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Abstract: Tribocorrosion, as the interaction between mechanical wear and electrochemical corrosion,
has been found to be the main problem causing the failure and limiting the lifetime of metal-on-metal
artificial hip joints. Better understanding of the tribocorrosion mechanisms of CoCrMo alloys is
needed in order to reduce the degradation of this alloy, especially in the presence of proteins as
one of the organic components present in synovial fluid. In this study, tribocorrosion tests of a low
carbon CoCrMo alloy in phosphate buffer solution (PBS) with and without bovine serum albumin
(BSA) in two different concentrations at different applied potentials (passive and cathodic) were
carried out. The results show that the effect of proteins on wear and friction was concentration and
potential dependent. In the cathodic domain (absence of very thin passive film), wear was very
low in all solutions and the friction was significantly reduced by the addition of BSA to PBS even
at low BSA concentrations. However, in the passive domain, the friction and wear were found not
to be affected when the BSA concentration was 0.5 g/L, while they were reduced when increasing
the BSA concentration to 36 g/L. The tribocorrosion results were rationalized through an existing
tribocorrosion model and the effect of BSA on wear and friction was explained by the consideration
of physical factors such as changes in viscosity and double layer structure, because in the present
results no tribofilm formation was observed.
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1. Introduction

CoCrMo alloys are wear- and corrosion-resistant materials commonly used in biomedical implants
such as artificial knee and hip joints and dental devices. In such applications, these alloys are exposed
to the combined action of wear and corrosion by the surrounding body fluids. This combined action is
called tribocorrosion and results from the complex interaction of a variety of mechanisms, such as
lubrication, loss and establishment of passivity, build up of surface chemical films, cold work hardening,
dynamic recrystallization of strained material forming nanocrystalline layers in the near surface zone
of the metal, mechanical mixing, and release of metal and oxidized particles [1]. The tribocorrosion of
CoCrMo alloys has been extensively investigated by different researchers since 2000 and was reviewed
in 2013 [2]. A robust predictive model was proposed by Cao et al. [3] based on wear, corrosion and
hydrodynamic lubrication concepts.

The presence of proteins in synovial fluids is supposed to play a crucial role in the tribocorrosion
of CoCrMo alloys used in hip implants. For example, Wimmer et al. [4] observed the buildup of
carbonaceous films on the surface of CoCrMo hip joints after implantation in patients. This tribolayer
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was attributed to the reaction of denatured proteins with the metal surface and was thought to play
a significant role in wear reduction of hip implant joints [5]. Albumin is the most abundant organic
species in synovial fluid and, not surprisingly, its role in the tribocorrosion of CoCrMo alloys has been
the object of a large number of investigations. In general, it was observed that adding albumin to a
simulated body fluid tends to reduce wear and friction [6-10], although the extent of the effect varies
depending on the simulated body fluid [8].

Only a few studies have analyzed mechanistically the effect of proteins on the tribocorrosion
response of CoCrMo. Wang et al. [10] reported that adding albumin to a phosphate buffer solution
(PBS) solution lead to the generation of a tribofilm in self-mated cylinder-on-flat CoCrMo contacts
and a corresponding lowering of friction and wear. The formed tribofilm contained metal oxides
and hydroxides as well as phosphates but no significant organic species. Moreover, these authors
observed a much thicker nano-crystalline zone in the near surface zone of the contacting metal and,
deeper, a larger subsurface deformation after sliding in the albumin solution compared to the PBS
alone. They proposed two mechanisms to explain their observations: first, by adsorbing on the sliding
surface albumin reduces friction, this prompts large strains to appear in the subsurface, thus leading to
the buildup of the nano-crystalline layer and larger subsurface strain hardening that reinforces wear
resistance. On the other hand, albumin promotes the formation of the hard tribofilm that mechanically
protects the underlying surface and thus reduces wear. Note that these mechanisms do not imply
the formation of surface carbonaceous layers (indeed no significant organic layer was reported by
those authors).

Namus et al. [11] studied the effect of normal load on the friction, wear, subsurface transformation
and carbonaceous layer formation on a CoCrMo alloy flat sliding against an alumina ball in calf serum
solutions. The sliding velocity was 0.2 m/s, a relatively high value favoring (elasto)hydrodynamic
lubrication. Indeed, very low coefficients of friction (COF), below 0.03, were measured in all their tests.
The wear coefficient was found to be slightly lower with increasing load to attain a minimum value for
loads in the range 40 to 60 N. Under those loading conditions, the wear tracks were found using Raman
spectroscopy and optical microscopy, to be locally covered with a carbonaceous layer. Interestingly,
these lower wear rates in the presence of a carbonaceous layer were found associated to a thinner
nano-crystalline layer compared to the other loads. This is contrary to what was observed by Wang [10].
At 80 N, no such layer was observed and a transition towards higher wear values took place.

Wimmer et al. [12] investigated the effect of incremental normal force in a similar range of values
as Namus [11] but using a larger ceramic ball as counterpart to the CoCrMo flat yielding lower contact
pressures. Their tests were carried out in a calf serum solution under applied electrode potential.
These authors found a non linear increase in wear volume with the applied load with a leveling off
in the range of 32 to 56 N that was attributed, based on the electrochemical measurements, to the
formation of a surface tribofilm, the nature of which was not identified.

The results from literature discussed above are not sufficient to understand the mechanisms
by which albumin affects the tribocorrosion behavior of CoCrMo alloys. However, they point
out several crucial factors that should be considered as potentially relevant, such as frictional and
normal stresses, possible buildup of tribofilms, (elasto)hydrodynamic lubrication, and subsurface
transformations. The extent of the impact of these factors on the tribocorrosion mechanisms is also
dependent on the investigated contact conditions. The complexity of the topic, essentially due to the
interplay of the different factors, requires experiments carried out under well controlled mechanical and
(electro)chemical conditions as well as mechanistic models (reviewed in [13]) allowing for quantitatively
assessing the influence of well-defined parameters on the tribocorrosion of CoCrMo alloys in order to
rationalize the experimental results. The aim of this work is to shed light on the role of BSA on the
friction and wear behavior of a low carbon CoCrMo alloy under different electrochemical conditions.
For this, bovine serum albumin (BSA) is employed as a model protein. Tribocorrosion wear and
friction is evaluated by potentiostatic tribocorrosion tests carried out at different applied potentials in
BSA solutions. Surface analysis including scanning electron microscopy (SEM) and Auger electron
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spectroscopy (AES) will be conducted, and the relation between surface modification effect and the
lubrication effect of proteins will be discussed based on established models and concepts.

2. Materials and Methods

Wrought low carbon CoCrMo alloy samples (C: 0.05 %.wt, Cr: 28%.wt, Mo: 6%.wt, Co: 65.95 %.wt)
in the form of discs 24 mm in diameter and 5 mm in thickness were used. Samples were ground with
SiC sandpapers up to #4000 in water, and polished with a diamond suspension with particle size of
1/4um. The resulting surface roughness (Sa) of the CoCrMo samples was 10 nm, comparable to that of
a commercial metal femoral head.

Polycrystalline alumina balls (Shanghai Unite Technology, Shangai, China) 6 mm in diameter were
used as a counterpart material in the tribocorrosion tests. The disks and the balls were ultrasonically
cleaned for 5 min in ethanol and acetone bath before each test.

A phosphate buffer solution (PBS) containing 0.14 M NaCl, 1 mM KH,POy, 3 mM KCl and 10 mM
Na,HPO, was employed as the simulated body fluid. Additionally, two different amounts of bovine
serum albumin (BSA) fraction V supplied by Merck were added to the PBS solutions, 0.5 g/L (BSA
0.5 g/L) and 36 g/L BSA (BSA 36 g/L) to check the effect of protein concentration on the tribocorrosion
response of the CoCrMo alloys.

The viscosity of all solutions (PBS, BSA 0.5 g/L, BSA 36 g/L) was measured using a concentric
cylinder rheometer (Tain Instruments HR-3, New Castle, DE, US). Sheer rate was swept from 0.1/s to
1000/s.

The corrosion behavior of the CoCrMo alloy was assessed by carrying out potentiodynamic curves
in the different electrolytes in a three-electrode cell and a potentiostat (Autolab PGSTAT302, Herisau,
Switzerland). An Ag/AgCl 3 M reference electrode (0.210 V versus standard hydrogen electrode)
and a platinum wire counter electrode were used for the electrochemical tests. The exposed surface
area of the CoCrMo alloy in the electrolyte was 254 mm?. The open circuit potential (OCP) of the
alloy was measured for 600 s before the potentiodyanmic scan. Then, the potential was scanned from
—1.2 Vag/agcr to 0.8 Vag/agcl, at a scan rate of 2 mV/s. Tests were done under aerated conditions.

The passivation charge density of the CoCrMo alloy was determined by means of a potential step
method. The test was conducted using the same three-electrode cell setting as previously described
with a potentiostat (Bank elektronik Wenking LB 95L, Pohlheim, Germany). The samples were first
polarized at a cathodic potential of —1.5 Vag/agc1 for 30 s in order to remove the oxide film and then the
potential was switched to the desired passive potential (—0.2 Vag/agcl, —0.05 Vag/agcl, 0.35 Vagagcl)
while the current transients were recorded every 0.1 ms. The passivation charge density was quantified
by integrating the current density during the first 0.5 s of the polarization. Tests were repeated twice
for checking reproducibility.

Tribocorrosion tests were carried out using a home-made reciprocating linear motion ball-on-disk
tribometer which is combined with an integrated three-electrode electrochemical cell and a potentiostat
(Bank elektronik Wenking LB 95L, Pohlheim, Germany) described elsewhere [14]. The normal load was
5.6 N, the wear track length 5 mm and the sliding frequency 1 Hz. A dwell time of 0.25 s was held after
each stroke, resulting in a sliding velocity of 20 mm/s. The tribocorrosion test procedure consisted of
measuring the OCP of the CoCrMo for 600 s, applying a selected potential for another 600 s, applying
the load and starting the sliding for 1800 s while keeping the selected potential applied and finally,
stopping the motion and keeping the applied potential for another 300 s. During the tests, the response
in current was registered simultaneously to the frictional force and the position of the pin holding
the alumina counterpart. Four different applied potentials (—1Vag/agc1, —0.2Vag/agcl, —0.05Vag/agcl,
0.35V ag/agcr) were selected. One of them corresponded to the cathodic domain (-=1Vg/agc1) and the
rest to different passive potentials. All corrosion and tribocorrosion tests were carried out at room
temperature. Wear morphology was analyzed at the end of the tribocorrosion tests by optical and
scanning electron microscopy, FE-SEM (Zeiss Merlin, Oberkochen, Germany). Quantification of the
wear loss volume was determined by confocal microscopy (Keyence VK-X200, Itasca, IL, US) measuring
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the area below three different cross-sections of the wear track perpendicular to the sliding direction
and multiplying by the length of the wear track.

After the tribological tests, the samples were cleaned by sonicating for 5 min in a pure ethanol bath
and surface analysis inside and outside the wear tracks was carried out by Auger electron spectroscopy
(AES) in a PHI 680 Scanning Auger Nanoprobe (Physical Electronics GmbH, Germany) using tilted
angle of 0° and an energy of 10 keV (10 nA) electron-beam. The measurements were performed over
an area of around 20 pm X 20 pm by scanning the electron beam and integrating the signal. Depth
profile acquisition was done by scanning at 1 keV (500 nA) Ar+ beam over an area of 1 mm X 1 mm.
The sputter rate of SiO, (1.47 nm/min) was used to estimate the sputtering depth from the sputtering
time. Obtained signals were then converted to the atomic concentration ratio by using the PHI Multipak
software, considering the peak-to-peak signal strength of each element in the derivative spectrum
and the relative sensitivity factors taken from the database of the software. AES measurements were
performed on 5 points for each condition to check the homogeneity of the surface.

AES depth profiles were corrected for the influence of the electron escape depth [15] already
applied by Mischler et al. to passive films [16,17]. The electron inelastic mean-free paths (IMFP)
were calculated according to the method proposed by Tanuma et al. [18] and the following values, in
nanometers, were used: 0.76 for C, 1.14 for O, 1.17 for Cr, 1.53 for Co, 0.67 for Mo and 0.97 for N.

3. Results

3.1. Corrosion Behaviour

Figure 1 shows the polarization curves of the CoCrMo alloy in the PBS solutions with different
BSA contents. Three distinct domains typical to passive metal can be seen: cathodic domain, passive
domain, and transpassive domain. The cathodic domain which is below —0.6 Vag/agci is controlled by
the water and dissolved oxygen reduction. The passive domain is characterized by the current plateau
observed between —0.4 Vog/agc1 and 0.4 Vag/agcl in which the oxide film inhibits the anodic dissolution
of alloy. The addition of BSA mainly affects the transition between the cathodic and the anodic domain
by shifting the corrosion potential by about 0.1 V towards more cathodic values. These results are in
good agreement with previous studies which attributed this cathodic shift in the corrosion potential to
the nature of albumin as a cathodic inhibitor and anodic catalyst [19].
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Figure 1. Polarization curves of the CoCrMo alloy in the phosphate buffer solution (PBS) solutions

with different albumin concentration.

The transpassive domain above 0.4V ag/agc1 is mainly controlled by the transpassive oxidation.
The current shoulder observed at around 0.7Vagagc1 except in the BSA36g/L solution has
been previously observed in phosphate containing solutions and attributed to the formation of
phosphate-chromium ion complexes [20].
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Passivation Charge Density

Figure 2 shows the variation in the average values of the passivation charge density (Qp) at
different applied potentials in all the studied solutions. It is possible to observe how Q, linearly
increases with the potential following the same empirical equation (yellow line) as previously obtained
by Bao et al. [21]. Those authors quantified Qp, values in different electrolytes at different applied
potentials and already observed that Q), depends linearly on the applied potential independently on
the solution chemistry.
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Figure 2. Passivation charge density as a function of applied potential in the different PBS and bovine
serum albumin (BSA)-containing solutions. The straight line corresponds to the empirical equation
relating Qp to the applied potential previously obtained by Bao et al. [21].

3.2. Viscosity Measurements

Shear rate and viscosity of all solutions were measured between 10/s and 100/s. Water, PBS and
BSA 0.5 g/L solutions showed constant and low viscosity while BSA 36 g/L solution showed higher
viscosity and mild sheer-thinning behavior. Since the sheer rate in tribological contact is assumed to be
very high, viscosity values at 100/s were selected and shown in Table 1.

Table 1. Viscosity values (in mPa s) of the studied solutions at 100/s.

PBS 0.88
BSA 0.5 g/L 0.96
BSA 36 g/L 1.24

3.3. Tribocorrosion Tests

3.3.1. Friction and Current Measurements

Tribocorrosion tests were carried out in PBS and BSA-containing solutions at different applied
potentials. Figure 3 shows an example of the average values of the COF (Figure 3a) and the current
(Figure 3b) during rubbing. After the first period of passivation, in which the current shows the typical
exponential decrease, at the onset of rubbing, the current abruptly increases simultaneously to the
COF remaining more of less constant until the end of the test. The increase in current is attributed to
the mechanical removal of the passive film, depassivation, and the cyclic exposure of the metal surface
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to the solution followed by a fast repassivation. This process is repeated for each stroke, resulting
in a wear-accelerated corrosion. The COF and the current decrease in the BSA 36 g/L solution when
compared to those in PBS and the BSA 0.5 g/L. The tribocorrosion response of the CoCrMo alloy in the
low-BSA containing solution, BSA 0.5 g/L is very similar to its response in PBS.
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Figure 3. (a) Average values of coefficient of friction (COF) and (b) current versus time during the
tribocorrosion tests of the CoCrMo at 0.35 V ag/agc1- Normal load 5.6N.

Table 2 summarizes the average values within a tribocorrosion test of the COF and current during
sliding of the CoCrMo at different applied potentials in the different studied solutions. In the Table 2,
the results of three independent repetitions of the tests carried out under the same conditions are
shown. Only at intermediate passive potentials, —0.05 Vag/agc1, six repetitions of the tests were
carried out because in some of the tests a current and friction transition during sliding was observed.
After several seconds of sliding, the current drop to low values simultaneously to a decrease in COF.
These transitions were not systematically found. Figure 4 shows the evolution of the COF and the
current of the CoCrMo during the tribocorrosion tests in all the studied solutions at —0.05 Vag/agc
including two independent tests in BSA 36 g/L (with and without the transition).

Table 2. Average value of the coefficient of friction (COF), average value of current, total, chemical
and mechanical wear volumes at the end of the tribocorrosion tests at different applied potentials and
different solutions.

Potential ] Current (I,) Total Wear Chemical Wear Mechanical
Vagagc) olution o (m) (mg;’::n% (1<()YSc 1:‘1;:3) vff(?—rs(ﬁ‘;fﬁ‘;)
0.34 -0.279 0.111 0.111
PBS 0.35 —0.351 0.0683 0.0683
0.31 —-0.371 0.116 0.116
0.12 —0.425 0.0559 0.0559
-1 BSA 0.5 g/L 0.13 —0.436 0.0597 0.0597
0.13 —0.349 0.063 0.063
0.18 —-0.962 0.140 0.140
BSA 36 g/L 0.19 —0.544 0.141 0.141
0.17 —0.964 0.107 0.107
PBS 0.39 0.297 2.71 1.60 1.11
0.35 0.0296 2.72 1.60 1.12
02 BSA 0.5 g/L 0.31 0.0280 2.85 1.51 1.34
0.33 0.0284 2.92 1.53 1.39
BSA 36 g/L 0.20 0.0140 0.986 0.76 0.226

0.22 0.0143 1.01 0.77 0.230
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Table 2. Cont.

Potential ) Current (I,) Total Wear Chemical Wear Mechanical
(Vagagcl) Solution COF (mA) g/'mt) s (Y;fhem)3 Weafa(Vmegh)
(1073 mm®) (1073 mm?) (1073 mm”®)

0.38 0.0383 3.66 2.07 1.59

PBS 0.37 0.0406 4.05 2.19 1.86

0.29 0.0386 3.69 2.08 1.61

0.35 0.0362 3.74 1.95 1.79

BSA 0.5 g/L 0.35 0.0371 341 2.00 1.41

005 0.31 0.0372 3.94 2.01 193

0.27 0.0248 2.39 1.34 1.05

0.30 0.0269 2.65 1.45 1.20

BSA 36 g/L 0.18 0.00374 0.29 0.20 0.09

0.20 0.00621 0.466 0.34 0.13

0.17 0.00395 0.285 0.21 0.07

0.17 0.00511 0.362 0.28 0.09

0.37 0.0469 4.05 2.53 1.52

PBS 0.35 0.0513 451 2.77 1.74

0.33 0.0501 4.53 2.70 1.83

0.34 0.0453 4.42 2.44 1.98

035 BSA 0.5 g/L 03 0.0487 407 2.63 1.44

0.35 0.0453 427 244 1.83

0.25 0.0306 3.11 1.65 1.46

BSA 36 g/L 0.28 0.0317 3.02 1.71 1.31

0.28 0.0301 2.72 1.62 1.10

I ) Time (s)

Figure 4. (a) Average values of COF and (b) current versus time during the tribocorrosion tests of the
CoCrMo at —0.05 Vag/agcr- Normal load 5.6N.

These kinds of transition in current and in friction, which have been previously observed, were
attributed to a change in contact pressure as a consequence of the progressive growth of the wear track
in the metal during sliding that changes the initial ball-on-flat configuration to a larger contact area
ball-on-groove geometry [6,8,22].

3.3.2. Wear Quantification

The total, chemical and mechanical wear is summarized in Table 2. The total wear was quantified
by 3D profilometry and the chemical wear volume (Vchem) was determined from the average current
during sliding (Is) (Table 2) using Faraday’s law as follows (Equation (1)).

I;tM

Vihem = nFp (1)
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where M is the atomic mass of the alloy, n is the charge number for the oxidation reaction (valence of
oxidation was assumed 2.37), F is the Faraday constant (96,485 C/mol), p is the density of the alloy
equal to 8.3 g/cm® and t is the duration of rubbing, 1800 s.

The mechanical wear was obtained by subtracting the chemical wear from the total wear volume.
For those tests carried out under cathodic conditions, where there is negligible anodic dissolution,
the whole volume of total wear was counted as mechanical wear.

Figure 5 shows an example of 3D images of the wear tracks after the tribocorrosion test carried
out at —0.05 Vag/aga when in the test was observed a transition (Figure 5a) and without the transition
(Figure 5b).

Figure 5. Three-dimensional laser profilometer image of the wear tracks after the tribocorrosion tests at
—0.05 Vag/agcr when (a) COF and current transition was observed and (b) without the appearance of
COF and current transition.

3.3.3. Surface Morphology

At the end of the tribocorrosion tests, the surfaces of the worn samples were analyzed by optical
microscopy and SEM. Figure 6 shows the optical images of the obtained wear tracks at —0.05 Vag/agcl-
Multiple grooves parallel to the sliding direction are observed in the PBS (Figure 6a) and BSA 0.5 g/L
(Figure 6b) solutions, as well as in the BSA 36 g/L (Figure 6¢) solution when no transition was
measured (high current and high COF). Similar patterns are observed in the wear tracks tested at
the different applied passive potentials. However, when in the tribocorrosion test at —0.05 Vag/agcr a
COF and current transition occurs, the wear track is smoother (Figure 6d). Analogously, at an applied
cathodic potential, —1 Vag/agcl, the presence of BSA in the solution also suppresses the formation of
those scratches.

(a) PBS (b) BSA 0.5 g/L

Figure 6. Cont.
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High current Low current

(c) BSA 36 g/L (d) BSA 36 g/L

Figure 6. Optical microscopy images of the wear tracks at the end of the tribocorrosion tests carried
out at —0.05 Vagagcr in (a) PBS, (b) BSA 0.5 g/L, (c) BSA 36 g/L and (d) BSA 36 g/L with COF and
current transition.

SEM images of the wear tracks were also taken at the end of the tribocorrosion tests. Figure 7
shows one example of the appearance of the CoCrMo wear track tested in PBS at 0.35 Vagagcl-
The surface appears quite smooth with some scratches along the sliding direction and wear debris in
the nanometer range. This type of wear debris is typically observed when the material loss comes from
the severely plastically deformed subsurface (nanocrystalline layer) and the detachment of nanograins.
The presence of BSA in the electrolyte reduces the amount of wear debris and generates a featureless
wear track.

Mag= 496KX EHT = 3.00kV Signal A = InLens Chamber Status = at HV
3um WD = 47mm Aperture Size =30.00ym  Chamber = 0.00e+00 Pa 4
Image Pixel Size =27.78nm _ Stageat T= -02° Date :1 May 2018

Mag= 5250 KX EHT = 300kV Signal A= InLens Chamber Status = at HV

200 nm WD = 47 mm Aperture Size = 30.00 ym ‘Chamber = 0.00e+00 Pa @
— Image Pixel Size = 2623nm _ Stageat T= -0.2° Date :1 May 2018

Figure 7. Scanning electron microscopy (SEM) image of the wear track of the CoCrMo sliding against
an alumina ball in a PBS solution at 0.35 Vag/agcl.
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3.3.4. Surface Chemistry

At the end of the tribocorrosion tests, AES spectra were acquired and C, O, N, Co, Cr, and Mo peaks
identified. AES depth profiles were then carried out inside and outside the wear tracks. The resulting
AES depth profiles obtained after correction for the escape depth are shown in Figure 8.

(a) Outside PBS ~ ——a  —o1 (c) Outside
BSAO0.5 g/L

Cr2 Col

—e—Mo3

(d) Inside BSA0.5 g/L - e

Cr2 Col
——Mo3 —e—N

\ : N, ; :;E ;
0 2 4 6 8 10

(b) Inside PBS ——C1  ——o01

Cr2 Col

—o—Mo3

AES peak amplitude (arbitrary units)
AES peak amplitude (arbitrary units)

0 2 4 6 8 10 12
12

Depth (nm) Depth (nm)
(e) Outside — ¢ ¢
BsA36g/L Cr2 Col
e M03 —a—N
£ .
S N
> \\
o g=="
E
s
(]
S (f) Inside BSA36g/L ~—a o
%_ Cr2 Col
g —8eM03 —8—N
X
©
(]
o
2
<

Depth (nm)

Figure 8. Auger electron spectroscopy (AES) sputter depth profiles after correction for the electron
escape depth measured on samples inside and outside the wear tracks after the tribocorrosion tests
carried out at —0.2 Vag/agcy in (a,b) PBS, (¢,d) BSA 0.5 g/L and (e,f) BSA 36 g/L solutions.
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Outside the wear track, the C signals at the surface are stronger in the BSA-containing solutions,
especially in the BSA 36 g/L solution (Figure 8e), which also shows an intense N signal. Their intensity
rapidly decreases with sputter time, indicating an adsorbed protein layer at the outermost part
of the surface and the carbon contaminations taking place during the sample transfer to the AES
chamber. The oxygen signal shows a maximum at certain sputter depths and it decreases again.
These profiles, as already reported [18], correspond to a multilayer structure of the surface, with an
outermost layer enriched in carbon, oxygen and nitrogen (no metal signal) and an underlying oxide
layer mainly composed of chromium and some cobalt. The thickness of those carbon and oxide layers
was determined by taking the depths at which the carbon and the oxygen signal is at 50% of its
maximum amplitude, respectively. The obtained thickness values of both layers are summarized in
Table 3. It is possible to observe that in the BSA-containing solutions both, the C-layer and the oxide
film is thicker than in the PBS.

Table 3. C-layer and oxide thicknesses obtained from the AES profiles.

Electrolyte C-Layer (nm)
Inside the wear track Outside the wear track
PBS 0.5 0.3
BSA 0.5 g/L 1.2 2
BSA 36 g/L 0.5 3
Oxide film (nm)
Inside the wear track Outside the wear track
PBS 2.8 1.5
BSA 0.5 g/L 3 5
BSA 36 g/L 2 45

Inside the wear tracks the depth profiles are solution dependent. In the PBS solution, the oxygen
signal is broader compared to that obtained outside the wear track, while it is narrower in the
BSA-containing solutions. The C-layer inside the wear track is also thinner than outside.

4. Discussion

4.1. Effect of BSA on Wear and Friction at Passive Potentials

Table 2 shows that wear and friction of the CoCrMo in the investigated solutions are affected by
the combination of solution chemistry and electrochemical conditions (applied potential). This is not
surprising since tribocorrosion results from the complex interaction of a variety phenomena such as
lubrication, friction, depassivation/repassivation, and microstructural response and breakdown of the
contacting materials. The mechanistic model proposed by Cao et al. [3] allows us to rationalize part of
these phenomena and it will be therefore applied here. Equation (2) shows the tribocorrosion model:

(EI)O'6556 (F )1.3129(V )0.0315
n s

Viot = kmech 0.9685 1.1473
n Rs H (2)
0.3278
K MQ, (E/) (Fn)o,eses (VS)0A5158
+Kchem P05 (R/)0‘5737H0'5

where Vi is the total wear rate, which is the sum of mechanical wear rate Ve, and chemical wear
rate Vchem, E’ is the effective Young’s modulus, Fy, is the normal force, v; is the sliding velocity, 1 is
the viscosity of the solution, R’ is the effective radius of curvature, H is the surface hardness, M is the
molecular mass, Qy, is the passivation charge density, n is the oxidation number, F is the Faraday’s
constant, and p is the density of the metal. The same parameters, except for the hardness, viscosity
and passivation charge density already reported [3], were used for the calculation of the total wear.
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The microhardness was assumed to be 800 HV a value that corresponds to the typical hardness found
inside the wear tracks after tribocorrosion tests [23]. The viscosity values were taken from Table 1 and
the passivation charge density was extracted at the different potentials from the empirical equation
recently proposed by Bao [21] based on a systematic investigation of the passivation kinetics of a
LC-CoCrMo alloy in a variety of solutions.

The calculated total wear rates in the three studied solutions at different passive potentials were
compared to the experimental results in Figure 9.
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Figure 9. Experimental (blue points) and theoretical (orange line) predicted total wear volumes after
the tribocorrosion tests of the CoCrMo sliding against an alumina ball at different applied potential in
the tested solutions (a) PBS, (b) BSA 0.5 g/L and (c) BSA 36 g/L.
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The absolute wear values from the model predictions fits reasonably well to the experimental ones
considering that the model constants (kyech and kehem) were calibrated in sulphuric acid. The relative
effect of BSA as described by the model corresponds well to the experimental observations: at low
concentration, BSA only slightly reduces wear, while at high concentration, the wear reducing effect
is more pronounced. According to the model, this effect is solely due to the change in the viscosity
of the solution and therefore to its increase in hydrodynamic lubrication capability. This means that
BSA can reduce wear even in the absence of adsorption or other surface chemical effects by simply
changing the solution properties. However, quantitatively speaking, the model overestimates wear in
the high concentrated BSA solution at —0.2 Vog/agc1 and, when transitions (current and friction) occur,
at —0.05 VAg/AgCl'

The model predicts an increase in wear with potential because the passivation charge density
shows the same trend with potential (Figure 2).

According to Wang [10], BSA generates a protective tribofilm that affects wear and subsurface
deformation. However, the AES depths profiles in the wear tracks (Figure 8) do not show the presence
of any significant carbonaceous layer. Moreover, the chemical composition of the wear tracks in
both BSA solutions, 0.5 and 36 g/L, show the same signal intensity in C and N despite different wear
behavior. Furthermore, the passive film has similar thickness independently of solution. Therefore, in
the present case is difficult to attribute the lower wear observed at —0.2 Vag/agci in the BSA 36 g/L
solution to an evident surface chemical effect.

Interestingly, the occurrence of low wear coincides with friction values below 0.2, while the rest
of the tests exhibit higher COF, around 0.3. The two COF correspond to different stress fields in the
material as already discussed by Wang et al. [10]. When the COF is around 0.3 the maximum shear
stress is higher and located at the surface while at 0.2 that maximum is lower and below the surface.
Thus, for COF 0.3, one expects larger surface strain and therefore higher wear, which is indeed observed
in PBS and BSA 0.5 g/L (Figure 9). Moreover, the AES depth profile at —0.2 Vag/agci in PBS and BSA
0.5 g/L, exhibit an oxygen tail (Figure 8) possibly linked to a mechanical mixing occurring at the sliding
metal surface. This oxygen tail is absent in the BSA 36 g/L solution, probably because the lower COF
implies lower surface shear stresses and limits or suppress mechanical mixing.

The reduction in COF in the BSA 36 g/L solution is an expected effect as a consequence of the
higher viscosity in that solution. Indeed, according to the Stribeck curves [24] the COF decreases
with increasing viscosity in the mixed lubrication regime established in this type of contacts [3].
The surprising fact is that this effect seems to depend on the applied potential as shown in Table 2.
At 0.35 Vag/agcl, BSA has a small effect on friction and at —0.05 Vag/agci a significant effect appears
only after a friction transition. The reason for that is not yet clear as friction as the energy dissipation
phenomenon depends on a number of factors. For example, in the case of elasto-hydrodynamic
aqueous lubricating films, the double layer properties affect the hydrodynamic film thickness and its
viscosity [25,26]. Itis known that the double layer changes with potential; for example, Munoz et al. [19]
observed significant differences in the interface capacitance of CoCrMo surfaces passivated in PBS and
PBS + BSA solutions. It is therefore possible that at a potential of —0.2 V Ag/agcl the enhancement of the
apparent viscosity due to the double layer structure is sufficient to provide a significant fluid lubrication
to the contact and thus to decrease friction. At the potential of 0.35 Vag/agci, this enhancement is
weaker and friction is higher. At the intermediate potential of —0.05 Vag/agcy, sufficient fluid lubrication
occurs only after the contact pressure has been reduced as a consequence of run-in wear.

In the absence of quantitative data on the double layer characteristics at different potentials, as
well as corresponding precise calculations of apparent film thickness and viscosity within the contact,
the above considerations remain speculative. However, they clearly show that the effect of BSA on
wear and friction can be explained by physical factors such as changes in viscosity and double layer
structure without the need for BSA to form a two-dimensional adsorption film or a tribofilm within the
contact. Indeed, in the present experiments, no tribofilm was observed, despite the significant effect of
BSA at high concentrations on wear.
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4.2. Effect of BSA on Wear and Friction at Cathodic Potential

At applied cathodic potential, wear is much lower than at the passive ones. This was already
observed in the literature for CoCrMo [23] and attributed to two factors: first, to the absence of wear
accelerated corrosion, and second, to the lower mechanical wear due to the absence of the passive
film that enhances subsurface strain accumulation. Interestingly, low wear is achieved also in the PBS
solution despite the high COF. It means that high friction alone is not sufficient to generate high wear
as observed here at applied passive potentials. This can be explained by the mild wear mechanism
generally proposed for the tribocorrosion of CoCrMo. This mechanism consists of a sequence of
phenomena. First the frictional stress field induces large strain accumulation into the surface. This leads
to the formation by dynamic recrystallization of a nano-crystalline layer in the near surface zone of
the contact. Indeed, this layer with grain dimensions ranging from 10 to 70 nm was systematically
found in the tribocorrosion of CoCrMo alloys and stainless steels. Once formed, the deformation of the
nano-crystalline layer can only proceed via rotation of the nano-grains [27,28]. With ongoing sliding,
nanograins can reach a critical number of deformation cycles or a critical strain above which they get
torn off and thus generate fatigue wear [27] or possibly ratcheting wear.

Note that the surface chemical effect may interfere in these mechanisms. Indeed, grains at the
surface experience adsorption of molecules and/or oxidation by contact with water and the subsequent
grain rotation brings the chemically modified surface deeper into the metal surface and thus weakens
the inter-grain bonds and facilitate their ejection as wear particles. This grain boundary weakening
mechanism was first proposed by Biischer [29] for the case of organic molecules or oxide species
penetrating the surface of CoCrMo hip joints.

At the cathodic potential, the oxidation does not occur and therefore the nano-crystalline layer can
withstand even large frictional stress without experiencing the high wear found at passive potentials.
The effect of highly concentrated BSA at —0.2 Vog/agc1 is consistent with this mild wear mechanism:
despite the passive conditions, the low surface shear stress (low COF) limits the plastic deformation of
the surface nanograins and thus their mechanical weakening by penetration of oxygen in the nanograin
boundaries. This indicates that wear enhancement results from specific conditions of surface oxidation
and stress field.

4.3. Effect of BSA and Potential on Tribocorrosion of CoCrMo Alloys

The above discussion has shown that the effect of BSA on the tribocorrosion of CoCrMo depends on
concurrent factors linked to the hydrodynamic lubrication, stress field and the prevailing electrochemical
conditions (e.g., presence or not of a passive film). The interplays of those factors can be assessed
using existing theories, models and concepts. Accordingly, the effect of BSA, potential, normal load
and velocity can be described with the following diagram (Figure 10).

Mechanical mixing

. " —>
Passive/non passive / with oxide Wear
(chemical and
Viscosity CoF — Shear stress at surface \ No mechanical . mechanical)
g mixing with oxide
Double Film thickness — Normal force on
layer asperities '[
! f t
Load | Velocity Load Potential (passivation
charge density Q, for
Contact geometry chemical wear)

Figure 10. Block diagram showing the influence of BSA and the electrode potential on wear of CoCrMo
alloy sliding against an alumina ball immersed in PBS solutions under mixed lubrication regime.

BSA modifies the viscosity of the solution as well as, depending on potential, the electrical double
layer at the metal-solution interface. These factors control, together with the velocity, load and contact
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geometry, the extent of hydrodynamic lubrication and thus the hydrodynamic film thickness and the
overall COF. The COF determines the shear stress acting at the sliding surface and thus the plastic
behaviuor of the nanocrystalline layer generated at the surface. In the presence of a passive film
and by sufficient shear stress, the plastic flow results in the mechanical mixing of oxide and metal,
which reduces the mechanical resistance of the outermost nanocrystalline layer. When these two
conditions are not simultaneously satisfied, no such weakening occurs. The film thickness determines
the effective normal force acting on the asperities and, according to Cao’s model (Equation (2)),
mechanical and chemical wear. The potential determines the passivation charge density and as
a consequence the chemical wear. The occurrence of mechanical mixing increases the severity of
mechanical wear.

Although this diagram needs to be consolidated by more supporting scientific evidences, it allows
for rationalizing some literature observations. Wang et al. [10] observed that albumin addition to PBS
results in lower wear and lower friction and attributed this effect to the buildup of a tribofilm and
to subsurface hardening. However, the viscosity increase due to the addition of albumin to PBS is
supposed to facilitate hydrodynamic lubrication, a factor that additionally limits wear as indicated by
the experimental and theoretical results obtained here (Figure 9).

The inflection point in the wear vs. load curve observed by Wimmer [12] coincides with minimum
COF values close to 0.22 which, according to the mechanistic model proposed here, are expected to
reduce wear severity by lowering the surface shear stress acting at the metal surface. This indeed
explains the inflection. Wang et al. [10] and Namus et al. [11] are in apparent contradiction as they
observed that thicker nano-crystalline layers leads to lower and higher wear rates, respectively. In our
model, the wear is produced by the detachment of nano-grains from the outermost surface that is
essentially controlled by the shear stress acting there and by mechanical mixing with non metallic
species. This effect does not directly depend on the thickness of the nano-crystalline layer but on the
mechanical properties of its outermost layer and on the surface chemical reactions.

5. Conclusions

This work has shown that under the present experimental conditions:

e  Albumin does not affect the passivation kinetics of the CoCrMo alloy.

e  Albumin reduces wear and friction.

e  Albumin increases the viscosity of the solution and therefore enhances hydrodynamic effects
which is the main mechanism by which albumin lowers wear, in agreement with Cao’s
tribocorrosion model.

e  Moreover, albumin can lower the COF below a threshold of approximately 0.22, but only under
specific electrochemical conditions. As a consequence, the surface shear stress decreases and this
limits the extent of mechanical mixing of oxide and metal and thus reduces wear.

e No significant albumin adsorption effects or tribofilm formation were observed in the wear tracks.
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