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Abstract

This paper analyzes friction coefficient evolutibatween materials related to total hip prosthesis.
Fretting corrosion tests were conducted with sés®l steel and poly (methyl methacrylate)
interacting surfaces. In the course of frettingrasion tests, the Coulomb friction coefficient is
determined as a function of the number of cycldswas found that the friction coefficient growth
rate can be expressed as a power-law functioninfluences of ionic strength, applied potential,, pH
and albumin content on fretting corrosion were timyestigated on the basis of the evolution of the
friction coefficient. Finally, we identify the daage rate constant as being relevant for linking the
mechanical and chemical parameters in the evolafialamage.

Keywords: Fretting corrosion; Microslip, lonic strength, age Rate Constant.

1. Introduction

Fretting corrosion is known as a contact degradgiltenomenon in an aqueous environment [1,2]
Fretting corrosion is one of the most critical issule the design of total hip prostheses, since it
occurs at the contact surface between femoral stambone cement [1,2]. Fretting in a total hip
prosthesis, results from destruction of the passixiele layer on the metal, thereby leading to
enhanced corrosion, and to the generation of detwish as polymer particles [3-5] and/or metallic
oxides [6], which lead to serious malfunctioninghgd joint. Cyclical loading, due to daily human
gait, and differences in the mechanical propeiesveen the femoral stem and the bone cement,
give rise to disbonding between two materials. hSdisbonding results in side effects, such as
cement degradation and cracking. Debris, includiggal oxides and ions, invade bone tissues via
cracks and eventually induce the inflammation inldbee tissues [7]. Currently, cobalt-chromium
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alloys, titanium alloys, or austenitic stainlessett are used for the fabricating femoral stems.
Austenitic stainless steels (e.g., Type 316L SShtam good biocompatibility and high resistance
against corrosion. Bone cement, such as poly (yhetathacrylate), is inserted into cancellous and
cortical bones. Fretting corrosion damage betweHl. 35S and poly (methyl methacrylate) was
experimentally investigated under the conditionilsimto those found at the interface between a
femoral stem and bone cement [8,9] in an actuadthesis. Dissipated interfacial energy and wear
volume were measured after 2000 cycles [8]. It wamonstrated that wear volume can be
expressed as a function of the interfacial energgipated. Meanwhile, fretting corrosion tests
were interrupted after 80000 cycles [9]. Frettplgenomena in both air and in aerated solutions
were studied. In air exposure, no significant weass observed on the stainless steel, whereas
mechanical wear was found when in contact with PMNtAwas found that the wear volume on
PMMA is linearly correlated with the accumulatetssipated energy.

The level of fretting damage is determined by thlative slip amplitude between the femoral
stem and the bone cement. If the slip amplitudsoissmall that some parts at contact remain
adhered and others slip over the other mating seirfaracks are dominantly generated near the
contact edges (fretting fatigue). If the slip aityale is sufficiently high to make all parts on one
surface slip over the other surface, wear (lossnaferial) occurs over the entire contact surface
(fretting wear). It was identified by numerical dadling that the slip amplitude is approximately
0.05 mm between the femoral stem and bone cemeldr wapplied stresses during normal human
gait [10]. In addition, it was observed that tHig smplitude induces fretting wear in total hip
prostheses [11]. The chloride concentration (iatiength), protein (albumin) concentration, and
pH of the solution could affect fretting (corrosjodamage of materials involved in a total hip
prosthesis. The influences of ionic strength, alinyrand applied potential were studied in the
authors’ earlier paper [11]. Fretting corrosiostsewere conducted using 316L SS and PMMA.
After interrupting the fretting tests, the worn fawes were profiled and wear volumes were
measured. It was determined that the ionic sthenigireases the wear volume on 316L SS at the
open circuit potential. Albumin of 1 g'Ldoes not play a significant role in determining 816L
SS total wear volume, in comparison with 0 d. &f albumin. At an applied potential of E = -0.4
V(SCE), a threshold concentration of 0.1 M (NaCduson) exists above which metal dissolution
becomes enhanced. Finally, albumin of 20"gdecreases the wear volume of the 316L SS, but it
increases the wear volume of the PMMA.

For the purpose of evaluating fretting performaata material, the friction coefficient can be
used as a practical metric. During fretting tetts,tangential force and the relative displaceraént
the contact are typically measured. Thus, the @uohlfriction coefficient, the ratio of tangential
force to the normal force, can be calculated. T$at is possible to monitor friction behaviouraa
contact surface without interrupting a frettingttesFor this reason, the friction coefficient, asliw
as wear volume (post mortem measurement), has Wwekaty used for investigating tribological
properties of coated or non-coated systems [12,1B].addition, from the experimental data,
including tangential force and relative displacemarforce-displacement plot can be drawn, called a
“fretting loop”. A fretting loop is informative,igce it can show the transition between the partial
slip regime and the gross slip regime. The ardhinvihe fretting loop corresponds to the energy
dissipated by the contacting surfaces. The rdtib@ dissipated energy to the total energy is used
for identifying the transition between the wear-dioamt regime and the fatigue-dominated regime
[14]. If the ratio remains below 0.2 during a fieg test, it was determined that the test was
performed under the fatigue-dominated regime. @tise, the test was identified as being
conducted within the wear-dominated regime. F@ thason, it is necessary to monitor the ratio
when investigating fretting weatr.

Earlier research [11] did not include investigatmfnthe friction behaviour. Characterization
of the evolution of the friction coefficient is daéfor understanding friction behaviour of uncahte
systems and for predicting the durability of coamdtems. If the evolution of the friction
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coefficient can be described by an appropriate ema#tical function, it can be possible to quantify
the influences of the experimental parameters (atedrproperties, such as ionic strength, albumin
concentration, pH, etc) on the friction coefficieewolution. The ultimate goal is to link the
chemical parameters of the system to the tribogarameters, such as friction coefficient and the
energy ratio.

A variety of studies of friction in total hip présses have been performed [15-19]. The
friction behaviour of polymer/polymer hydrogels fanticular cartilage was investigated with a pin-
on-disk apparatus [15]. Polymer content of poipylvalcohol)/poly (vinyl pyrrolidone) hydrogels,
load, and influence of lubricant were studied. bd®logical properties of stainless steels for the hi
material were investigated in several lubricantar{kt’ balanced salt solution, and solutions of
bovine serum albumin and of hyaluronic acid) [16The friction coefficient between Ti-6Al-4V
and PMMA was determined by the standard, inclinedngltest [17]. Friction testing was
conducted under dry and wet conditions; the latging Ringer's solution and bovine serum. The
static coefficient of friction between stainlesgeedtand PMMA used in cemented hip and knee
implants were determined [184]. Sliding frictioests were conducted under dry and wet
conditions using bovine serum. The influence offae roughness and contact pressure on the
friction coefficient was investigated. Wear of p@methyl methacrylate) against stainless steel was
investigated under dry conditions [19]. The relaship between wear volume and accumulated,
dissipated energy was studied.

In this study, friction behaviour between stainlsteel and PMMA was investigated under wet
conditions. The evolution of the Coulomb frictionefficient was measured and expressed as an
appropriate mathematical function. The influencéafc strength, albumin, applied potential, and
pH of the solution on the evolution of the frictioaefficient was thereby investigated.

2. Experimental setup

One parallelepiped specimen (9 min® mmx 20 mm) and one cylindrical pad (a length of
15 mm and a radius of 10 mm) were used for eattinigecorrosion test. The specimen for femoral
stem was made of stainless steel (316L). The cbstaface of the specimen was polished with
diamond paste down to 1 pum prior to a test. Ihgiaface roughness was measured as being
approximately 10 + 2 nm over an area of 2 Moy using VeecB" optical profilometry. The
cylindrical pad corresponding to bone cement wademaf poly (methyl methacrylate) (PMMA).
The mechanical properties of the polymer are simbdahose of bone cement; mechanical properties
of PMMA supplied by the manufacturer were elastiedodus of 2.5 GPa, Poisson’s ratio of 0.39,
yield strength of 65 MPa, and tensile strength 8fMPa. The contact surface of the pad was
polished with 3 pm diamond solution (Altugl&sBolish 1 and 2) and a colloidal solution of silica
The initial surface roughness was about 35 = 5 nAll specimens and pads were stored in a
desiccator for 24 hours prior to an experiment. imthe tests, the 316L SS specimens were
electrically insulated from the fretting corrosidavice with oxidized Zircalloy sheets and electrica
varnish.

Fretting corrosion tests were performed at roompeature and in NaCl solutions of 0.001,
0.01, 0.1, 0.155, and 1 M. For investigating thftuence of protein, albumin of 1 g'lor 20 g.LI*
was added in separate solutions.

[Fig. 1]

Figure 1 shows the fretting corrosion testing miaehjll]. An electromagnetic motor
located on the left side was used for producingifrg under contact loading. A load transducer for
measuring tangential force at contact was placetherright side. A capacitive sensor measured
the relative displacement between the specimerttengdad. One might suggest that inertial forces
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play a significant role in this kind of device. Akown in Figure 1, a specific bumper was inserted
between the motor and the sample holder. The ti@a$ducer is fixed at the end of the arm, as
shown in Figure 1. The bumper was inserted for rodiintg the motor response to the change of
sliding direction during the fretting corrosion exipgents. Indeed, the mechanical response of the
device, without the bumper, was too quick and ystesn is too sensitive to stick-slip phenomena,
for example. The inertial forces are included ie tompliance analysis shown in Ref. [11]. The
most important point was controlling the compliaée¢he device, during each test and amongst all
tests, in order to be sure that it is constant. sTthe actual displacement is a little differerarthhe
imposed one, as shown in Ref. [11]. For reprodudiatting between the specimen and the pad, a
normal force of 127.5 N (a pressure of approxinyag MPa) was applied, and a displacement
amplitude of + 0.04 mm close to tievivo displacement was induced using a sinusoidal wanefor
[11]. A frequency of 1 Hz was applied, assumingf tihe frequency was similar to the human gait
cycle per second. During a test, a tangential farwt a relative displacement were recorded and the
Coulomb friction coefficient was determined.



3. Resultsand discussion

Fretting corrosion tests were performed by chanthegonic strength, aloumin content, and pH. The
open circuit potential (OCP) was measured betwdmn working electrode, 316L SS, and a
reference electrode, SCE [Standard Calomel Electre@46 mV vs. the Standard Hydrogen

Electrode (SHE)] in a three-electrode configuratianth the third electrode being the current-

carrying counter electrode. Additionally, a potahtf —400 mV was applied between the working

electrode and the reference electrode, SCE, usimptantiostat, PARSTAT 2263, which also

measures the current flowing between the workiregtedde and the counter electrode. In this
study, the evolution of the friction coefficient svaneasured during fretting cycles and analyzed.
Fretting loops were monitored, and dissipated gnaryd total energy in each fretting loop were
computed.

3.1 Influence of ionic strength

For the purpose of investigating the influence afi¢ strength on the evolution of the
friction coefficient, five ionic strengths were seled, as shown in Figure 2. Fretting tests were
interrupted after 14,280 cycles; sufficient duratior highlighting the dependence of the friction
coefficient on the chemical parameters.

[Fig. 2]

Figure 2 shows the evolution of the friction coa#nt at five ionic strengths: 0.001, 0.01,
0.1, 0.155 and 1 M. The evolution of the frictioaefficients can be divided into three distinct
stages. In the primary stage, the friction coedfit value rapidly dropped. For instance, at an
ionic strength of 0.01 M, the initial friction cdefient was 0.61. The value decreased to 0.46 afte
360 cycles. The friction coefficient values atimstrengths of 0.01, 0.1 and 1 M also declined.
Meanwhile, the evolution of the friction coefficteat ionic strengths of 0.001 and 0.155 M did not
show an initial decrease of the friction coefficienA possible reason might be related to the initia
surface roughness. Partial solid asperity contaght exist in the cases of 0.01, 0.1 and 1 M ionic
strengths. A solid asperity contact zone was teeluced in size and roughness with increasing
number of cycles. When the solid asperity contacte was minimised and fluid film lubrication
was maximised at the contact (approximately 500esycthe friction coefficient evolved to be low.
Meanwhile, in the cases of 0.001 and 0.155 M,ahsiolid asperity contact zones were relatively
small. Specially, at 0.001 M, the initial contacight be subjected to almost full-fluid film
lubrication. For this reason, the initial fricticoefficient seemed to be relatively low.

In the secondary stage, the friction coefficienpiddy increased in all cases; surface
roughness should increase and it is postulatedhieagolid asperity contact zone between 316L and
PMMA could come to be larger. Finally, the solgparity contact came to prevail over the entire
contact, and the friction coefficient remained hitgrtiary stage).

[Fig. 3]

After each fretting cycle, a quasi-rectangulartingt loop was observed. The area within
the fretting loop is equal to dissipated energy).( The ratio of the dissipated energy to the total
energy can be used for classifying slip regimesigii@-dominated or wear-dominated), as noted
earlier in this paper. The ratio of the dissipagedrgy to the total energy was defined astiergy
ratio [10]



Energyratio = % (1)

t

whereE; is total energy and is computed a8 Q. XJdmax- Qmax IS @ maximum tangential force
and J,,, is a maximum displacement in a fretting loop. thé energy ratio remains above 0.2

during a test, it was suggested that a fretting i®sconducted within the (mechanical) wear-
dominated regime. Figure 3 shows the evolutiothefenergy ratio for different ionic strengths.
All values of the energy ratio remain above 0.2jaating that fretting tests were finished withinet
(mechanical) wear-dominated regime. Up to 500as;dhe energy ratio increased rapidly. After
starting a test, partial asperity contact betwemnpmes might exist. During the first 500 cycles,
fretting is deemed to reduce the size of the asperand hence the friction at the contact surfaces
Reduced asperity allows for a larger sliding distaat the contact surfaces, eventually leadingédo t
increase of the dissipated energy within a frettougp.

In order to understand friction behaviour in thes®lary stage, the measured evolution of
the friction coefficient needs to be described byappropriate mathematical function. In this sfudy
it was found that the friction coefficient growthte in the secondary stage can be expressed as a
power-law function of the number of cycles. Thsat the relation between friction coefficient
growth rate gf/dN) and number of cycledj is

df
— _=CxN" 2
dN (2)

whereC is the damage rate constant ands the damage exponentlf mis close to -1, the friction
coefficient may be expressed as

f=f, +Cx |n(Nﬁ) 3)

0

wherefy is initial friction coefficient andNy is the number of cycles at the beginning of theoedary
stage. Appendix B shows the cycle number at thénhagy of the secondary stageée number of
cycles, when the secondary stage starts, cleapgriks upon the experimental conditions.

[Fig. 4]

For determining the parameters in Equation 2, expartal data (within the range from a
few hundred to 5000 cycles, depending on the dpeeifolution) were fitted with a power-law
function, as shown in Appendix A. Then, the derixa of the friction coefficient evolution was
calculated. The damage rate constantand the damage exponem) can be determined from the
df/dN versusN plots on the bilogarithmic scale, as shown in Big. The damage exponent is close
to -1. The actual synovial fluids are more comgild than those considered in this experiment.
This could be the reason why the damage rate exp®mneere not equal to -1. Meanwhile, the
damage rate constants are dependent upon thestoangth.

[Fig. 5]

Figure 5 shows the relationship between the danrage constant and ionic strength.
Between 0.001 and 0.1 M in ionic strength, the dgarate constant values are similar. In the case
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that the ionic strength is greater than 0.1 M,damage rate constant value significantly decreases
the ionic strength increases. That is, an iomengfth lower than 0.1 M does not greatly affect the
evolution of the friction coefficient in the secamyl stage. Figure 5 is meaningful and fruitful,
because it allows highlighting the breakdown isstiength (corresponding to the change in slope of
C vs ionic strength) of 0.1 M. This phenomenon wascribed in Ref. [7]; below 0.1 M, damage
accumulation is related to mechanical wear, buwvalis value of the ionic strength, damage is
associated with corrosive wear (fretting corrosion)

3.2 Influence of applied potential

In order to the evaluate the friction coefficiemtween femoral 316L SS and PMMA at the
applied potential of -0.4 V/ISCE, a fretting cormsitest was conducted at zero albumin and at an
ionic strength of 1 M.

[Fig. 6]

Figure 6 shows the differences in the friction fioegfnt evolutions measured at the OCP and
at -0.4V/SCE. Differently from the evolution ofehriction coefficient at the OCP, the initial
friction coefficient value at -0.4 V/SCE was highThe friction coefficient tends to increase up to
0.57 (until 7500 cycles), followed by a decrease0t61. During a fretting corrosion test, the
potential was recorded under open circuit conditionBhe initial potential was determined to be -
0.3 V/ISCE and then it decreased sharply. The Q@é#uglly decreased after the initial rapid drop.
One might suggest that this evolution is as explegteler tribocorrosion experimental conditions.

[Fig. 7]

Figure 7 shows the relationship between the frictamefficient and the open circuit
potential (OCP) for cycle numbers up to 5000. slbbserved that the friction coefficient presents
an inverse linear relationship with potential. Fgycle numbers greater than 5000, the friction
coefficient and the potential gradually decreassgkther. This graph is useful for displaying the
linear relationship and presents the effective frfar the comparing results.

[Fig. 8]

Figure 8 shows the evolution of the energy ratithatOCP and at -0.4 V/ISCE. All of the
energy ratios at -0.4 V/SCE were greater than Adbveere higher than those for the OCP. It was
concluded from the plot that the fretting corrosiest at -0.4 V/SCE was completed within the wear-
dominated regime due to higher energy ratio; little fretting corrosion occurred.

3.3 Influence of albumin

Fretting corrosion tests were conducted with ansaBolution including various albumin
contents for the purpose of understanding the abj@oteins. In this study, two different contents
of albumin were added to the solution. Other expental conditions are that the experiments were
conducted at the OCP and at an ionic strength @10M. The friction coefficient was then
determined up to 14,280 cycles.

[Fig. 9]

Figure 9 shows the friction coefficient plots fofferent albumin concentrations of 0, 1 and 20 g.L
Until 7400 cycles, friction coefficient values & g.L'* remained higher than those at 0 §.L
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Meanwhile, the friction coefficient values at 20Lg.were higher than those at 0 @.lin the
secondary and tertiary stages. It was found thataddition of albumin increases the friction
coefficient. Friction coefficient evolutions for dnd 20 g.[* can be analyzed with Equation 1.
The beginning of the friction test is submitted gdeveral mechanical and chemical phenomena
(alignment of samples, steady-state compositiothefsolution between materials in contact, for
example). Thus, at the threshold of 7400 cycles fiction coefficient for an albumin content of 1
g.L" becomes lower than that at 0 g,Lbut is not reproducible, as determined by muetipl
experiments. Thus, another approach is suggeted:volution of the energy ratio vs. the number
of cycles.

[Fig. 10]

Figure 10 shows the evolution of the energy ratithwycle number for tests with and
without albumin. All energy ratios remained ab@2 during the entire fretting cycle. In particular
the energy ratio measured with 1 §.bf albumin was greater than 0.55. In additiotera8,000
cycles, the ratio for 1 g:t was higher than those for 0 and 204.L At the beginning of the test,
the energy ratios related to 0 and 1 hdre close. One might suggest that 2 groups shoeild
constituted: the first with 0 and 1 g¢'land the second with 20 g'L From these results, which
come from usual tests in fretting (and frettingrosion), the energy ratio effectively describes the
expected lubricant effects of aloumin. At this msirength, i.e. 0.001 M, corrosion of 316L SS is
weak. However it occurs in conjunction with mecleaniwith mechanics and corrosion being
synergistically related. Notwithstanding, the eryeapproach is globalized and, as mentioned, the
separation of the energy ratio at 0 §.af albumin from that at 1 g'tis difficult. This is the
reason why the analysis related to the damageoaigtant should be useful.

[Table 1]
[Fig. 11]

Table 1 shows the damage rate constant and theggaexponent for aloumin contents of 1
and 20 g.'. The damage exponent values are close to -1. nMake, the damage rate constant
tends to increase as the albumin content incre@Sgsire 11). One should consider that the
damage rate constant at 0 and 17gdre of the same order of magnitude. In Figure th,
concentration of NaCl is equal to 0.001 M and thechanical degradation is dominant. More
generally, at this low concentration of NaCl, dgrifietting corrosion tests, protein (i.e albumin)
promotes the effect of mechanics on the corrosiearwwith the results coming from Ref. [7].
Otherwise, from Ref. [7], albumin protects the 3185 against the corrosion during fretting
corrosion degradation. Thus, the approach sugdédsteRelation (3), and especially the damage
rate constant, is useful for describing wear whwem éffect of corrosion can be neglected in an
aqueous environment; the damage rate constanaseseaccording the aloumin content.

In summarizing the results in Figures 9, 10 andthé&, friction coefficient is difficult to
interpret with respect to the albumin content, tiieg energy ratio vs. number of cycles describes
well the expected lubricant effect of proteins, dahdt the evolution of the damage rate constant
highlights that the effect of mechanical degradat® promoted when the albumin concentration
increases, as expected [7]. Additional investayeti should be carried out to explore this
interesting relationship.



3.4 Influence of pH
[Fig. 12]

In order to investigate the influence of pH, twetfing corrosion tests were conducted in
solutions with pH = 4 and pH = 7, as shown in Feggll2. Other conditions were an ionic strength
of 1 M, zero albumin content, and open circuit ctinds. The friction coefficient vs cycle
number plots comprise three different stages, ami those displayed in Figure 2. The initial
friction coefficient at pH = 4 was about 0.55 amthsequently dropped to 0.43. Then, the friction
coefficient increased with respect to the numberyafes. The difference between the maximum
and the minimum values in the friction coefficieatquite significant. That is, an acidic solution
degrades the contact surfaces, leading to theaseref friction during the fretting cycle.

[Fig. 13]

Figure 13 shows the evolution of the energy ratith wycle number at different pH values.
It was identified from the plot that all tests wemnducted within the wear-dominant regime.  After
5,000 cycles, the energy ratio for pH = 4 remaifes?, but that for pH = 7 it was 0.44. At the
“free pH”, i.e. the pH of an unbuffered solutioruflcontaining atmospheric GQo give a pH of
about 6.3), the energy ratio was the highest. olld be suggested that wear degradation dominates
at the free pH, in comparison with buffered solnsiqpH = 4 and pH = 7). At the free pH in the
entire solution, one might suggest that the lot4l ip the wear track area, could reach a low value
due to crevice action and metal cation hydroly&@].[ Thus, the wear track area is preferentially
destroyed (to create rough surfaces) and more gnsrgecessary to affect the relative motion
between surfaces in contadde facto, one might suggest that free pH involves the hsghe
degradation during fretting corrosion of the conteonstituted by PMMA and 316L SS. The
crevice effect, inside the wear track area of 3%@, is one of the principal factors for explainthg
highest wear at the free pH and consequently thleelst dissipated energy (showed by energy ratio)
during experimental tests. In the presence of &ehuhe lowering of the pH in the wear track is
expected to be considerably muted.

[Table 2]
[Fig. 14]

Table 2 shows curve fitting result of the frictioaefficient versus cycle number obtained at
pH = 4 and pH = 7. The results show that the danexgenent is close to -1 and that the damage
rate constant was variable. The damage rate cunsitgpH = 4 was two times greater than that at
the free pH. In addition, the value at pH = 4 gesater than that at pH = 7 as shown in Figure 14.
The free pH does not promote exhaustive mechamieal, as highlighted by the evolution of the
damage rate constant. This free pH is associatédtiae lowest damage rate constant. Thus the wear
of 316L SS should be more promoted by the synécgffiect of mechanics on corrosion as expected
[21]. It was suggested that pH decreases due toicodnop (similar to a crevice effect), and
acidification finally occurs due to fretting. Thulecally, pure mechanical degradation should be
weak compared with that related to corrosion aralacated corrosion, due to the crevice effect in
the fretting zone. The principle of crevice aciciiion is described in Ref. [20]. Unfortunatehgt
mechanism of fretting corrosion is not uniform twe surface of 316L SS, with the micrographs in
Reference [21] highlighting these heterogeneittdswever, locally, as with classical pitting and
crevice corrosion, the mechanism of acidificatiowl ghe ‘W’ wear track should occur, as described
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in Reference [20].

4. Conclusions

This paper investigated the friction behaviour undelical loading of 316L SS on PPMA in

solutions of various ionic strengths, albumin comraion, and pH values. Fretting corrosion tests
were conducted using a cylinder-to-plane contacifigoration. Stainless steel and PMMA were
used for femoral stem and bone cement, simulatethcofor hip prosthesis. Measured evolutions of
the friction coefficient were analyzed and theduling conclusions were drawn.

The evolution of the friction coefficient can bevidied into three stages. In the primary
(first) stage, the friction coefficient decreasakkhough this stage did not appear at some
ionic strength values. In the secondary stage,fribBon coefficient growth rate can be
expressed with a power-law function of cycle numbero coefficients are extracted from
this law: the damage rate constant and the damagment. In the tertiary stage, the friction
coefficient remained steady or displayed only alkdexrease.

- The damage rate constant can be used for quamfiffi@ influence of ionic strength,
albumin concentration, and pH on the evolutionhef friction coefficient lonic strength:
the damage rate constant values for ionic strengéiween 0.001 and 0.1 M were
similar. Meanwhile, when the ionic strength wasager than 0.1 M, the damage rate
constant significantly decreased as the ionic strengreased, due to enhancement of
316L synergistic corrosion.

- Addition of albumin: the damage rate constant iase&l with increasing albumin content.
The effect of mechanics on the corrosion is proahoespecially for the highest ionic
strength.

The friction coefficient at -0.4 V/SCE was highd&an that at the open circuit potential

(OCP) between -0.4V/SCE and -0.5 V/SCE.. An inveisear relation was obtained

between the friction coefficient and the measuretemtial.

The evolution of the energy ratio and the damage canstant, depended upon the pH.

The free pH, around 6.3, probably promotes chentiegradation assisted by mechanics by

the lowering of the unbuffered pH in the wear track
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Appendix A: Curvefitting

Power law form: f=a*NP®

lonic strength (mol.L™) A b R
0.001 1.0164 0.0541 0.9978
0.010 1.0479 0.0537 0.9882
0.100 1.1484 0.0425 0.9834
0.155 1.2767 0.0256 0.9988
1.000 1.3512 0.0176 0.9859

Appendix B: Transition between the primary and secondary stages

lonic strength (mol.L ™) Number of cyclesin the beginning of the secondary stage
0.001 241
0.010 363
0.100 241
0.155 1
1.000 1
Albumin (g.L ™) Number of cyclesin the beginning of the secondary stage
0 1
1 481
20 722
pH Number of cyclesin the beginning of the secondary stage
7 363
4 241

Free 122
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Fig. 1. Fretting corrosion testing machine [7].
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Tables

Table 1. Parameters C and m at different albuminera (g.L™%).

Albumin (g.L™)

Damage rate constant Damage exponent

R
©) (m)
0 0.0550 -0.946 0.99
1 0.0586 -0.944 0.99
20 0.0653 -0.933 0.99
Table 2. Parameters C and m at different pH.
pH Damage rate constant Damage exponent R
©) (m)
7 0.0357 -0.971 0.99
4 0.0471 -0.959 0.99
Free 0.0238 -0.982 0.99
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