46 67.03 ± 7.61 22.12 ± 3.43
33,380 38.39 ± 6.01 48.44 ± 5.10 20.76 ± 2.06 71.90 ± 8.87 21.64 ± 3.28

Static 33,960 109.15 ± 4.35 237.23 ± 33.46 210.48 ± 37.90 249.72 ± 39.90 127.39 ± 4.55

Fig. 7  a The evolution of corrosion current density measured during 9 h tribocorrosion and b comparison of total charge transfer and V
C
 with a 

split of test durations (n = 3; SD bar; *p < 0.05)
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Table 2 shows the average atomic percentages of ele-
ments (n = two different spots) found on CoCrMo sur-
faces after 9 h tribocorrosion test. The atomic percent-
age of carbon, oxygen and nitrogen were relatively lower 
on surfaces slid in 75% FBS samples when compared to 
25% FBS samples. On the contrary, the sulphur element 

percentage was higher on 25% FBS samples when com-
pared to 75% FBS samples. Carbon and oxygen were found 
to increase in the wear scar of denatured FBS samples. 
The sulphur was observed to be higher on samples slid in 
75% FBS-containing electrolytes when compared to 25% 
FBS electrolytes.

Fig. 8  SEM/EDS in the wear 
scar of CoCrMo alloys after 
tested in a 25% as-FBS and b 
75% as-FBS
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3.5  Surface Topography

Figure  10 shows representative images of the surface 
topography of samples slid in the different electrolytes, 
as measured by AFM. Signs of abrasion (characterized by 
grooves/scratches) was observed in the wear scar of the 
CoCrMo samples slid in a saline electrolyte. AFM analysis 

of CoCrMo surfaces slid in FBS electrolytes displayed evi-
dence of film formation and localized build-up arranged in 
the direction of sliding. CoCrMo surfaces slid in as-FBS 
showed a smoother texture compared to those slid in de-
FBS. The film deposition for CoCrMo surface slid in de-FBS 
was seen to be more scattered when compared to surfaces 
slid in as-FBS. Samples slid in de-FBS demonstrated an 

Fig. 9  SEM/EDS in the wear 
scar of CoCrMo alloys after 
tested in a 25% de-FBS and b 
75% de-FBS
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increased amount of localized build-up of material on the 
surface when compared to surfaces slid in as-FBS.

3.6  Total Volume Loss

Figure 11a shows the  Vtotal measured by VSI with respect to 
tribocorrosion test duration in all electrolytes. Vtotal was sig-
nificantly higher for CoCrMo slid in saline when compared 
to all FBS electrolytes for all test durations. After 3 h sliding 
tests, the Vtotal was higher for all 75% FBS-containing elec-
trolytes when compared to 25% FBS-containing electrolytes. 
CoCrMo tested in 75% de-FBS was observed to significantly 
decrease the Vtotal when compared to 75% as-FBS, indicating 
the role of denaturing protein in FBS. No significant differ-
ence was observed between all FBS electrolytes after the 6 h 
sliding tests. Furthermore, after the 9 h sliding tests the Vtotal 
for 25% de-FBS was significantly lower when compared to 
CoCrMo slid in 25% as-FBS and 75% de-FBS.

Figure 11b shows the SWRs for each time durations of 
the tribocorrosion test. The purpose of the SWR compari-
son was to interrogate any degradation mechanism change 
within each test interval (every three hours during the 9 h 
tribocorrosion test). During 3 h sliding tests, the SWR was 
suggested to change due to protein concentration in FBS, 
showing higher average SWR for all 75% FBS-containing 
electrolytes when compared to 25% FBS-containing elec-
trolytes. Furthermore, CoCrMo tested in 75% de-FBS was 
observed to significantly decrease SWR when compared to 
75% as-FBS, indicating the role of denaturing protein in 
FBS. No significant difference was observed between FBS 
electrolytes during 6 h sliding tests. After 9 h of sliding 
test, the SWR for 25% de-FBS was seen to be significantly 
lower when compared to CoCrMo slid in 25% as-FBS and 
75% de-FBS.

3.7  Volume Losses due to Tribocorrosion

Figure 12 shows the contribution of volume loss due to cor-
rosive ( VC ) and mechanical ( VW ) processes to the total tri-
bocorrosive volume loss ( Vtotal ) as a function of test duration 
and electrolyte. The  VC was estimated using Faraday’s Law 

(refer to Fig. 7b), allowing the subtraction of Vtotal to obtain 
VW . For all test durations, saline had the highest VW when 
compared with all FBS-containing electrolytes. Following 
a 3 h sliding test, the VW for 25% as-FBS and 75% de-FBS 
were significantly lower when compared to 75% as-FBS. 
After 6 h sliding tests, a significant difference in VW was 
observed for 25% de-FBS, which was higher when compared 
to 75% de-FBS. After 9 h sliding tests, CoCrMo slid in 25% 
as-FBS was seen to have a significantly higher VW when 
compared to 75% as-FBS and 25% de-FBS. Furthermore, the 
VW for 25% de-FBS was significantly higher when compared 
to 75% de-FBS.

Figure 13 shows the volume loss ratio (%-contribution) 
as a function of the test duration and electrolyte. In all 
cases, the %-VW was seen to contribute to more than 70% 
of the Vtotal . In the case of CoCrMo slid in 75% de-FBS, 
the %-Vc was seen to increase with increased sliding time, 
accounting for ~ 30% of the total material loss. This trend is 
hypothesized to be influenced by a change in tribochemis-
try behaviour on the CoCrMo surface as a function of the 
sliding duration and different protein concentrations in FBS 
electrolytes. FBS with a 75% concentration is hypothesized 
to form a tribofilm on the CoCrMo surface over the sliding 
cycles, improving the lubricity to minimize the incremental 
rate of mechanical wear degradation based on the results of 
this study. However, this particular concentration of protein 
in electrolyte increased the rate of corrosion. There was no 
evidence of the effect of protein structure on the incremental 
rate of volume loss contributors over all test durations.

To investigate the link between protein structure and 
concentration effects, the VC and VW can be used to indi-
cate tribocorrosion behaviour via the mechanistic approach 
[72] after 3, 6 and 9 h sliding tests in various FBS-con-
taining electrolytes (Fig. 14). The tribocorrosion process 
on CoCrMo slid in saline was constantly dominated by 
the mechanical wear mechanism during the 3, 6 and 9 h 
sliding tests. On the other hand, all of the FBS-containing 
electrolytes consistently showed that the wear-corrosion 
mechanism was dominating the tribocorrosion degradation 
for all sliding test durations, except for 25% de-FBS after 
6 h sliding in, which represented a wear dominated regime. 

Table 2  EDS atomic percentage 
of deposited elements at 
CoCrMo surfaces tested in 
saline and FBS-containing 
electrolytes (n = 2; ± SD)

Elements Atomic percentages (at%)

Saline 25% as-FBS 75% as-FBS 25% de-FBS 75% de-FBS

Co 50.19 ± 0.95 41.11 ± 0.91 43.76 ± 0.47 29.91 ± 0.96 44.03 ± 0.39
Cr 18.72 ± 0.48 12.80 ± 0.20 11.99 ± 0.49 8.99 ± 0.23 10.29 ± 0.53
Mo 3.36 ± 0.16 6.58 ± 0.07 6.89 ± 0.08 5.02 ± 0.11 7.02 ± 0.08
O 27.73 ± 0.83 13.52 ± 0.95 8.51 ± 0.25 25.64 ± 0.60 9.46 ± 0.06
C – 19.71 ± 0.74 15.53 ± 0.23 24.29 ± 1.09 19.26 ± 0.25
N – 2.17 ± 0.07 1.82 ± 0.05 2.67 ± 0.11 1.20 ± 0.02
S – 4.13 ± 0.58 11.52 ± 0.16 3.50 ± 0.47 8.75 ± 0.83
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Fig. 10  AFM 5 × 5 µm images of wear scar after tested in a saline, untreated b 25% FBS and c 75% FBS, as well as denatured d 25% FBS and e 
75% FBS

Fig. 11  Comparison a total volume loss measured by VSI and b SWR with a split of test durations of 3, 6 and 9 h tribocorrosion tests in all elec-
trolytes (n = 3; SD bar; *p < 0.05)
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However the total volume loss was not significantly differ-
ent when compared to the 25% as-FBS in the wear-corro-
sion regime. Furthermore, the tribocorrosion mechanism 
was shifted back onto the wear-corrosion mechanism after 
9 h sliding.

4  Discussions

Tribocorrosion of biomedical alloys remains of signifi-
cant interest to the medical device community due to the 
potential to elicit adverse soft tissue reactions and associ-
ated with higher than acceptable revision rates. Whilst the 
basic tribocorrosion mechanisms of Co-based alloys have 
been established [2, 73], the roles of system variables on 
the tribocorrosion and tribochemical processes are still to 

Fig. 12  The contributors to total volume loss as a function of the tribocorrosion test duration for all electrolytes (n = 3; SD bar; *p < 0.05 for V
W

 
as a function of electrolyte)

Fig. 13  The ratio of the contributing volume loss components as a function of tribocorrosion test duration for all electrolytes
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be fully elucidated. For the first time, tribocorrosion tests 
have been conducted in the pre-heated (at 70 °C for 1 h) 
FBS-containing electrolyte. This study aimed to under-
stand the role of the protein structure and its concentra-
tion on the tribocorrosion and tribochemical processes 
occurring on of CoCrMo alloys. A preheating approach 
to denature proteins within the electrolyte prior to sliding 
was taken in an attempt to isolate the effects of increased 

external temperature on corrosion kinetics. The major 
findings from this study indicate that the protein structure 
and concentration affects (1) the tribochemical processes 
occurring on CoCrMo surfaces and (2) the mechanisms of 
tribocorrosion material loss.

From Fig. 12, the denatured protein structure tends to 
reduce the volume losses owing to mechanical wear ( VW ) 
when compared to as-received FBS-containing electrolyte. 
The de-FBS also incurred a lower total charge transfer which 
indicated a reduction in volume loss due to corrosion ( VC ). 
The reason for this decreasing behaviour can be linked with 
the denaturing effect on protein–metal interaction and tri-
bofilm deposition; tribofilm formation was more abundant 
on samples slid in denatured protein electrolytes (Fig. 10). 
This correlates with observations from Mishina and Kojima 
[74] who investigated the role of serum albumin on fric-
tion in the combinations of CoCrMo, polyethylene (UHM-
WPE) and alumina samples. The study showed that protein 
denaturation occurs in the temperature range of 50–55 °C, 
affecting the absorption behaviour and decreasing friction 
and wear. In this study, a higher EDS carbon signal was 
detected and evidence of tribofilm formation in the wear 
tracks of CoCrMo slid in de-FBS electrolytes was observed, 
complimenting the reduced material loss mechanism. This 
correlates with other studies that have shown carbonaceous 
tribofilm deposition can reduce the corrosion, wear and the 
lubricity of CoCrMo alloy in the tribological condition [75, 
76]. Wimmer et al. [21, 77] further hypothesized that tribo-
films (from retrieval and in vitro hip simulator) were formed 
after the denaturation process due to the mechanism of shear 
stress and flash temperatures at the contacting surfaces. In 
addition to the carbon observation, this study provides evi-
dence of cobalt, molybdenum and sulphur on the surfaces 
after tribocorrosion (Table 2); the concentration of which is 
affected by the FBS concentration and protein structure. The 
presence of sulphur in the form of cobalt sulphide has been 
observed via XPS and SAED images within the tribofilm 
on the CoCrMo surface slid in bovine serum by Hesketh 
et al. [41]. Furthermore, the authors have identified Mo-S 
speciation via XPS in a previous study [8]. The presence 
of sulphur on the surface and its tendency to reduce vol-
ume loss due to mechanical wear have been demonstrated 
in several studies [78, 79]. Thermal heating and mechanical 
shear has been shown to modify the disulphide bridges in the 
protein structure along with amide I band [33, 43, 80]. It has 
been hypothesized by Maskiewicz et al. [29] that denatured 
protein in FBS promotes proteinaceous tribofilm formation 
due to higher kinetic adsorption rates, which tends to interact 
with metal ions, suppress the metal ions release and reduce 
material loss owing to mechanical wear [40, 56].

The higher FBS concentration was observed to increase 
the volume loss due to corrosion VC . This behaviour indi-
cates that a higher FBS concentration can enhance the 

Fig. 14  The tribocorrosion behaviour of CoCrMo using a mechanistic 
approach after a 3 h, b 6 h and c 9 h sliding tests in all electrolytes 
(n = 3; SD bar)
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synergism between wear and corrosion during sliding. In 
line with the observations by Thornley et al. [81] it can be 
hypothesized that the increased FBS concentration will 
inhibit oxygen-reduction reactions and delay passive film 
formation, hence resulting in a higher/sustained dissolu-
tion process. The behaviour of protein aggregation had a 
higher protein concentration when compared to the lower 
concentration compliments observations made by Sun et al. 
[82], reporting the misfolded protein aggregates found on the 
worn CoCrMo surfaces with various dimensions. The pro-
teins seemed to be aggregated and bonded with metal debris 
and ions, forming agglomeration bodies trapped within the 
contact surface. In this study, the aggregated proteins in 
high concentration coincided with increased corrosion loss 
(Fig. 7b). These proteins also tended to produce a typical 
abrasive mechanism, indicated in the AFM (Fig. 10) and 
SEM results (Figs. 8 and 9). The effect investigated by Sun 
et al. [83] also showed that the increasing protein concen-
tration reduced CoCrMo resistance to polarization (and 
increase corrosion) due to competitive behaviour. The con-
centration also affected the potential at the CoCrMo surface 
in a static condition [44]. This behaviour is in strong agree-
ment with a study by Vidal and Munoz [84] that character-
ized the electrochemical behaviour on CoCrMo alloys in 
simulated body fluid. Albumin has been shown to reduce 
the polarization resistance and inhibit the oxide film forma-
tion in a static test. The protein concentration accelerated 
the anodic reaction since the adsorbed protein can bind and 
transport the metal ions away from the electrolyte/metal 
interfaces. A wear-corrosion dominated mechanism in all 
FBS electrolytes was observed in this study. This mechanis-
tic behaviour is in strong agreement with a study by Mathew 
et al. [2] who showed a wear-corrosion dominated degrada-
tion in a bovine calf serum electrolyte compared to a wear 
dominated mechanism in a saline electrolyte. This study 
further shows that a lower protein concentration (25% FBS, 
in this case) tends to shift the tribocorrosion system towards 
the wear regime by reducing VC when compared to the 75% 
FBS electrolytes (Fig. 14). In addition, the denatured FBS 
tends to lower the material degradation by reducing both VC 
and VW without changing the VC∕VW ratio when compared 
to as-FBS electrolytes. This study also demonstrates that the 
contribution of wear and corrosion to the total mass loss of 
CoCrMo are independent of sliding duration/distance. This 
raises questions concerning the suitability of Archard’s wear 
law assumptions when assessing tribocorrosive material loss 
mechanisms.

4.1  Limitations of the Study

Whilst this study has successfully identified the role of pro-
tein structure on the tribocorrosion of CoCrMo there are 
number of limitation in this study that need to be considered. 

The use of LPR techniques and Stern-Geary theory provides 
a convenient and non-destructive methodology to determine 
the tribocorrosion currents of materials close to equilibrium 
[85, 86]. It has been shown by many authors that the applica-
tion of sustained over-potential affects both the material-pro-
tein interactions and tribocorrosion mass loss mechanisms 
[38, 48, 87–89]. Furthermore, the approach has been used 
been widely used in literature for a variety of tribocorrosion 
systems and is described in ASTM G119-09 [55, 90–93]. 
However the use of LPR techniques for tribocorrosion sys-
tems brings the following assumptions and limitations [94, 
95]: Assumption of single charge transfer controlled reac-
tions whereby the OCP is considered to be at ‘equilibrium’ 
and far removed from the reversible potentials ( Erev ) of 
the anodic and cathodic reactions ( ErevCo(II)∕Co ~ − 519 mV 
and ErevCr(II)∕Cr ~ -1155 mV, according to mixed potential 
theory that is applied to interpret the potentials during rub-
bing on CoCrMo alloy in acidic buffered solutions [96]); in 
this case reversible potentials are for cathodic deposition of 
metals and anodic oxidation of species involved in reduc-
tion reactions which would result in a deviation from the 
approximately linear observations. Whilst the results from 
this study show the tribocorrosion system to be transient 
over the test duration, during abrasion the OCP measured 
continuously prior to LPR measurement can be considered 
stable with deviations in OCP < 3 mV/min [97] observed 
prior to polarisation (see supplementary data). Furthermore, 
no metal deposition was observed on CE surfaces and data 
presented in supplementary data show linear E-I indicating 
the tribocorrosion reactions are sufficiently far away from 
the reversible reactions and any possible capacitive charging 
effects have been mitigated through a sufficiently low volt-
age scan rate [98, 99]. Finally, based on the transient nature 
of the tribocorrosion system and formation of surface films 
that may limit the activation controlled corrosion reactions 
it is reasonable for the Tafel and proportionality constants to 
vary with time. Whilst we have assumed a constant 120 mV/
dec, in practice a variation in βa and βc could result in a max 
error of 20% in stated corrosion currents. Future work to 
determine how these vary as a function of test duration and 
environment will be undertaken using a.c. techniques.

5  Conclusions

The effect of denaturing of FBS (via heat treatment) with 
different concentrations on tribocorrosion and tribochemis-
try on a CoCrMo alloy surface was successfully investigated. 
The following points are drawn from the obtained results as 
conclusions:

• The increasing protein concentration of FBS electro-
lytes was seen to reduce the transient OCP and promote 
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charge transfer significantly. However, de-FBS was 
seen to decrease the corrosion current density when 
compared to as-FBS electrolytes during sliding.

• The film depositions were seen on the de-FBS samples 
by AFM without confirming that those were protein 
species. A bigger localized build-up width, measured 
from 0.2–0.5 µm, was observed for de-FBS via AFM 
compared to as-FBS.

• SEM/EDS mapping scans observed higher carbon 
percentages at the wear scar of the de-FBS samples 
when compared to the as-FBS at both concentrations. 
An increase in sulphur elements was traced for both 
samples with a concentration of 75% FBS.

• The effects of protein structure and concentration in 
FBS electrolytes on the tribocorrosive degradation of 
CoCrMo surface is time-dependent during the tribo-
logical condition.

• The denatured protein in the FBS electrolyte can reduce 
the volume loss due to the corrosion and wear pro-
cesses of the CoCrMo surface after being slid for 9 h.

• A higher protein concentration is indicated to have a 
positive effect in reducing the volume loss owing to 
mechanical wear after 6 h and 9 h sliding tests.

• However, the 75% FBS concentration instead increases 
the volume loss due to corrosion when compared to 
the 25% FBS concentration. It is hypothesized that the 
effect of protein content on volume loss due to corro-
sion is dependent on its concentration in electrolyte.

The future studies may need to study in vivo using a hip 
simulator to replicate more accurately the real articulat-
ing joint circumstances with more controlled parameters. 
The resistivity and thickness of the film formed, both pas-
sive oxide and adsorbed proteins, also clearly need to be 
further investigated as the function of protein structure 
and concentration. Those suggestions may contribute to a 
deeper understanding of protein-metal implant interactions 
in tribocorrosion mechanisms.
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