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ABSTRACT: Recent findings indicate the presence of tribochemically gener-
ated layers on metal-on-metal (MoM) bearing surfaces. These tribolayers are
films of a few-hundred-nanometer thickness and are constituted of carbona-
ceous material mixed with metal and oxide particles. The purpose of the
study was to characterize these tribofilms mechanically and electrochemi-
cally. Using a nanoindenter, the local mechanical properties of the tribolayer
were measured. On average a hardness of ~1.0 GPa was determined, which
was softer than the underlying metal. The influence of tribomaterial on the
electrochemistry of the cobalt—chromium—molybdenum alloy (CoCrMo) was
investigated. Bovine calf serum mixture was used as the electrolyte. High-
and low-carbon CoCrMo-samples with and without tribolayer were compared
using potentiodynamic testing. This corrosive investigation was followed by
tribocorrosive tests using a custom made apparatus, where a ceramic ball
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oscillated against a flat CoCrMo surface. Potential and coefficient of friction
were monitored throughout this 100 K cycle test. Electrochemical impedance
spectroscopy tests before and after testing were conducted. Weight loss was
determined using planimetric analysis. It was found that the tribolayered sur-
face had better corrosion resistance than the corresponding tribolayer-free
(polished) surface. The tribolayered surface also exhibited a more noble
potential during tribocorrosive testing and demonstrated less wear. High-
carbon was the superior alloy compared with low carbon for all surface condi-
tions; however, the differences seemed to equalize in the presence of a tribo-
film. There were also differences in tribofilm generation, possibly related to
the microstructure of the two alloys.

KEYWORDS: tribochemical reactions, corrosion, tribocorrosion, tribofilms,
wear

Introduction

Considering all-metal bearings, tribochemical reactions can alter distinctively
the chemical properties of surfaces. Typically, tribochemical reactions are
essential for tribosystems running under boundary or mixed lubrication condi-
tions. The reaction products hinder direct metal contact between the surfaces,
and thus prevent the possibility of adhesion [1]. Tribochemical reactions lead
to “tribofilms,” which have been observed in orthopedic all-metal joints by
several authors dating back to the 1970s [2-7]. But only recently, the conse-
quences with respect to wear sequence and interaction of wear mechanisms
have been discussed and are further investigated.

Thus, it has been found that directly at the contact surface of cobalt—
chromium-molybdenum (CoCrMo) hip balls or cups, nanocrystals as small as
10-70 nm are generated [8,9]. These nanocrystals are formed by a sequence of
subsurface cyclic creep [10] caused by the introduction of alternating frictional
shear stresses some um below the surface and severe plastic deformation
directly (some hundred nanometers) at the contact surface. Because the low
stacking fault energy of CoCrMo alloys hinders the formation of dislocation
cells (which would initiate fatigue cracks some um below the surface), the
nanocrystalline surface is supported sufficiently and can accommodate the high
shear rates in contact. This nanocrystalline surface zone, is altered by carbona-
ceous material from the surrounding lubricant, which is incorporated up to a
depth of 150 nm, most likely because of a mechanism, which has been called
“mechanical mixing” [11]. Thus, some sort of nanocrystalline metallo-organic
compound is generated as the actual contact material [12—-14]. Once it is
formed, it shows excellent tribological properties as suggested by the low
steady-state wear rates after running-in. There is also evidence that graphitic
material is present in such tribofilms, which would further explain their excel-
lent tribological properties [15]. Whereas the mechanism of how the graphitic
material forms is unknown, it appears that the proteins in the lubricant and their
attachment to the surfaces could play a critical role. Catalytic reactions may
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occur where the released metal assists in removing water from proteins leaving
a hydrogenated carbon film. Further sliding on this film may lead to graphitic
material. As graphite lowers the coefficient of friction under wet contact condi-
tions, its presence on metal-on-metal hip components may help to keep the
break-away torque low [14], and assist in generating low wear rates—also in
the absence of a hydrodynamic fluid film.

This paper adds to the already existing morphological description of the
tribofilm (or tribolayer) [12,14,15] with mechanical and electrochemical inves-
tigations. In particular, we have (a) studied the local mechanical properties of
the tribofilm; and (b) demonstrated that the presence of a tribofilm beneficially
affects the corrosion and tribocorrosion behavior of the cobalt-chromium alloy.
For the study of tribocorrosion, we have employed techniques that recently
emerged and appear helpful for the evaluation of the behavior of surfaces in
mechanical contact in a chemically active environment [16-20].

Materials and Methods

Evaluation of Nano-Hardness

The hardness of the tribofilm was studied on a 42-mm-diameter ball of a
retrieved hip surface replacement (ASR, DePuy Orthopaedics). It had been uti-
lized by a female patient weighing 58 kg (body-mass index of 25.1kg/m?) and
was removed after 604 days in service. Using a Hysitron nanoindenter
equipped with a Berkovich-type diamond tip, the tribofilm was indented with
different loads ranging from 30 to 100 uN. This was done to determine if the
results are affected by applied load. The indentation depth was smaller than the
tribofilm thickness.

The nano-hardnesses of the metallic matrix and alloy hard phases
were measured for comparison. For this purpose, the alloy was cut and
mechanically polished to mirror finish. The surface was then etched using a
solution of 50 ml water + 50 ml HCI + 4g K,S,05 for 30 s. The applied load for
nano-indentation was set to 4 mN. Any indentations located at phase or grain
boundaries were discarded. The average hardness and standard deviation are
reported.

Corrosion and Tribocorrosion Behavior of the Tribofilm

Sample Preparation—Cylindrical pins were machined from rods of
CoCrMo wrought alloy (ATI Allvac, USA). The pins were 12 mm in diameter
and 7mm in thickness with specification according to ASTM Standard 1714
[21]. In this study, two types of surface conditions were employed, polished,
and tribolayered surfaces (Table 1), and these surface conditions were
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TABLE 1—Overview of surface conditions in study.

Surface Condition Polished Tribolayered

Represents Bearing surface without Bearing surface with
carbonaceous material carbonaceous material

Method of preparation Mechanically polished Mechanically polished with

BCS as a lubricant
Schematic

evaluated on high- (HC) and low-carbon- (LC) containing alloys (Table 2).
The following preparation protocols were used:

(i)  Polished: The flat surface of the pin was mechanically polished to a
mirror finish using traditional metallographic methods. The final
polishing step implemented 1-um diamond paste to achieve a
smoothness representative of a manufactured and finished implant
(R, < 0.04 um). The resulting nanostructure at or below the surface
was less than 50 nm. The resulting nanocrystalline structure was in
the range of what is seen in the primary contact area of a MoM hip
implants (40 to 80 nm).

(i)  Tribofilm: The surfaces of those samples were generated using the
same standard metallographic polishing methods as described above,
with a difference that a protein containing polishing lubricant
was used. 1 um diamond paste mixed into bovine calf serum (BCS,
30 g/L protein) (see Table 3). The aim was to achieve a tribofilm
formation that is comparable in appearance to those observed previ-
ously by Wimmer et al. [13,14]. Polishing was performed with a
half automated polisher (LaboPol-1, Struers, Ballerup, Denmark).
The polishing fluid was added in circular flow with a flexible tube

TABLE 2—Elemental composition of high and low-carbon wrought CoCrMo alloy of study.

Chemical Composition (% wt.)

Diameter (mm) Thickness (mm) C Co Cr Mo Si  Mn Al

High-carbon 29 7 0.241 64.60 27.63 6.04 0.66 0.70 0.02
CoCrMo
Low-carbon 29 7 0.034 6496 27.56 570 0.38 0.60 <0.02

CoCrMo
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TABLE 3—Composition of bovine calf serum lubricant and electrolyte.

NaCl (g/L) EDTA (g/l) Tris (g/1) Protein (g/1)

9 0.2 27 30

pump. The applied force was 18 =3 N. A tribofilm with embedded
carbonaceous material was achieved after 6 h of processing. This
film resembled features within the primary contact area of a MoM
hip implant by visual and microscopic examinations
Six test samples per condition (alloy type and surface condition) were pre-
pared and randomly assigned to corrosion and tribocorrosion testing (n=3
each). Before testing, all samples were washed in an ultrasonic cleaner for
10-min intervals in deionized water, and subsequently in 70 % isopropanol.
Surfaces were dried in ambient air using a blow dryer.

Corrosion Test—The corrosion tests were conducted in a three-electrode
electrochemical cell as per ASTM standard G61-86 [22]. The exposed area of the
CoCrMo alloy (0.38 cmz), a graphite rod and a calomel electrode (SCE) repre-
sented the working electrode, counter electrode and reference electrode, respec-
tively. A total volume of 150 ml of BCS lubricant (30 g/L protein concentration)
was used as an electrolyte for each experiment while the temperature was main-
tained at 37°C = 2°C. The composition of BCS is provided in Table 3.

A custom protocol was developed to standardize the electrochemical tests.
Initially, the open circuit potential (OCP) was monitored for a period of 1h,
and the system was allowed to stabilize electrochemically. The samples were
then anodically polarized during the cyclic potentiodynamic test from —0.8 V
to +1.8 V at a scanning rate of 2mV/s. The corrosion parameters (., - corro-
sion current density, E ., - corrosion potential) were obtained from the poten-
tiodynamic curves using Tafel’s extrapolation method.

Tribocorrosion Tests—Tribocorrosion tests were conducted in a custom-
made flat-on-ball apparatus that incorporated an electrochemical cell with a
three-electrode system. Analogous to the corrosion tests, the three-electrode
system of a working, auxiliary and reference electrode consisted of the exposed
CoCrMo pin, graphite rod and calomel electrode (SCE). Also here a total vol-
ume of 150ml of BCS was used as the lubricant/electrolyte. Each pin was
loaded against a ceramic head oscillating =15° at 1 Hz for 100K cycles. A
schematic of the tribocorrosion setup is presented in Fig. 1 [20].

The test protocol included: (1) an initial stabilization period where a poten-
tial of —900mV was applied across the sample surface to “clean” the surface
of any dirt or oxide layer, followed by an OCP period of 1 h to stabilize the sys-
tem; (2) electrochemical impedance spectroscopy (EIS) was then applied to
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FIG. 1—Experimental setup for tribocorrosion testing mainly consists of three
components: (i) test system, (ii) mechanical data collection, and (iii) electro-
chemical data collection).

characterize the electrochemical properties of the surface; (3) subsequently, the
free potential during sliding was monitored along with the friction coefficient
between the ceramic ball and pin surface; (4) EIS was applied again upon com-
pletion of the sliding experiment; and the system was then allowed to stabilize
and the OCP was monitored during this period. Loss of material was deter-
mined by 3D profilometry and confirmed measuring the metal content in the
lubricant as described earlier [5,23]. The testing protocol is illustrated in Fig. 2.

The EIS measurements were performed in the frequency range from
100 kHz to 0.01 Hz, with AC sine wave amplitude of 10 mV applied to the
electrode at the corrosion potential (E..). Ecorr Values are measured before the
EIS test. For EIS data simulation, Zview?2 software was used and a simple Ran-
dle’s circuit composed of electrolyte resistance (R;) in series with a constant
phase element (CPE) and in parallel with the polarization resistance (R,) was
modeled. The impedance of a CPE is defined by Zcpg = 1/((jw)" C), where

FIG. 2—Tribocorrosion test protocol timeline (PS, potentiostatic; OCP, open
circuit potential; EIS, electrochemical impedance spectroscopy).
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j=(=D"?, w=2nf, and the exponent “n” of the CPE is related to non-
equilibrium current distribution caused by surface roughness [24,25]. The
parameter “C” is a constant, representing true capacitance of the oxide barrier
layer. Typically, better corrosion kinetics are obtained with high polarization
resistance and low capacitance values [26]. However, this is a general rule
which could be easily changed because of the complexity of the system. Three
test replicas (n=23) were averaged and plotted as the ratio for “after/before”
tribocorrosive testing. Profilometry measurements of the wear scar were per-
formed using white light interferometry (Zygo New View 6300, Middlefield,
CT, USA).

Surface Characterization—After testing, the samples were once again
cleaned using the same procedure described previously. Typical collection
times were 30 s and the accumulation of several measurements per sample are
reported. Sample surfaces were also characterized by a white light interferome-
ter (Zygo Corp., USA) for surface morphology and a scanning electron micro-
scope (SEM) (JSM-5600 model, JOEL Co., Japan) for surface topography.

Results

Nanohardness

The hardness of the tribofilm adhering to the metallic substrate was determined
to 1.00 = 0.31 GPa for an applied load of 50 uN. The value was independent of
applied load as can be seen in Table 4. The hardness values of the metallic ma-
trix and hard phases were 6.4 = 0.3 GPa and 15.9 = 0.9 GPa, respectively.

Corrosion and Tribocorrosion Measurements

Polarization Curves and Corrosion Kinetics—Polarization curves obtained
from the corrosion tests are shown in Fig. 3. Figure 3(a) represents the
HC-polished and tribolayered surfaces and 3(b) represent LC-polished and tri-
bolayered surfaces. Although the general behavior was similar, the corrosion
kinetics were not alike. In the case of HC, the tribolayered surface shows better
passivation behavior than the polished surface, which is quite different from
the LC surfaces.

TABLE 4—Nanohardness of tribofilm measured under various applied loads.

Force (uN) 30 50 70 100

Hardness (GPa) 1.04 £0.14 1.00 = 0.31 0.87 £ 0.23 0.96 £ 0.20
Measurement No. 4 13 3 4
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FIG. 3—Polarization curves—polished (HC and LC) and tribolayer: (a) high
carbon (HC), and (b) low carbon (LC).

The Tafel parameters (E.or, Icorr) describe the basic corrosion behavior of
the exposed surface and the E.,,; and /., values for the different surfaces are
shown in Table 5. In general, a more cathodic E.., value indicates a higher
oxidation or corrosion tendency. No significant differences were observed for
E o, neither between alloys, nor surface conditions (polished or tribolayered).
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TABLE 5—Flectrochemical parameters (corrosion potential (E.,,. (V)) and corrosion current (I.,,,
(UA)) estimated from polarization curves through Tafel’ s method.

Parameters
Material Corrosion Potential E .y, (V) Corrosion Current /.o (1A)
HC-polished —0.751 £0.011 1.86 = 0.21
LC-polished —0.741 = 0.013 2.49 +0.46
HC-tribolayer —0.729 £0.011 0.76 = 0.09
LC-tribolayer —0.729 £0.018 0.77 £0.17

However, the tribolayered surfaces exhibited lower /., values when compared
to the polished surface.

Evolution of Potential and Friction Coefficient—Evolution of potential and
friction coefficient are presented as a function of sliding time, in Fig. 4 includ-
ing: (a) for the HC-polished and tribolayered surface, and (b) for LC-polished
and tribolayered surfaces. In both cases, a more noble potential was achieved
in the presence of a tribofilm; however, the HC- alloy, showed a superior
potential that was clearly evident. There was also a slight reduction of the fric-
tion coefficient for both alloys in the presence of a tribofilm,

Weight Loss—Weight loss calculations from tribocorrosion testing are
shown in Fig. 5. Considering each surface condition, polished and tribolayered,
HC demonstrated less wear than LC. Both alloys exhibited wear reduction in
the presence of an existing tribofilm, which was more pronounced for the LC-
alloy.

Polarization Resistance and Double Layer Capacitance—Rp and Cdl ratios
are shown in Fig. 6. There was a nearly fourfold increase of Rp for the HC-
polished samples, which was topped by 16-fold increase of the LC-polished
samples. The increases of the Rp for the tribolayered surfaces was low (HC) to
non-existing (LC). Similarly, the capacitance changed. In this situation, the
biggest changes occurred for the tribolayered surfaces (again with HC demon-
strating the biggest improvement with regard to corrosion resistance). The HC-
polished surface showed little to no change, whereas the Cdl ratio increased for
the LC-polished surface.

Surface Characteristics—After 100K the wear scar on the pin surface has
the shape of a dimple because of the penetration of the ceramic ball. The wear
patterns were relatively uniform within the entire wear scar with slightly more
severe wear features at the center. SEM images of the wear patterns in the cen-
ter of each wear scar are shown in Fig. 7(a)-7(d). In the case of the initially
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FIG. 4—Evolution potential and friction coefficient: (a) HC—polished and tri-
bolayered, and (b) LC—polished and tribolayered.

polished LC CoCrMo alloy pin, patches of a carbonaceous film were observed
(Fig. 7(a)). It appears that plastic deformation and wear resulted in a leveling
of surface asperities. Figure 7(b) shows the wear pattern of the initially pol-
ished HC alloy CoCrMo pin. The surface, where sliding took place, clearly
exhibits remains of a tribofilm. This layer appears to reside in surface depres-
sions along with wear debris. Within the actual contact area it appears to be
strongly adhering to the surface; however, because of numerous scratches with
random orientation this tribolayer looks disrupted. The surfaces of either alloy
exhibited relatively uniform tribofilms after 100 K cycles with a similar appear-
ance as those reported earlier in all-metal hip replacements [6]. As illustrated
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FIG. 5—Weight loss—FP) polished (HC and LC), and tribolayer (HC and
LC).

in Figs. 7(c) and 7(d) there was no significant difference between LC and HC
CoCrMo alloy. In both cases, random scratches were apparent in which the tri-
bolayer was removed.

FIG. 6—Ratios of EIS parameters: (a) polarization resistance (Rp) (after/
before), and (b) double layer capacitance (after/before).



12 STP 1560 ON METAL-ON-METAL TOTAL HIP REPLACEMENT DEVICES

FIG. 7—SEM images of the worn surfaces after the tribocorrosion tests
(free potential): (a) LC-polished, (b) HC-polished, (c) LC-tribolayer, and (d)
HC-tribolayer.

Discussion

This study focused on the effects of tribochemical reactions in MoM hip joints.
In vivo, tribochemical reactions between metal and surrounding synovial fluid
result in the generation of a metallo-organic composite at the surface. This
layer has been referred to as “tribofilm” or “tribolayer” to underscore that
structure and composition are different from the base material [12,13]. More
recently, it has been shown that the film contains graphitic material suggesting
distinct triboactive properties for the mixed or boundary lubrication mode [15].
The presence of such a tribofilm may help to stabilize the ultra-mild wear re-
gime of MoM bearings in the absence of a fluid film. To better understand the
mechanical interaction of the tribofilm with the countersurface, we measured
the hardness of the film. As expected the tribofilm was softer than the CoCrMo
metal matrix (and any other constituent), although it is worth noting that the tri-
bofilm measurements may have been influenced by the hardness of the underly-
ing matrix. This suggests that the film may increase the contact area (thus
lowering contact stresses) under applied load. The softness of the film might be
linked to a low shear modulus helping to dissipate the introduced energy and
act as a lubricant during articulation.
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There have been some indications that the tribofilm should improve the
wear behavior of metallic articulation, however it is unknown if the corrosive
and tribocorrosive properties of LC and HC-alloys change in the presence of a
tribofilm. Such questions are being addressed using an electrochemical
approach with a standard three electrode corrosion cell and an attached poten-
tiostat [19]. Recently, Igual Mufioz and Mischler [27] investigated the interac-
tion of albumin and phosphates present in the body fluids on the passivation
behavior of CoCrMo alloys. The study revealed that phosphates and proteins
play a significant role in the electrochemical properties of the metal/oxide/elec-
trolyte interface, which influences the corrosion kinetics. Our own results dem-
onstrated that physiological conditions (simulated with bovine calf serum)
improve the passivation kinetics of the CoCrMo alloy, as follows.

The polarization curves for the polished HC and LC alloy samples were
surprisingly similar and there was little distinction in electrochemical behavior.
However, there was a significant difference in corrosion mechanisms and passi-
vation kinetics for the tribolayered HC and LC surfaces, which appears to be
related to elemental composition and microstructure of the alloys [28]. Overall,
the tribolayered surfaces demonstrated a better corrosion behavior than the pol-
ished surfaces, as primarily reflected by the /., values. The lower /. values
obtained for the tribolayered samples suggest corrosion inhibiting characteris-
tics of the tribofilm [29-31]. Because the E.,,, is a measure of corrosion tend-
ency the similarity in E ., values indicates that the electron transfer affinity
has not changed between the polished and tribolayered surfaces. In summary, it
can be stated that the difference in carbon content between the HC and the LC
alloy did not affect the /., behavior, whereas the variation in surface condition
did.

In the wear experiment, a smaller weight loss was found under free poten-
tial conditions for the HC alloy compared to the LC alloy, whether polished or
tribolayered. This is consistent with the reported wear performance of the high
carbon alloy both in both pin-on-flat and pin-on-disk wear tests [32—-34] and
hip simulator tests [35]. However, the difference between the HC and LC
alloys is much higher when the initial surface is as-polished than when it is tri-
bolayered, consistent with a protective effect of the tribolayer under the present
test conditions. The polished LC alloy demonstrated the largest increase in the
polarization resistance (16-fold, Fig. 6), suggesting that it is the more suscepti-
ble to the effect of a tribolayer and that most of the weight loss for this alloy in
the polished state was from running-in wear, as the tribolayer was being
formed. The higher corrosion current for the LC alloy (Fig. 4) compared to the
HC alloy may favor the formation of a tribolayer by releasing a larger number
of metal ions. These ions can react with the proteins in the lubricant to denature
them [36,37] and thus enhance the deposition of a proteinaceous film. The film
is then converted to the tribolayer through further tribochemical reactions
and mixing with the nanocrystalline layer of the metallic surface [13]. The
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after/before sliding ratio of the double layer capacitance, Cdl (Fig. 6(b)) closely
correlated with weight loss (Fig. 5) for the four conditions studied. Because an
increase in Cdl is usually associated with greater electrochemical reactivity
[38,39], this correlation suggests that the wear and corrosion processes are
closely connected through a tribocorrosive synergism, meaning that the re-
passivation kinetics, as well as the structure and mechanical nature of the
reformed oxide layer are dependent on each other.

The above observations are consistent with the wear features observed after
testing. The SEM images of initially polished samples clearly show that
running-in was not entirely completed. This was represented by the surface
alterations for the LC samples including surface asperities and depressions, as
well as numerous scratches of the HC samples. Such surface depressions may
be caused by hard phases (e.g., carbides) breaking out of the surface during
running-in and subsequently introducing three-body wear as has been described
numerous times in the literature [e.g., 40]. Interestingly, when initially tribolay-
ered, both alloys exhibited mild wear features. Again, this suggests that a tribo-
film reduces wear. Also, it appears that once a tribofilm has formed, the carbon
content of the alloy is no longer of significance, which was reflected in the tri-
bocorrosion data.

It is worthwhile to reflect about the scope and the limitations of the study.
This study focused on tribochemical reactions and the generation of tribofilms
in MoM bearings. Based on the findings of this study, it appears that the tribo-
film has beneficial tribocorrosive effects, thereby reducing particle and ion
release. However, cause and effect are not fully determined. It is possible that
the initial wear-in is a prerequisite for the formation of tribolayer. Wearing-in
results in a higher conformity of the articulation with enhanced fluid film sepa-
ration, and thus low wear rates. Further, the study is limited in several technical
aspects. A ceramic rather than a metallic ball was used to articulate against the
pin. This was done in an attempt to electrically isolate the pin from the ball and
allow precise electrochemical measurements. A flat rather than a conforming
pin surface was used, which lead to high running-in wear and continuously
changing contact conditions. Also, the testing periods were rather short and
wear may not have stabilized within the investigated interval. Nevertheless,
based on the findings of this study, the following conclusions are drawn.

Conclusions

» Tribochemical reactions lead to a surface anchored tribofilm in metal-
on-metal joints.

e The alloy’s microstructure (HC or LC) appears inherently involved in
the generation of the tribofilm.

 The tribofilm is softer than the metal matrix allowing increased contact
with the counterface.
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Surfaces with tribofilm demonstrate reduced current density at E ..,
which suggests increased corrosion resistance.

Samples with tribofilm show less material removal during wear testing
compared with polished surfaces.

Generation of a carbonaceous film leads to an increase in polarization
resistance of the surface, which further changes the double layer capaci-
tance of the surface. The changes correlate with weight loss of the sam-
ple and this behavior suggests a close synergistic interaction of wear and
corrosion.
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