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The long term performance of CoCrMo alloys in a tribocorrosive environment relies on the passivation
properties of such alloys. The depassivation—repassivation phenomenon of CoCrMo alloy surfaces in a
0.9% NaCl solution, with and without the addition of Bovine Serum Albumin (BSA), was investigated.
The relationships between the wear-induced-depassivation rate (D), applied load (F) and stroke
frequency (f) were deduced. These can be summarised as D = 7.57E-6F0.56f in a 0.9% NaCl solution
and D = 2.31E-6F0.85f in BSA containing solution. It was found that the ratio of the Cr element in the
outer layer of the passive film was lower after depassivation. The passive film formed initially has
better stability, which results in a lower depassivation rate in the initial few cycles compared with later
cycles (relatively stable) in 0.9% NaCl solution. The adsorption of BSA and the effects of mechanical
wear result in a higher depassivation rate in the initial a couple of cycles in BAS containing 0.9% NaCl
solution.
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1. INTRODUCTION

Corrosion and wear resistance are the two important factors affecting the service life of alloys,
and the interaction of tribology and corrosion in aqueous sliding conditions was studied [1, 2]. The key
point in the tribocorrosion process is depassivation—repassivation behaviour. Depassivation is defined
as an increase in corrosion current caused by the change of passive film properties, which mainly
include composition, structure, thickness, electrical conductivity etc. Some authors have used
mechanical, chemical and electrochemical methods to destroy passive film in order to achieve
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depassivation. Fushimi [3] investigated the depassivation—repassivation of iron surfaces in boric—
borate solutions using a micro-indentation test and pointed out that plastic deformation of the surface
was accompanied by surface depassivation, while no depassivation occurred during elastic
deformation. Nano-indentation tests were performed to examine the nano-mechano-electrochemical
properties of passive film formed on titanium [4] and iron [5, 6] surfaces in solution or air. Ghods [7]
showed that the addition of chloride to the CP solution could lead to the breakdown of passive film on
carbon steel and change its composition and thickness. Hodgson [8] used electrochemical techniques
to study passive and transpassive behavior of CoCrMo alloys in simulated body fluids. It was found
that the oxide film is enriched with Cr during the activation/repassivation cycles, while active
dissolution is mainly dominated by the alloying element Co. Landolt [9] proposed a proportional
relationship between anodic current enhancement and mechanical parameters, such as the applied load
and sliding speed of the tribocorrosion process.

Repassivation capability is an important factor influencing corrosion resistance when the
passive film is broken [10]. High Field conduction Models (HFM) and InterFace Models (IFM) were
put forward to predict film growth models [11]. Repassivation of a wear scar showed that the initial
growth of the passive film is controlled by ion migration in a high electric field obeying an inverse
logarithmic rate law at passive potentials [12]. Xu [13] studied the repassivation behaviour of 316 L
stainless steel in a borate buffer solution. They divided the initial current transient into substrate
dissolution current and passive film formation current. It was found that the repassivation process is
dominated by anodic dissolution only in the initial stages, and that the dissolution current rapidly
decays below the film formation current.

CoCrMo alloys are widely used for orthopaedic implants due to their excellent corrosion and
wear resistance. In a physiological environment, the presence of proteins and phosphates affect the
electrochemical behaviour of the implant and, consequently, affect the depassivation—repassivation
process [14-16]. The mechanism of biotribocorrosion is complex and so far there is no clear
explanation for it.

In this paper, the depassivation process was investigated in detail. Current variation in the first
few cycles under tribological contact in simulated body fluids was recorded and a quantitative relation
between depassivation rate (D), applied load (F) and stroke frequency (f) was concluded. The
composition change of the oxide film after electrochemical depassivation was analysed by AES.

2. EXPERIMENTAL METHODS AND MATERIALS

2.1 Materials and sample preparation

The forged CoCrMo alloy (ASTM F75-1987) used in this work contained 63% Co, 28% Cr,
5% Mo and 0.2% C (wt. %) (a small amount of Ni, Si, etc.). For tribocorrosion tests, the specimens
were 20 mm in diameter and 5 mm in thickness. For AES tests, the specimens were 10 mm in diameter
and 3 mm in thickness. The surface of the specimens were wet, ground with SiC paper up to 3000 grit
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and then polished with diamond paste. After polishing, the specimens were cleaned in ethanol and
distilled water.

2.2 Electrochemical test

The electrolytes used were 0.9% NaCl and 0.9% NaCl with the addition of 10 g L™ bovine
serum albumin (BSA). The three-electrode system included the specimen as the Working Electrode
(WE), a platinum wire as the Counter Electrode (CE) and a silver/silver chloride electrode as the
Reference Electrode (RE). The tribocorrosion tests were carried out with a UMT-II reciprocating wear
tester. The electrochemical station was connected with the wear tester to record current variation
during the tribocorrosion process. The applied loads (F) were 2N, 3N and 5N and the stroke
frequencies were 0.03 Hz, 0.08 Hz and 0.12 Hz (the corresponding rotating speeds were 2 rec/min, 5
rec/min and 7 rec/min). The sliding distance was 15 mm and the counterpart used was ZrO, with a 5
mm diameter. The friction of coefficient was measured one point per second. For potentiodynamic
tests, a scan rate of 1 mV/sec was used. The scan range was set from -1.0 V vs. Ag/AgCl to 1.0 V vs.
Ag/AgCl.

2.3 Auger electron spectroscopy

AES analysis was carried out by a PHI-700 nanoscanning Auger system. The variation of the
elemental composition of the surface oxide layer was analysed in depth. The elemental analysis of Co,
Cr, Mo, O and N was performed as a function of sputter time. The sputter rate was 3 nm/min.

3. RESULTS

3.1 Potentiodynamic polarisation measurement
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Figure 1. Anodic polarization curve for the CoCrMo alloy in 0.9% NaCl solution and 0.9%NaCI+BSA
solution
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Potentiodynamic polarisation was conducted to gain information about the electrochemical
response of CoCrMo alloys in 0.9% NaCl and 0.9% NaCl + BSA. Fig. 1 indicates that CoCrMo alloys
show stable passivity in different solutions. The passive range extends from 0 V to 0.5 V in 0.9% NacCl
and -0.5 V to 0.5 V in 0.9% NaCl + BSA. The corrosion current for material in 0.9% NaCl is about
2.1pA and in BSA containing solution, it increases to 32 pA. The result indicates that the addition of
BSA can enhance the corrosion rate for CoCrMo alloys at static conditions.

3.2 Tribocorrosion tests

A potential within the passive region was applied, and the current variation in the first few
cycles was measured as a function of the applied load and stroke frequency. The current variation
recorded in different solutions is presented in Fig. 2 and Fig. 3. Corrosion current was kept at a certain
range before the start of loading.
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Figure 2. Current as a function of time for the CoCrMo alloy in 0.9%NacCl at an applied potential of
0.2V vs. Ag/AgCI at f = 0.03Hz and different loads, (a) F = 2N (b) F = 3N (c) F =5N; f =
0.08Hz, (d) F=2N (e) F=3N and (f) F=5N

There was an increase in the current, as the stroke started to correspond to the rupture of the
surface oxide film, upon which cyclic current variation with time can be seen clearly. The period of
current change is related to the stroke frequency and in a single cycle the current increases to
maximum at first and then decreases to minimum corresponding to the depassivation—repassivation
process. The current reaches its peak value when the sliding velocity is highest and gradually decreases
to minimum with sliding velocity decreasing to zero. Thus, the corrosion current mainly affects the
surface area of the alloy exposed to the solution instantaneously during the tribocorrosion process.

The current peak is significantly higher in 0.9% NaCl compared with 0.9 % NaCl + BSA under
the same mechanical conditions. Fig. 4 shows that friction decreases after the addition of BSA. The
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protein adsorption layer may act as a lubricant during the tribocorrosion process, reducing the friction
coefficient, thereby, reducing friction, which in turn reduces the corrosion current. In previous studies,
the proteins adsorbed to the oxide film created an initial shielding layer on top of the oxide film and
made its degradation less drastic [17]. The adsorbed proteins will also hinder the cathodic process by
blocking oxidants into the metal surface [18]. These reasons can explain why the current becomes
lower when adding BSA.
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Figure 3. Current as a function of time for the CoCrMo alloy in 0.9%NaCI+BSA at an applied
potential of 0.2V vs. Ag/AgCl,at f = 0.03Hz and different loads, (a) F= 2N (b) F=3N (c) F =
5N; f=0.08Hz, (d) F=2N (e) F=3N and (f) F =5N
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Figure 4. Fictional forces in different solutions (a) 0.9%NaCIl+BSA (b) 0.9%NaCl+BSA

For materials used in a tribocorrosion environment, the applied load determines the contact
area, while the stroke frequency affects the sliding velocity of the counterpart in an instant. The
properties of the passive film, which mainly include structure and composition, will also influence
corrosion. All three factors affect the area of the bare alloy exposed to the solution, thus, affecting the
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corrosion current. For a given load and stroke frequency, the passive film properties are the main
reason affecting corrosion current in different cycles of friction.

Fig. 2 shows that the current peak increases gradually in the first two cycles, becoming steady
in later cycles. The results are contrary after adding BSA. Fig. 3 shows that the current is significantly
higher in the first two cycles and changes to a lower steady state later. The change of the passive film
properties and the adsorption layer are the main factors that affect the corrosion current in different
cycles of the tribocorrosion process. The first cycle of friction begins with the initially formed passive
film, while the later cycles reflect the properties of repassivated film. For the solution without proteins,
the change of the passive film properties in depassivation—repassivation can explain the current
variation. AES was conducted to specify the composition of the oxide film in Fig. 5.

3.3 AES tests
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Figure 5. AES depth profiles of samples immersed for 5 hours in (a) 0.9%NaCl at OCP, (b) 0.9%NacCl
at 0.2V vs. Ag/AgCl with depassivation (c) 0.9%NaCIl+BSA at 0.2V vs. Ag/AgCl with
depassivation and (d) 0.9%NaCIl+BSA at 0.2V vs. Ag/AgCl without depassivation

The corrosion current in different cycles was compared and proved to have a great difference.
It was lower in the first cycle compared with later cycles (relatively stable) in 0.9% NaCl, while the
results were contrary in 0.9% NaCl + BSA. According to the analysis above, the change of the passive
film properties will have an effect on corrosion in the depassivation—repassivation process. It is
difficult, however, to analyse the change of film properties in different cycles of friction. Therefore,
the electrochemical method (-0.8 V cathodic potential) was used to remove the original oxide film and
the composition of the repassivated film was analysed. Using this kind of electrochemical method
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instead of mechanical forces to achieve depassivation might bring valuable results, although these two
methods have differences.

Fig. 5 shows the elemental composition of the surface oxide layer as a function of sputtered
depth. There is no significant difference in the oxide film thickness in different testing conditions.
Figs. 5 (b) and (c) show the composition of the surface oxide film after eletrochemical depassivation
under the same potential with and without the addition of BSA In addition, Figs. 5 (a) and (d) show the
composition of oxide film on samples directly immersed in different solutions and potentials. An
obvious difference is that the composition of the outer layer oxide film varies significantly depending
on whether electrochemical depassivation was performed. The atomic concentration of Cr is
significantly higher for samples directly immersed in solution. The reason for this phenomenon could
be that the oxide film formed in the air does not dissolve completely in solution. Previous studies have
shown that Cr was enriched at the outermost surface oxide after immersion, while Co was reduced due
to preferential release [19, 20]. The enrichment and passivation of Cr must result in good resistance for
the alloys. Also, because of the short interval time between two successive strokes, the structure of the
repassivation film cannot be as compact as the original oxide film. The composition and structure
change of the oxide film after depassivation may occur for the current variation in 0.9% NaCl under
tribological contact. When BSA is added, however, the adsorption of proteins and the effects of
mechanical rolling result in different current variation.
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Figure 6. Depth profiles at different testing condition (a) O/(Co+1.5Cr) and (b) Co/Cr

In order to observe more clearly the degree of oxidation of the two main alloying components,
Co and Cr, AES data are presented as the ratios of O/(Co + 1.5 Cr) and Co/Cr, as a function of the
sputtered depth [21]. In reference to this method, the analysis results are shown in Fig. 6. For the
samples with depassivation, the O/(Co + 1.5 Cr) ratio is significantly higher and both ratios decrease in
the outer layer oxide film compared with those without depassivation. This indicates that the oxide
film formed in the air, which mainly contains Cr,0O3; and CoO still exists for samples without
electrochemical depassivation, while the cobalt oxide in the outer layer is mainly in the form of
Co0O/Co (OH), for the samples with electrochemical depassivation.
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4. DISCUSSION

Corrosion resistance of the CoCrMo alloy is related to the formation of a thermodynamically
stable passive film which acts as a kinetic barrier to material flow at the interface, thereby reducing
corrosion. While in a tribocorrosion environment, corrosion resistance depends on the stability and
repassivation ability of the passive film. Wear-accelerated corrosion can be limited greatly if the alloy
can recover its passive state quickly after the passive film is destroyed. In a saline solution, the
corrosion current increases along with charge transfer when the passive film is destroyed, while the
film is reformed after depassivation prevents further oxidation of the alloy. The depassivation-
repassivation phenomenon has been recognized previously for passive alloys such as stainless steels,
Ti alloys and so on [10, 22-24]. In literature, initially the depassivation and repassivation are both
related to electrochemical processes [11]. However, mechanical force is another factor which has a
greater influence to the depassivation process [1, 10]. For hip or knee implants, the effect of proteins to
the depassivation-repassivation is really important as the longevity and safety of such medical devices
rely on the stability of the material surface. Micro-indentation experiments were carried out by
Yamamoto and colleagues [10, 22]. It was found that the passive film rupture was caused by plastic
deformation and the charge transfer occurred even during the stress relaxation period.

In order to have a more clear understanding of the relation between the depassivation rate (D),
applied load (F) and stroke frequency (f), analysis of corrosion current variation with displacement at
the third or fourth cycle of friction was conducted in Fig. 7.
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Figure 7. i-s curves in a single depassivation process at the applied potential of 0.2V vs. Ag/AgCl
under different load and frequency: (a) 0.9%NaCl and (b) 0.9%NaCI+BSA

The corrosion current changes linearly with displacement, and after linear fitting the calculated
slope was defined as the depassivation rate. After non-linear surface fitting, the relation between the
depassivation rate, applied load and stroke frequency was deduced. This can be summarised as D=
7.57E-6F%°°f for 0.9% NaCl and D = 2.31E-6F°%f for 0.9% NaCl + BSA. In Yamamoto’s indention
work [10], the maximum current that iron sample could reach at 5 N was about 0.4 puA. However,
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when frictional forces existed, the passive film need to resist the normal load and the frictional force.
In our tests, it can be concluded that the frequency (the effect of the frictional force) provided greater
effect on the depassivation process than the normal load.

When adding BSA, the adsorption of proteins or the reaction with metal ions through chelating
can affect the corrosion behaviour of alloys. Under dynamic tribocorrosion conditions, proteins affect
the breakdown of the passive film, the release of metal ions and the repassivation of the film. The
protein adsorption layer acts as a lubricant during the tribocorrosion process, reducing friction, which
in turn reduces the destruction of the oxide film. In literature, there are a number of papers discussing
the effect of proteins on the depassivation process [1, 9]. However, quantitative results of the effect on
the frequency and the applied load were few. In addition, the key period which can influence the
resistance of surface to tribocorroion is the initial a few cycles. The alteration of the surface film from
spontaneously forming in air to regeneration in electrolyte not only shows on chemical compositions
but also on the mechanical properties. Therefore, in this study we focused on the beginning of wear-
COrrosion processes.

(a) Proteins
Passive film
Substrate
(b)
()

Figure 8. Schematic diagrams of surfaces evolution in tribocorrosion tests (a) original passive film and
adsorption layer (b) after a few cycles of friction (c) after a long period of friction

The adsorbed proteins will also impede corrosion reactions by blocking the diffusion of oxygen
into metal surfaces. During the depassivation—repassivation process, the film reformed was confirmed
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to be different. The passive film was more resistant in the environment containing chloride ions, as the
chromium content in the passive film increased. Thus, the decrease of chromium content in
depassivated films could result in a higher corrosion current. When BSA was added (Fig. 8), however,
the protein adsorption layer was deformed under mechanical wear. The deformed proteins, which
sometimes contain ruptured passive film, adhered to the wear track resulting in a lower corrosion
current.

5. CONCLUSION

Electrochemical techniques (polarisation and i-t curve), wear tests and surface analysis (AES)
were conducted to investigate the depassivation—repassivation kinetics of CoCrMo alloys under
tribological contact in simulated body fluids. From the obtained results, the following conclusions are
drawn:

° The depassivation rate is related to the applied load and the rubbing frequency. This can
be summarised as D = 7.57E-6F0.56f for the tested CoCrMo alloy in 0.9% NaCl solution and D =
2.31E-6F0.85f for BSA contaiing 0.9% NaCl solution.

o The change of passive film properties during the depassivation—repassivation process
was analysed. It was found that the ratio of the Cr element in the outer layer of the passive film was
lower after repassivation. The passive film formed initially has better stability, which results in a lower
depassivation rate in the first few cycles compared with later cycles (relatively stable) in 0.9% NaCl.
The adsorption of BSA and the effects of mechanical rubbing result in a higher depassivation rate in
the first two cycles in 0.9% NaCl + BSA.
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