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Abstract

Fretting-corrosion of medical devices is of growing concern yet the interadtietween tribological and
electrochemical parameters are not fully understood. Fretting-corrosiGnQr alloy was simulated and the
components of damage were monitored as a function of displacengtrtoatact pressuré-ree corrosion
potential (Eorr), intermittent linear polarisation resistance (LPR) and cathodic potentiostaticdnethee used
to characterise the system. Interferometry was used to estimate materiasiossbping. The fretting regime
influenced the total material lost and the dominant degradation mechaktistigh contact pressures and low
displacementspure corrosion was dominant with wear and its synergies becoming impmtant as the
contact pressure and displacement decreased and increased respéttsaiye cases an antagonistic effect
from the corrosion-enhanced wear contributor was observegstigg that film formation and removal may be
present. The relationship between slip mechanism and the contributorfbdoortrosion degradation is
presented.
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Abstract

Fretting-corrosion of medical devices is of growing concern yet the intaractietween tribological and
electrochemical parameters are not fully understood. Fretting-corrosion@f alloy was simulated and the
components of damage were monitored as a function of displacen@moatact pressure. Free corrosion
potential(Ecor), intermittent linear polarisation resistance (LPR) and cathodic potentiostaticdsetkee used
to characterise the system. Interferometry was used to estimate materialsiossbping. The fretting regime
influenced the total material lost and the dominant degradation mechaktistigh contact pressures and low
displacements, pure corrosion was dominant with wear and its synemgiesiihg more important as the
contact pressure and displacement decreased and increased respectively. Iressrae eatagonistic effect
from the corrosion-enhanced wear contributor was observegstiigg that film formation and removal may be
present. The relationship between slip mechanism and the contributors twordision degradation is
presented.

Keywords: fretting-corrosion; tribocorrosion; contact mechanics; Gécalloy
1. Introduction

Biomedical alloys typically owe their corrosion resistance to the formatian @iert thin protective oxide film
resulting in very low corrosion rat [1]. In order for a materiétm a passive film, the substrate must rapidly
react with oxidising agents in the environment. When a passive ialloglised in tribological applications,
depending on the contact mechanics and lubrication regimes, mechamoaakef the passive film can occur
leaving the reactive substrate exposed to the environment. Rapid oxidatibe substrate usually occurs
resulting in metal ions being liberated from the metallic substrate. This pro&essiis as tribocorrosion and is
not exclusive to biomedical application of passive alloys. An importantesufstribocorrosion is fretting-
corrosion. This describes the degradation of a material subjected to both chéssiiaitidn and mechanical
damage initiated by small amplitude motion, typically less than 15[i,lrW[ﬂIst the tribological mechanisms
of fretting have been documented, the links between mechanical and chewtiwa &re not fully understood.

Because tribocorrosion describes both the mechanical removal of material as wethasktegradation, it is
important to appreciate and to identify the contribution of corrosiomasad to material loss. Uhlig, as cited by
Mischler, was amongst the first to recognise the role wear andsamrplay on the degradation in fretting
contacts. Uhlig demonstrated that material deterioration results from two disdobtimisms; mechanical wear
and wear-accelerated corrosion to produce a simple mechanistic model basaessaonservation as shown in
Equation 1, where Mkcnrepresents the volume of material removed by mechanical weas, iMthe material
loss due to wear accelerated corrosion

Uhlig’s expression suggests that the components of the total material damagan®l Mnem can be easily
isolated. It proposes that Mt captures all damage that is related to the mechanical removal of material and
Mchem represents the material loss due to intermittent depassivatiorwear enhanced corrosion. In fact it is
more complicated than this and tribocorrosion material damage consisiateial degradation mechanisms
that will only occur as a result of having both wear and corrosiorreguogether. For example, if we remove
corrosion the mass loss will reduce more thapeivalone due to the influence of corrosion on wear.

Considering this, the model proposed by Uhlig can be bro&em durther to detail information regarding the
synergistic reactionﬂ,zl}/vhere Mvear IS @ pure mechanical component (mechanical wear in the absence of
corrosion) My is the synergy between corrosion and wear (corrosion-enhanced Mesa is a pure chemical
component and M is the synergy between wear and corrosion (wear-enhanced coyrbsiwever is only
electrochemical in nature.

Miotal = MmectitMchem (1)
Mmect= MweattMcw (1-1)



M chem= McortMuwc (1-2)

Fretting-corrosion of medical devices is common at load-bearing metallic interfaeealept in orthopaedic
5-7), cardiovascular[ [&1] and dental device§1P-14]. Such phenomena have been reported in both
experimental and clinical literature. Instances of fretting-corrosion amttatular taper interface have been
reported clinically since the 108 . However interesin the degradation at this interface has been renewed
due to the high number of failures due to soft tissue reactions assawithtdibtting corrosiorat this interface
. Fretting-corrosion of cardiovascular devices has recently been highljgbccurring at overlapping
interfaces (either braided or overlapped ste8-Considering the complications associated with stent
material related issues, the lack of literature in this area is surprising.

Fretting-wear has received attention for a number of years [2], with &dgances in the understanding been
made through the work of Vings and Fouvry et a J. Renewed interest in the fundamentals of
fretting-corrosiorof biomedical alloys has been se®vhilst the mechanisms of fretting-corrosion are generally
accepted2q21]2] the relationship and synergy between the tribological and electrocheamitaisf are still
debated. Swaminathan et demonstrated, for a simple point contact, that fretting corrosiaffasted

by material couples, normal load and the motion conditions at the interfaceipgoworrelations between
electrochemical currents and the dissipated mechanical en&rgglationship between thénter-asperity
distance calculated using electrochemical and mechanical inputs, and load was ddvéiopddition to this
Baxmann et a demonstrated links between fretting parameters, as given by Feualt, and semi-
guantitative electrochemical data showing that potential transients are related to theiah&ip mechanisms.

Typical contact stresses and environments experienced in biomedical devices vargindepentheir
application. Contact conditions are seen to vary fref090 MPa and 1-12um [1§2242425|. It can also be
appreciated that the contact pressures and displacements developed in the biomed#ads do not tend to

be uniformly distributed. This is typically the case for modular taper interfaces in which stress
concentrations are typically seen at tireximal-medial and distal-lateral sectioofthe tape. It can be
expected that a complex distribution of different degradation mechawiginhe established about the interface
as a function of contact pressure, displacement and contact compliance fughertisg the need for
fundamental mechanistic investigations.

Whilst progress is currently being made towards understanding thedgrettirosion degradation mechanisms
of passive alloys the links between tribological and corrosion procearsdsthe dominant degradation
mechanisms, at the interfaces are not still understilst many of the modern tribocorrosion theo
link tribological theory with electrochemical outputs, the assumptions ustidstech models and unique
factors associated with fretting make such models difficult to apply esped@lyHertzian contact
configurations in which a combination of stick and slip are establishedsatite interface Taking this into
consideration and also the fact limited studies have quantified both meclantakectrochemical mass losses
gaining an understanding of these interactions over different loadidgsliprregimes is of great importance.
This study therefore takes a simplified point contact model, investigatguardify the interactions between
wear and corrosion as a function of displacement and contact prébsough a systematic experimental
approach. It will go further to identify the synergies present at ttezface for CoCr alloys and develop
relationships between established tribocorrosion and fretting parameters tosttateohow the degradation
mechanisms varies as a function of the interfacial mechanics. Congitleainmany biomedical systems will
establish multiple contact conditions across their metal-metal interfaces, an umegsta the interactions
between wear and corrosion is of great importance. Mo&€oCiMo interfaces are found throughout
orthopaedic, dental and vascular applications.

2. Materialsand M ethods
2.1. Materials

Wrought Low carbon Co®fo plates and wrought @28 mm LC Ca@ femoral heads were utilised in this
study to achieve a Hertzian point contact configuration. Nonmadérial properties and composition of alloys
used in this study can be found in Table 1. All surfaces were polisteedurface roughness{$f 10 nm and
cleaned an degreased using acetone arairMried.



In all cases 50mL of Phosphate Buffered Saline solution (pH = 7.4utilmed. This was prepared using
deionised water and high purity chemical reageAlstests were maintained at 37+1 °C for the duration of the
test through the use of a closed looped hot water recirculation system.

2.2. Fretting Tribometer

In order to investigate the interactions between wear and corrosioaGriviG-CoCmMo fretting contacts, a
reciprocating electromechanical fretting tribometer was utilised (Figure &)loWer CoCmo disc specimen
was placed into a delrin holder and secured via a retaining ring equifthe@®-wngs to provide a water tight
seal. The CoQ¥o ball was fixed in holder parallel to the CoCrMo plate. Care was taken during preparation and
during testing to ensure that no contact between the upper specottEr to avoid contribution to the
electrochemical signal from the sample holder. Electrical connection was takemdtl and plate (Figure 1)
resulting in the CoCrMo ball and CoCrMo plate becoming the net-workingatiec(WE).

Reciprocating motion was applied to the CoCrMo ball provided by thdr@eechanical actuator. The
tangential force (ff was measured via cylindrical force transducer mounted axially to the acindt€oCrMo

ball. The magnitude of reciprocating moti@a) of the upper sample relative to the static plate was measured
by means of a fibre optic sensor fixed in the holder mounted to the base of the fretting apparatus. Table 2 shows
the contact parameters chosen in this study. These were purpossiy ¢harepresent the spread of contact
conditions typically observed in literatuf@g{2224125|. In this study, the ratio of programmed displacement
(34) to actual sliding at the interface (3s) was used as an indication of slip mechanisms based on criteria given in

1930
2.3. Electrochemical M easurements

In order to facilitate electrochemical measurements and quantify corehsimg fretting, a Ag/AgCl reference
electrode (RE) and Pt counter electrode (CE) (Sure flow Redox, ThermuHigi¢)SA) was integrated into
the fretting tribometer (Figure 1). The WE, RE and CE were electrachlynconnected via a potentiostat
(PGSTAT101, Metrohm, Switzerland). Free corrosion potential)]Eneasurements were made throughout the
test in order to obtain a semi-quantitative indication of the passivityeo€bCrMo couple. & represents the
instantaneous potential difference established between the WE and REadtletge separation realised by the
resistive nature of the metal and interfacial electrochemical double layer to elwetnsfer. For passive
materials, such as CoCrMo alloys, upon the onset of rubbing a shifpis typically seen in the cathodic
direction associated. This is linked with increased corrosion rates.

In order to quantify the mass losses due to corrosion at equilibriummitigant linear resistance polarisation
(LPR) measurements were taken every 300 seconds. An applesdigloof +0.02V versus Eorat a scan rate

of 1 mV/sec was applied to the sample to yield a linear relationship beappied potential and current. Due
the charge separation developed at an interface, a linear relationship betwlessh pgipntial and current is
typically seen within 20 mV of E.or. Wagner and Traud, as referenced by Frankel @I identified that

the reactions occurring aroundo.fare mixed potential reactions owing from the anodic and cathodicélalf-
reactions. It widely accepted that applying a potential within this regipermanent changes to the electrode
surface will be incurredThese were then converted to mass losses via application of the Stern-Geary
relationship and Faraday’s Law (assuming Faradag constant (F) = 96480 Cmblmolar mass (M) =
54.07 gmotf and valence (z) of 2.5 for stoichiometric dissolution of the alloy)order to separate the
contributions of non-mechanically induced corrosiopfieasurements were taken prior to sliding to ascertain
the passive corrosion rates and used as the baseline corrosion ctlitrerdgference in Rduring fretting was
taken as the wear-induced corrosion, assumed to be emanatingdroemtfal contact area.

The Stern-Geary (SG) coefficie(Equation2) was estimated by conducting Tafel analysis during fretting tests
for additional samples to avoid damaging the surfaces of intdtestntiodynamic polarisation from was
conducted from + 0.2 V vsckrat 1 mV/Sec for each contact pressure at 50 pm of displacement amplitade. Th
SG coefficient was calculated as being 0.041, 0.051 and 0.047 fordretits conducted at.R = 0.4, 0.6 and

1 GPa respectively. Due to the large number of samples required to obtainohstaints as a function of time,
the SG coefficient was assumed to be constant throughout the test. Thes aagkiwowledge that this
assumption is a simplification to the system, but thought to be theavostate way to determine corrosion



currents without extensive polarisation and damage to the surfacexample of the raw LPR and current vs
time curves generated in each test is shown in Figure 2. In ordepléde the corrosive aspects of the
degradation (Eql.2), potentiostatic tests were conducted. Here the potentiaMdE thvas held at -0.8 V vs
Ag/AgCI for the duration of the test to inhibit any dissolution. s fpotential and experimental conditions it is
assumed that the sample is cathodically protected (CP) and the oximfa@onand Cr and reduction of ¥

will not occur according to Pourb. This approach has been presented in literature as a method to separate
electrochemical contributions during tribocorros[

Figure 3 outlines the tribocorrosion protocol adopted in this studyp®a were initially immersed in PBS
solution for 500secs with a measurement of polarisation resistanceeamgn®0 seconds. At 500 seconds,
cyclic motion was initiated for 3000 cycles at 1Hz. After this cyclic motion was ceasatieandmple ableot
recover for a further 500 secong@s.& . are the anodic and cathodic Tafel constants respectively obtained
from potentiodynamic polarisation.

BaBe

6= 2.303(B,+5.)

)

2.4. Surface Analysis

To evaluate the volume of material loss due to wear and corrosiongdueitting tests vertical scanning
interferometry (VSI) was conducted on the both the CoCrMo balls and platestd®yi8I| analysis each plate
and counterbody was cleaned using acetd@he volume loss due to wear and corrosion was computed and
taken as the material loss across the mean zero plane of the surfadetalimeass loss due to wear and
corrosion was taken as the sum of the volume lost from the Co@esld and plate. Due to the duration of the
test, and extremely passive nature of the alloys, general material losssuased to be negligible (i.e. from
outside wear track). Any mass loss would not be detectable throagimgtric or VSI methods. Optical light
microscopy (Leica, Milton Keynes, UK) was also conducted in order terebdssurface changes and wear
mechanisms attributed to the presence of fretting at CoCrMo contacts.

3. Resaults
3.1. Fretting Regimes

Figure 4 shows the VSI, optical light micrographs andefsusd curves obtained for the varying displacement
amplitudes at Ro= 1 GPa. It can be seen at 1 GPa and low displacement ampli4d28 (1m) a partial-slip

and mixed slip fretting conditions exist at the interface. Under partial-ghigittans (Ra= 1GPadqs= 10 um,
Figure 4a), a closed+By is observed and the applied displacement is mainly accommodated by elastic
deformation of the contact and apparatus compliance. Under mixed-slipi@mm@dRn»= 1 GPa, 64 = 20 um,
Figure 4b) an elliptical shape of theds is observedThis suggests that some degree of sliding at the interface
is imposed onto the elastic deformation already present at the contact interfaceostabeis now comprised

of both elastic compliance and slidingrom the shape of the fretting curves it is thought slip regime is on the
transition to gross slip conditionat 6,>20 um (Figure 4cd) a gross-slip fretting regime was observed. This is
characterised by an open-d&a quasi-rectangular shaped loop indicating that sliding was dominantein th
interface. For all contact pressures and displacements below 1 GPa a graos#tisiiprégime was seen. This is
accompanied by an abrasive wear mechanism typified by cuttinglastit mleformation of the surface within
the contact area

In literature the relationship between displacement ampliti)exnd sliding amplitudéds) has been discussed
asa convenient method of indicating the transition through different fretéggmes. Figure 5 demonstrates the
d¢ 04 as a function of 8¢ and contact pressure with the criteria for transition outlined by Fouvry I
Baxmann et a]16] and Mohrbacher et . Although these studies present the transition values for different
alloy couples there is good agreembettveen the 8¢/ dq ratio and the mechanisms of slip with our results and
those reported in literature. This is further supported by the infggeented in Figure 4. It can be seen that a
mixed-slip condition only occurs atnB= 1 GPawhen 84 is greater than 10 um but less than |89 for



CoCrMo/CoCrMo contacts lubricated in PBS solution. No significant diffesebetween mechanical fretting
data were seen under assumed pure wear (cathodic protection) conditions.

3.2. MassLossResults

Figure 6 demonstrates the mass loss as a function of actual total slidemgcelisnd contact pressure for
CoCrMo contactsonsidering the 8¢/ 84 established at the interface. In each case a linear increase in mass loss
was seen with increasing sliding distance. It is interesting to net@thease in mass loss for the lower contact
pressureThis is thought to arise from the fact that less motion is accommobatetdstic deformation of the
contact at the lower pressures. It can be seen that similar rates exist at contastspofs3 and 1.0 GPa
despite the different slip mechanisms being present at the interface (F)gurkisssuggests that different
pathways to degradation exist at the interface also dependant on contact pressure.

A comparison between mass losses under free corrosion conditigisalid with the application of CP are
shown in Figure 7. It can be seen in all cases, apart from 180ap displacements at 1 GPa, that a reduction
in mass loss can be observed when corrosion is removed fecteginadation processes

3.3. Electrochemical Response

Figure 8 demonstrates the.fas a function of time and associated VSI images for illustratign.cErves at 84

= 10, 30 and 50 um are only shown for clarity. In the casgdssive alloys (ie those owing their corrosion
resistance to the formation of an oxide film) a decreaseqihugon the onset of friction is an indication of the
synergistic interactions present between wear and corrosion. It canrbthaethe shift and magnitude of the
Ecor in the cathodic direction (at t 500 seconds) is predominantly governed by the slip mechanism and
magnitude of 3s It is hypothesised that the decrease iHs brought about by changing the ratio of
Anodic:Cathodic areas resulting andepolarisation of the anodic reaction in the cathodic direction and the
establishment of a galvanic couple between active and passive areas on tl@netal

3.4. Rédative Contributionsto MassL oss

Utilising intermittent LPR measurements the total mass loss due to elertiocah chemical reactions
(McorrtMyc) can be estimated. Figure 9 demonstrates the relative proportions of total rsaafribgted to
Mechem (McortMue) @and Mrech (Mwear*Mew) (assuming the density of the material = 8.5 gicrFor Pnax = 0.4
GPa, it can be seen that as displacement increases, the mechanism of degladatfange. AtR= 0.4 GPa

d¢= 10 um, mass losses due to electrochemical processes was seen to et 17 % of the total mass
loss. This proportion was seen to decrease inétieasing 64. At Pnax= 0.4 GPa 8¢= 50 um, mass losses due to
electrochemical reactions was seen to accourit¥ar 9 % of the total mass loss indicated that the mechanism
of material loss had become a dominated by mechanical processes.

It is particularly interesting to note that whem.P= 0.6 GPa, the mass loss increased with increasing
displacement amplitude whilst the relative contributions to mass loss rensainikd. In all cases the mass loss
due to electrochemical reactions accounted for 3%%f the total material loss. WherR= 1 GPa, similar
comparable mass losses were observed wher-F).6 GPa. However material loss was predominantly due to
corrosion. When Rix= 1 GPa 4= 10 um, corrosion was seen to account for 92 % of all material loss. It was
observed that as 84 increased, the mass losses due to mechanical actions increased.\\/keh BPagq= 50

pim electrochemical dissolution was seen to account for 65 % of all materidlHese increases in mechanical
losses (Mhech are thought to become more dominant as the fretting regime makesitiainafnom partial to
mixed to gross slip fretting mechanisms.

4, Discussion

In this paper the effects of tribological parameters on the frettingsion behaviour of CoCrMo-CoCrMo
fretting couples has been examing&tie aim of this paper was to evaluate the synergistic interactions between
wear and corrosion and to understand how these vary with the contaitioosn@le load and nature of slip).
The results have shown that the mechanism of slip and the load appiiedinterface significantly affects the

so called ‘pathways to degradation’ i.e. if the system is wear, corrosion or wear-corrosion dominated. Mass
losses due to corrosion become dominant as the magnitided@fand contact pressure decrease and increase



respectively. Using the formulation determined by Stack eI, the relationship between dMnMwear
provides a criterion for the dominant degradation regime present inogdrnibsion system. The different
degradation mechanisms are detailed in Table 3. Fidudemonstrates the variation in degradation mechanism
as a function of 8484, as given by Fouvry et and initial contact pressure. It can be seen that the
degradation mechanism transitions from a corrosion dominated degradaticimnism at high contact
pressures and a partial-slip regime to a wear-corrosion dominated paibé@ssr contact pressures and gross-
slip conditions. This is the inverse when compared to macro slidtgwdhere a transition to a wear dominated
regime is seen with increasing load as reported by Mathearrhe results presented in this paper further
suggest that a contact condition exists where synergism can benisgkisupporting other tribocorrosion
studies [39].

The trends in material loss as a result of fretting regime have been wetheltted. Vingsbo and Sdderberg
highlighted that mass loss rates decrease as normal load and displaampknde decrease. However
this can be counteracted by low fatigue life when in partial slip regifoesry et aI further stated that the
tangential amplitude, which controls the stress amplitudes and themaitléng process, strongly increases
under partial slip until a transition tangential force is met and grosdsskghieved and bulk material is
removed. For a fretting contactam aqueous environmeibtcan be seen that the contributions to mass loss due
to chemical processes increase as a function of applied load due to contact elastitity formation of
environment conducive to accelerated corrosion (i.e. crevice corrosion) igdlueiprevalence of this synergy
(i.e. corrosion becoming dominanfjVhilst the overall mass losses are smaller, correlating with already
published literature, electrochemical losses are seen to increase suggestimgte¢hat lost as particulates has
decreased whilst ionic material losses increase at 1 GPa when compare@Ra0This is particularly relevant

in the biomedical area where metal ion related biological responses have been reported.

Using the method outlined in Table 3 only goes part of the way tdifidé¢ime key contributor to mass loss.
From equation 1 it can be seen thatMincludes a component of corrosive damagesjMhaking it difficult to
fully identify and define mass loss contributions. Further bngathe system down into its components it can
be seen that M accounts for a significant proportion of mass loss which otherwisgdwe lumped into the
Mmechterm. Splitting into each component, pure wear accounted 50r%, Mcw =~ 30-35 % and Mvc~ 15-20

% of material loss at 0.4 GPa (Figure 1T&)e contributions of each synergy were seen to vary as the contact
pressure increased and tribological conditions varied at the interface. A degneimcrease in the mechanical
and corrosion contributions, respectively, becomes evident as contact@iasseases to 0.6 GPa (FiglE)

with Mcw becoming dominant at higher displacements. Pure wear compoeéated when compared 0.4 GPa
due to the decrease in sliding at the interface due to elastic complianceofithet (as discussed abavEhis
may be due to increase roughness of the surface due to the edcceasribution of M. further demonstrating
the importance of decoupling the degradation modes. At=P1 GPa (Figure 11c), pure wear was seen to
account forl5 % at 8¢ = 10 pm to 40% at 5¢= 50 um of the total mass lod&/ear enhanced corrosion was seen
to remain similar for each displacement accounting fod@56 of the total mass loss. Interestingly a negative
or antagonistic synergy was observed only in the cases at 1 GPa, agctam0 % to 20 % depending upon
the displacement applied. This was seen to decrease (i.e. less antagonistioredising displacement.

As the contact transitions into a gross slip regime, interesting variatidhg Myea;, Mwc and My, could be
observed (Figure 12). A seemingly exponential increasing behaviauseem for each of the contributors as a
function of the 6584, These wre seen to transition at a 8¢/3q¢ =~ 0.9. This may be explained as the transition from
fretting to reciprocating wear in which rapid increases in wear will be expeitfeéhcreasing sliding distance.
The antagonistic effect of M diminishes and a transition to positive synergy can be obseiittedi®creasing
contact pressure and increased sliding at the interface (Figure 12c). It is mlymmpothesised that this
negative synergy is a result of the formation of a protective film at the con@atb @lectrochemical reactions
. Whilst in this study no attempt was made to quantify the chemical tigms, negative synergy could
be achieved a number of ways in a fretting-corrosion coritaetse can be the formation of corrosion product
within the contact (i.e. compacted oxid[both reducing corrosion and the progression of wear through
mechanical alterations to the surface/subsurface or electrochemically aftdaied flue to increase reduction
of H* at the near interface affecting local mechanical properties. The linkedretthe fatigue life and slip
mechanisms have been demonstrated by Vingsbo and de@rg\/l[aterials have been shown to be



susceptible to fatigue like behaviour under stick conditions. Whilstuiatig generally consisted a time
dependent phenomena, under these circumstancisshiding reduced at a higher rate due to the imposed over-
potential. It could therefore be expected thatrdy ingress into the uppermost of the surfaces, modifying the
local mechanical properties of the material. At a time scale sufficiently shargleno resist subsurface crack
formation and propagation, localised changes in the local mechanical propeidse beneficial in reducing
overall mass loss due to increase hardness however will be subject toifurtistigation.

4.1. Summary

Recently a number of studies have presented correlations between icidlotogtact parameters and fretting
corrosion characteristics of materials typically used in biomedical applications. dpés goes further to
quantify the individual contributors to mass loss using well establistiedepts. The influence of slip regime
on the wear rate was first presented by Vingsbo and dergThey demonstrated that as the contact
pressure and displacement increased, a decrease and increase in the feattingtavcould be observed
respectively. This is similar to the findings presented in this stutly mesults following a similar response.
Findings presented in this paper also complement those of Baxman whp presented findings for Ti
alloy tribo-couples They demonstrated that a between existed between the electrochemical aadicakch
factors demonstrating the magnitude @fErop was related to the sliding amplitude and applied [dads
study compliments the study of Baxmann by further demonstriitatgalthough wear of the surfaces can be
reduced by achieving low displacements and high contact pressueesatinitude of corrosion can be
increased for CoCrMo tribo-couples; this finding is particularly irtgodrin the context of medical devices
were metal ions can elicit soft tissue responses. Baxmann concluded that yngctakatively low micro-
motions and sufficiently high contact pressures fretting-corrosion wilhimémised. Whilst the use of high
contact pressures and low displacements may reduce the synergy beteaeand corrosion, long term
implications such as corrosion assisted fatigue and hydrogen emlaiitleray be promote@.

In the biological environment the co-existence of wear and corrosion in aradeldaded contacts is inevitable
and unavoidable. It is therefore important to understand the degradationrb#teségbocorrosion mechanisms
in order to effectively engineer the interfaces to provide optimal perfaendihis study has demonstrated that
corrosion becomes dominant at high contact pressure and low displacenmerits tHa elastic compliance
within the contact resulting in limited slip at the interface. This redueesythergy between wear and corrosion
by reducing the volume of oxide abraded; however may leave the intedaseeptible to fatigue as time
progresses. As the contact pressure decreases it can be seen that wear bedoams altimugh corrosion is
never truly eliminated. It can be appreciated that very different enginesiipns will be needed to address
these different contact scenarios. Future work in this area will be focosaaterstanding the mechanisms of
degradation in mixed metal pairs and the evaluation of surface engineevtesges for reduced wear and
corrosion.
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Fig. 12 Transition of (a) pure wear (Ma), (b) wear enhanced corrosion yMand (c) corrosion enhanced wear
(Mcw) for CoCr-CoCr contact as a function adntact pressure and d¢/04. Dashed lines represent transition
criteria used throughout this study.



