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1. Introduction

Balloon angioplasty and implantation of stents has been used successful intervention for
atherosclerosis for upwards of 40 years, yet clinical ltoia persist. In-stent restenosis (ISR)
accounts for about 10% of coronary stent failures, incre&si8Q% in peripheral stents, one year post-
implantation in the modern stent era requiring furthemuat&ion (1, 2). In-stent restenosis (ISR) is
characterised by a re-narrowing of the artery post-#étgplantation to such an extent that blood flow
is hindered to the downstream organ (3). The principlelleelicomponent of the arterial wall are
smooth muscle cells (SMCs) which migrate towards the lumeheoéttery, proliferate and secrete
extracellular matrix components during development of ISR (4¢. &dvent of drug-eluting stents
(DES) has gone some way to reducing the incidence of ISR buste riemains in a non-negligible
patient subset (5). In contrast with the clinical post-faifuralysis conducted in orthopaedic implants,
stents with ISR are typically not removed from the patienstenting or bypass grafts are used (6, 7)
Post-failure inspection and analysis of the devices is threréf@mmpered and the true occurrence of
fretting and corrosion in-vivo is unknown.

The surfaces and interfaces established during the implantdt®rvascular devices are receiving
increased scrutiny due to the possible adverse soft tissetseffsociated with implant derived debris.
Surface analysis of retrieved vascular devices has demonsthateéhterfaces are susceptible to
fretting-corrosion; the combined action of mechanical waaat corrosion at small displacement
amplitudes. Evidence of fretting-corrosion has been observée atdided stent strut interface (7, 8)
and in vivo at overlapping interfaces were the use of mulsf#@ats may be necessary to treat long

lesions and those arising from complex and dynamic biomeahaadicularly in peripheral stents (6,

7, 9). Such interfaces are shown|in Figufe 1. Within the vascelastenting undergoes large

deformations through haemostatic forces (e.g. pulsatile floegsure) and daily-living activities (e.g.,
leg flexion) introducing micro-displacements at overlappinigraided interfaces. Previous studies (10,
11) have shown that overlapping and braided stents (Figure 1a) extdgihce of wear and corrosion
after laboratory simulation. This is supporteditiwivo observations (12, 13) (Figure 1b), in which a

tentative link between metallic degradation, inflamamatnd ISR has been hypothesised. Therefore it
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is conceivable that the nature of micro-motion and comtaditions at the interface can be incredibly

transient and activity dependant.

Figure 1 Schematic of fretting-corrosion interfaces in cardiovasaitkents. A) Cross-wire interface in
braided stents (shown with close up), more commonly used inhpegsiparteries. B) Laser cut type
stents in an overlapping configuration, often used for long @dblarotic lesions or re-intervention due
to ISR.

Degradation products (metal ions and nano-particles) arisingthe fretting-corrosion interfaces will
be released into the circulation and local tissues dependingtiupategree of re-endothelialisation.
Metallic debris arising from cardiovascular devices, in the foffmetallic ions or bulk metal particles,
has been shown to have a biological effect on cells and tisswaamaediate oxidative stress, release
of proinflammatory mediators, cytotoxicity, DNA damageddunctional cellular changes such as
proliferation (14-17). These same biological effects are aiptidated in the pathogenesis of in-stent
restenosis (1, 4). To elucidate the links between device ddgmadnd adverse biological processes,
some studies have used sources such as metal chloride salts (15, p8s4i9% corrosion through
incubation under physiological conditions (20-22) or application aflectrical potential to simulate
and accelerate the oxidising action of the physiologicabsive environment (16, 20). The role of
tribocorrosion products (i.e. metal ions and particles) onwasbiology processes are yet to be fully
considered. It is also well known that the characteristag. (chemistry, thickness, stoichiometry,

formation kinetics) of the passive layer on the surface of biomealiogs, such as CoCrMo and NiTi,
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is dependent upon the applied potential in corrosion systems (28n@4hfluences the synergistic
electrochemical and mechanical degradation of a netdlty (25-28).

In order to accurately assess the biological responses tiicrahris, the pathways to their production
must be fully considered, particular when qualifying materiald devices pre-clinically. In a
comprehensive review Mischler found that the potentiostatibadewhereby the system is held at a
nominal potential during fretting-corrosion, is the most comsaskd tribo-electrochemical method
(29). This method has been used variously to understand the methahisetting-corrosion which
are representative of implanted metallic medical devicesvp (23, 30-33). In reality, the potential
under free corrosion conditions is dynamic and evolves over time (23584Conducting fretting-
corrosion tests at the free potential of the system (or oipewit potential, OCP) has therefore more
recently been used to simulate the physiological frettingesimm mechanisms of biomaterials (36,.37)
The experimental methodology to understand bio-tribocorrosion mecsand released wear debris
can fundamentally alter the results. Differences in welarisiehemistry and morphology can instigate
differential biological effects (17, 38). Questions must be raisedo the suitability of imposing
electrochemical potentials to simulate corrosion in tribickdgontacts, its relevance to the pre-clinical
assessment, its implication on the nature of degradation cangklation between imposed
electrochemical polarisation and free corrosion conditions.

The aim of this study was therefore to perform a detaileddorrosion study investigating the effects
of polarisation on generated wear debris and material dagnadaring fretting in a simulated stented
physiological environment. Two primary metallic biomaterials wakestigated, cobalt-chromium-
molybdenum (widely used biomaterial) and nickel-titaniunonfmon vascular material) were
investigated in a braided stent strut model simulating the georoensiderations. The need for further
detailed investigation to understand the role of tribocorroaimh electrochemical potential/current
distributions in the vascular environment has been emphasised mgleadiliologists (39). We have
shown these degradation mechanisms to be detrimental t@erfloenpance of other metallic devices

implanted into the biological environment (40).
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2. Materials and methods

Materials
Superelastic nickel-titanium, NiTi, (NitinolNDC, USA) and low carbon cobalt-chromium-
molybdenum alloy, CoCrMo, (ASTNF1537, Heymark Metals UK) was machined into cylindrical
samples @6 mm to represent cylindrical braided stent stro@:Mb was for benchmarking due to our

extensive experience with this alloy. Chemical compositicallof/s used in this study are shown in

Table 1 according to manufacturer. Prior to experimentatitbrsamples were polished to a surface

roughness, B 25 nm using a polishing cloth (Buehler, Germany) and gra@edaaid polishing pastes
(Kemet International Ltd, Kent, UK), cleaned with acetand air-dried.

Table 1. Chemical composition of low carbon CoCrMo and superelagiic 0sed in this study as

stated by the manufacturer.

Element : ;

(Wi%) Cr Mo Mn Si Ni Fe N C Co
CoCrMo 26.0-30.3 5.0-70 0-10 0-1.0 0-10 0-0.75 0-0.25 0-0.14 Bal
Element . :

(W%) Ni Ti

NiTi 55.0 45.0

Serumiree culture media composed of Dulbecco’s Modified Eagle Medium supplemented with 1% v/v
L-glutamine (necessary growth factor) and 1% v/v antibiatitmycotic (Gibco, Renfrewshire, UK)
This formulation is widely used in cell culture to sintelthe physiological biochemical environment

was used as the lubricant in this study (41, 42)

Fretting tribometer
Interactions between wear and corrosion were investigasilg a custom-built reciprocating

electromechanical fretting tribometer, previously devethplescribed and validated (43). A schematic

for the setup is shownjin Figure 2A. An electromechanidaledar provided reciprocating motion to

the uppercylinder with an amplitude of 200 um (34) and was maintained at a frequency of 1 Hz,
simulating that of a physiological heartheéat= 200 um was chosen to ensure we remain in the gross-
slip regime for the duration of the test, to best represerstédmt device observations (i.e. abrasion
distances on the struts) (12) and FEA analysis (16). Reciprocatitign was measured by means of a

fibre optic sensor fixed in the holder mounted to the fizgee of the fretting apparatus. The tangential
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force (k) was measured throughout the experiments using a cylindricaltt@nsducer (Kistler, USA)
mounted axially to the actuator and the upper alloy cylinbee initial normal load (f} at the contact
between upper and lower samples was set using a force tranf@DEeElectronics, UK). A normal
load of 4 N was used for each experiment (Table 2), achiedntact pressures similar to values
reported by finite element analysis for overlapping cobédratents (6).Analysis of the fretting-loop
data was done according to the criteria outlined by Foetvay.(44)

Table 2. Maximum pressure at cylinder contact as calculatetetiyian analysis.

Young’s modulus M aximum contact

Allo Poisson’ ti ressure
y (GPa) s ratio (P|r3n e
CoCrMo 220 0.29 0.68
NiTi 34 0.33 0.21

Fretting-corrosion arrangement
A three electrode electrochemical cell was integraméal the fretting tribometer (Figure 2A). The
physical connection of the upper cylinder to the lower cylinognersed in the serum-free culture
media acted as the net-working electrode (WE). A combingthdCl reference electrode (RE
+0.196V vs. standard hydrogen electrode) and Pt counter eled@dte (Orion, ThermoFisher
Scientific, MA, US) was held in the serum-free cultomedia to complete the electrochemical cell. The
WE, RE and CE were connected to a computer controlled pmeitiPGSTAT101, Metrohm

Switzerland).
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134
135 Figure 2. A) Experimental set-up of simulated braided stent strut fre{ifp@gpendicular cylinder

136 configuration). Hatching indicates cross secti®pProtocol for fretting-corrosion testing under either

137 potentiodynamic or potentiostatic regimes.

138 2.3.1. Fretting-corrosion protocol

139 The protocol for the fretting-corrosion experiments is showrigare 2B. Briefly, the NiTi cylinders

140 were polished, cleaned and dried before installati@ntive fretting rig in a perpendicular configuration.
141 The serum-free culture media was then added and the upp@wardcylinders were immersed in
142 contact with each other and left for 1 h. For each cmmdithe OCP was recorded in this interval.
143  Subsequently, fretting occurred for 80,000 cycles at 1 Halfdests. After the fretting test, the alloy
144  was left to recover for 1 h before the tests were disnthatid the cylinders and the serum-free culture
145 media were collected for analysis. Serum-free culturdiangas frozen at -20°C to prevent dissolution

146  of particles.
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The fretting-corrosion behaviour of the simulated braidedt stterface was evaluated under three
conditions:

Open circuit potential (OCP) with intermittent lingaolarization resistance (LPR) measurements at
which the alloy is under free corrosion conditions enabling clersation of the interface at
equilibrium This approach has been extensively used and published in tatufigefor the long term
assessment of tribocorrosion contacts (43, 45, 46). Measurenred edrrosion potential ¢&;) with
LPR allows quantitative in situ dynamic corrosion measurements méRurements were taken every
1000 s at an applied potential of + 0 .02 V versus OCP airerate of 0.2mV.s™. It is widely accepted
that applying such a potential no permanent changes to thdiesurface are incurred (4%5he scan
rates chosen in this study are sufficiently slow enough tarelbeany capacitive charging effects due
to polarisation and show no evidence of hysteresis (i.e. chaminmg)\ersal of the potential (47Mhe
linear relationship between potential and current was wasedlculate the polarisation resistancg)(R
This was then used in conjunction with the experimentstgrmined Tafel constants and the Stern-
Geary (SG) relationship (Equation 1) (48)determine corrosion currentd}) for the duration of the
experimentTafel constants for cross-cylinder contact for both CoCrMoNimdalloys in serum-free
culture media were experimentally determined under static toomgli Samples were immersed for 1 h
to allow the open circuit potential (OCP) to reach Eguim before polarisationto £ 0.6 Vvs RE ata
scan rate of 0.25 mV’do capture the Tafel regions. For each alloy, the slopeedinear anodic and

cathodic regions of current in relation to overpotential (Ba and Bc respectively) were taken as the Tafel

constants.
1
Icorr:SG R_p ( 1 )
Where R = polarisation resistance, SG = Stern-Geary coefficigntzIcorrosion current density, and
B, B
SG= —2 < — 2
2.303 (B,+B,) (2)

Where Baand Bc = anodic and cathodic Tafel constants respectively.
Potentiostatic polarization was conducatdither O V or 0.2 V vs RE for the duration of the experiment.

Tribocorrosion at increasing potentials within passive domair welected to accelerate the anodic
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processes. The current transient was recorded at 5 saisteamd both potentials were below the
breakdown potential of each alloy in serum-free culture nmedis experimentally determined during

cyclic polarisation for determination of Tafel constants.

Optical microscopy (OM)
Optical microscopy (DM6000MLeica, Germany) was used to inspect the wear scar and ebserv
surface changes on both the upper and lower cylinders aténdrcorrosionAs the surfaces of the
cylinders were curved, a 3D montage imaging technfgestack) was used to ensure all parts of the

images were in focus.

Vertical scanning interferometry (VSl)
The volume loss of material from the upper and lower cylindassdetermined using vertical scanning
interferometry (VSI) (NPFlex, Bruker, US) with a 10x aftjee. Prior to VSI analysis, the cylinders
were lightly cleaned using acetone to remove superficiallyradigebris. The measurement area was
adjusted to accommodate the varying sizes of wear scar. Theestilgs was defined as the negative
volume of the wear scar from the mean zero plane of the suffaedotal mass loss due to both wear
and corrosion mechanisms was defined as the sum of the maenoskse upper and lower cylinders
and was extrapolated from the volume loss using appropriateiahakensity (CoCrMo: 8.4 g/cin
NiTi: 6.5 g/cn?). VSI data was analysed using Vision 64 software (Bruker, M8). Cylindrical

curvature and tilt was removed and a median data filteragiitude 3 was applied.

Scanning eectron microscopy (SEM)
Scanning electron microscopy with energy dispersive X-rajysis (SEM-EDX) (Carl Zeiss EVO
MAL5, ZEISS, Germany) was used to determine changes in the cheamgzosition of the wear scar
at the fretting contacGamples were imaged with a beam intensity of 20 kV and BBX performed

at a working distance of 8 mm.

Inductively coupled plasma mass spectroscopy (ICP-MS)
Corrosion products in the media were analysed accordingetteods outlined by Simoes et al (49)

lon concentration and composition was measured with indugiteeipled plasma mass spectroscopy

9
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(ICP-MS). A small volume of the serum-free culture medanfthe fretting tests was taken and passed
through a 2 kDa ultrafilter (Vivacon, Sartorius AG, Gany) at 14,000 x g for 1 h in a centrifuge to
remove all particles. The ultrafiltered media was then etilddy 100x in 2% v/v nitric acid (Fluka,
Honeywell, Romania) in ultrapure water and analysed forGZpMo, Ni and Ti isotopes using ICP-
MS standards for calibration for aforementioned elementsr(&iAldrich, USA). A matrix blank of

serum-free media was also prepared to characterise backgileamehtal signals from the media itself.

Particle analysis

A volume of 1 mL of the serum free culture media used asrelget during the fretting experiment
was defrosted and centrifuged at 14,000 x g for 1.5 h. Thersipat was then carefully removed and
the particles were resuspended in ultrapure water to remamas tof essential salts from the serfuee
culture media. The centrifugation and resuspension procesepested 5 times per sample when the
supernatant was removed leaving a pellet of particles in 250ulttapure water. The particle pellets
were then sonicated for 30 mins at 37°C. The particle suspewsisrithen pipetted onto adhesive
carbon SEM stubs and left to air dry. The particles werr tmaged using SEM-EDX to analyse their

morphology and chemical composition.

Statistical analysis
A one-way ANOVA with post-hoc Tukey test was performed farhealloy (CoCrMo and NiTi) to
assess the significance of impact of the polarisation regi@® (OQV, 0.2V) on total mass loss and
composition of ions released to the electrolyte. A p-vafuess than 0.05 was considered significant

for all analyses. Error bars on graphs are presented as@¥tdence intervals.

3. Results

Static cyclic polarisation
Figure 3 shows the Tafel plots obtained for CoCrMo and NiTi usi@ddic conditions. The corrosion
current densitylcr) and free corrosion potential {g determined through Tafel fitting are shown in
the inset of Figure 3. Tafel constants and the associated-Geary coefficient used later in the

analysis of LPR data are tabulated in Table 3.

10



223

224  Table 3. Tafel constants of CoCrMo and NiTi alloy in serum-fceéure media

Allo Anodic Tafd constant Cathodic Tafel constant Stern-Geary
Y (Ba, V/dec) (Be, Videc) coefficient
CoCrMo 0.31 0.17 0.048
NiTi 0.29 0.21 0.053
225
0.6
1 Ecorr corr
0.4- CoCrMo -0.26 1.13e”
— {=— NiTi -0.31 2.71e”
S 02-
IS
€ 0.0-
g
g -0.2-
-0.4
_0.6 T T T T 1
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5
296 Current density, log | (A)

227  Figure 3. Polarisation curves of CoCrMo and NiTi alloy in serumefmedia. Potential range -0.6 V to
228 +0.6 V with scan rate of 0.167 m\.sPolarisation potential for potentiostatic regime showr0ié
229 (dotted line) and 0.2V (dashed line).

230; .

231 Mechanical fretting results

232 Representative fretting loops for CoCrMo and NiTi alloy (ne33ler polarisation regimes at OCP and

233 held at OV and 0.2V are showr] in Figutle 4. For each conditietting loops from intermittent cycles

234 are shown to demonstrate the evolution of the fretting regimetiover Cumulative dissipated energy
235 over 80,000 cycles as characterised by the mathematicalfahesafretting loop is shown in Figuré\5

236 and B for CoCrMo and NiTi respectively. Representatiptical microscopy and VSI images of the

237 wear scar for CoCrMo and NiTi under all three polarisationditions are shown|in Figure¢ 6.
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3.2.1. Fretting loops

Under all polarisation regimes, CoCrMo alloy operated iwithgross-slip regime characterised by a
guasi-rectangular fretting loop with a sliding / displacennatio, g—i = 0.93 — 0.95; well within the

gross-slip criteria given by Fouvry (50)Under fretting-corrosion at OCP, CoCrMo alloy did not

demonstrate any evolution in the fretting regimes over time landébops over the course of 80,000

cycles are relatively similar with an almost indistinguishdit##ing loop areg (Figure[4A). When the

polarisation potential was increased to 0V, fretting reedhin a gross-slip regime but the fretting loop

area increased over time (Figufe 4B). At 0.2V polarisativarpial, CoCrMo again operated in a quasi-

rectangular gross-slip regime with an increase in freting area over time and was overall greater

than at lower polarization potentigls (Figu1e).4€s CoCrMo existed in a gross-slip regime for OCP,

0V and 0.2V, increasing the polarisation potential duringifigetcorrosion did not therefore appear to
alter the mechanism of the fretting regime. However, rigalion to both OV and 0.2V resulted in

changes to the fretting loop area over time which wapmestent at OCP.
The fretting conditions for superelastic NiTi alloy also exhibaegross-slip fretting regime Wit%

varying between 0.83 and 0.95. However under such conditions tliagfrietop adopts a quasi-

elliptical shape with increasing tangential forces towdrdsend of each strole (Figurg 4D, E, F). The

area of the fretting loops over the course of the fretting redion NiTi are more consistent in
comparison to those produced by CoCrMo alloy for all polarisaigimes. The trends in dissipated
energy over-time were not consistent with those observedd@rMo and were not seen to increase

with applied potential.

4. Cumulative dissipated energy
Figure 5A and B shows the cumulative energy dissipation as adnmétcycles for CoCrMo and NiTi
under different corrosion conditions for CoCrMo and NiTi, refigely. In general, an increase in the
total energy dissipated during fretting increased with appl@dntial and in both material cases was
non-linear with the number of cycles. When compared to CoCitenergy dissipated during fretting

for NiTi materials was greater.

12
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The relationship between cumulative dissipated energy @aldvidume loss for CoCrMo and NiTi

alloys at all polarisation potentials is shown in Figure 5C andeBpectively. For CoCrMo an

increasing trend in total volume loss and total energypditsil was observed. This relationship was

not observed in NiTi alloy under all polarisation potentialgFé 5C and D).

Wear scar mor phology

Representative wear scar morphology for both alloys under alligailan conditions is shown with

both OM and VSI images

n Figurg Bidependent of the wear scar size, wear scar morphology is

comparable over all polarisation conditions for CoCrMo allogFe A, B, C). CoCrMo wear scar

for all conditions is characteristic of a gross slip regimadreement with fretting loop appearance

Figure 4A, B, C). The wear scar depth, as exhibited iniBeimages, appears to increase with

polarisation potential. However for NiTi alloy, wear seaorphology appears to be affected by

polarisation potential. At OCP, the wear scar directibnairelatively clear- parallel to the cylinder

length for the top sample and perpendicular for the ).eAs polarisation potential is

increased, the wear scar surface became more heterogeneouheamitectionality became

indistinguishable at 0.2

(Figure

6E, F). CoCrMo alloy typicakhibited a classically abrasive wear

scar morphology whilst NiTi showed an increasingly adhesive swaphology with increasing

potential. In summary, the inherent wear scar morphology wasly altered in NiTi fretting by

polarisation but not for CoCrMo alloy.

13
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corrosion under OCP and held at 0V and 0.2V (n=3). Cumulatiissipated energy also shown as a
function of total wear volume for C) CoCrMo (red lineimekr fit, adj. R = 0.92) and D) NiTi (red line
= exponential fit) alloy. Data shown is mean + 95% confidertegvals (Panels A and B: shaded area).
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Figure 6. Wear volume loss and wear scar morphology as shown by VS$hianoscopy respectively
for CoCrMo and NiTi in all polarisation conditions. A) Cds at OCP. B) CoCrMo at OV
potentiostatic. C) CoCrMo at 0.2V potentiostatic. D) NiTOCP. E) NiTi at OV potentiostatic. F) NiTi
at 0.2V potentiostatic. Scale bar for microscopy images =m0djop and bottom images for each
panel represent top and bottom samples respectively. Slidewidn is horizontal for the top samples
and vertical for the bottom samples (arrows).
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Corrosion results

4.2.1. Evolution of OCP

Representative OCP readings for both CoCrMo and NiTi alieyhown ip Figure|7A. The OCP prior

to initiation of sliding was more noble for CoCrMo when @amed to NiTi. For both alloys, there is a
sharp decrease in OCP upon initiation of sliding indicativeboasion of the passive layer. There is a
persistent decrease in OCP for CoCrMo and NiTi over titeeovery of the OCP was observed when
fretting was ceased although did not recover to values obséefede the application of fretting

suggesting changes in oxide chemistry and increased susceptibdigrosion. (23, 29, 43, 51).

4.2.2. Potentiostatic tests

Representative current transients obtained under potentasiatitions (those held at OV and 0.2V)

are shown in Figurel. There was a consistent increase in current for both Co@nddNiTi at both

0V and 0.2V upon initiation of sliding, indicating abrasion of thespee layer. For both alloys an
increase in polarisation potential from 0V to 0.2V tydicaésulted in a consistently higher current

although this increase was much starker in NiTi. Generallyidached higher sustained currents than

CoCrMo|(Figure ¥B). The cumulative charge for all experiméngiven in Figure [7C. For CoCrMo,

increasing the polarisation potential from 0V to 0.2V tylhycdid not result in significant increase in
cumulative charge. However, both polarised conditions haveegreamulative charge compared to
experiments conducted at OCP. NiTi alloy was more sensdia® increase in polarisation potential,

resulting in a significant increase in both cas@articularly stark when increased to 0.2V.
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Figure7. A) Representative open circuit potential (OCP) reading€&@rMo and NiTi cross cylinder
fretting corrosion. Samples were left to reach freeriwtefor 1 h prior to initiation of sliding for
80,000 cycles at 1 Hz. Subsequently, samples were left for 1ractwver. Linear polarization
measurements (OCP * 0.02 mV) were conducted every 1000 s farreitimd of the experimenB)
Representative current transients for potentiostatic erpats held at OV and 0.2\C) Cumulative
charge for all experiments using Stern-Geary relationship mtiermittent LPRs to gived. for OCP
experiments. Data shown is mean = SEM (shaded area).

Material loss

Total material loss (M) was quantified using VSI and nominal alloy densities. @dmtributing

mechanisms to mass loss are presented later in this pgpéyuire 13 There was no significant

difference in total mass loss between the potentiostadgicnes for CoCrMo alloy (0.73 £ 0.42 rag
0V; 1.21 £ 0.49 m@t 0.2V). Samples from both potentiostatic regimes had significgreater total
mass loss vs. those which underwent fretting-corrosioneat dorrosion potential (4.70 £ 0.74 ug,
p<0.05 vs. OV and p<0.001 vs. 0.2V). NiTi alloy appeared to be panticslusceptible to an increase
in polarisation potential: total mass loss at 0.2 V (6.883b mg) was significantly greater than that at
0V (0.79 £ 0.06 mg, p<0.001) and OCP (0.09 £ 0.03 mg, p<0.001). Howetadrmass loss at OCP

and OV was not significantly changed. Total mass loss ftir 0CrMo alloy and NiTi alloy were
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relatively similar under both OCP and 0V regimes. Howevdr,2/ NiTi had a mean 5.5-fold increase

in total mass loss compared to CoCrMo alloy.

Wear scar chemistry
Wear scar chemical composition and topography was analjifeEM-EDX. Representative SEM

images of the wear scar and SEM-EDX maps of the wear saaisthefor each polarisation condition

for CoCrMo are shown in Figure| 8 and those for NiTi are shov{' Rigure 9 Elements such as

phosphorus, potassium, calcium and chlorine were seen in tlaeicargas after fretting-corrosion. For

CoCrMo alloy, increasing the polarisation potential fromPO@ to 0.2V resulted in a stronger

correlation of chromium with oxygen (Figure 8C, F, I). Mimdenum signal remained generalised over

the whole wear scar under all polarisation conditions. At OV tmye was localised formation of
phosphorous which was more generalised at both OCP and 0.2V. @Gé&econditions, a build-up

formed at the edge of the wear scar which is noticeablynalbegler both 0V and 0.2V conditions.
Interestingly, the element signals present differ betweemigain potential: calcium is only detected
at OCP and potassium is solely detected at OV.

For NiTi alloy, in all polarisation conditions, the forriwat of complexes within the fretting contact

were dominated by titanium (Figure¢ 9; Panel C, F anddjm&tion of titanium oxide film occurred

generally over the wear scar, whereas sulphur and carbon comfilexed in specific locations at
OCP and 0.2V respectively. Increasing the polarisation potdrtial instigates inherent changes in
wear scar chemistry. At OCP, oxygen correlates with sodilnmsphorous, calcium, potassium and

chlorine. However at OV and 0.2V, carbon is detected whichtigreeent at OCP. Conversely sodium,

sulphur and calcium are only detected at OCP and are rssrprat OV and 0.2V (Figurg 9C, F, 1)

Contrary to CoCrMo, for NiTi a build-up of predominantlgmlents only contained within the serum-

free media (O, C, P, K) rather than those containedmiitie bulk metal (Ni, Ti) can be observed at

anodic polarisation conditions around the edge of the contact aghittie was absent at OCP (Figlre

365 ﬂ Panels A, D and G).
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367 Figure 8. Representative SEM images and SEM-EDX maps for CoCrMo allowlfgolarisation
368 conditions. A) SEM image of complete wear scar at OCP. B) SEddenof wear scar detail at OCP.
369 C) SEM-EDX map for wear scar chemistry at OCP. D) SEM ceraplear scar OV. E) SEM detalil
370 wear scar 0OV. F) SEM-EDX map 0V. G) SEM complete wear s@at. 1) SEM detail wear scar 0.2V.
371 1) SEM-EDX map 0.2V. Panels A, D, G: scale bar = 200um. Bd&dk, H: scale bar = 100um.
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Figure 9. Representative SEM images and SEM-EDX maps for NiTi alloyatbrpolarisation
conditions. A) SEM image of complete wear scar at OCP. B) SEddenof wear scar detail at OCP.
C) SEM-EDX map for wear scar chemistry at OCP. D) SEM ceraphear scar 0V. E) SEM detalil
wear scar OV. F) SEM-EDX map 0V. G) SEM complete wear seat. ) SEM detail wear scar 0.2V.
1) SEM-EDX map 0.2V. Panels A, D, G: scale bar = 200um. BaheE, H: scale bar = 100um.
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lon release into media
lon release to the electrolyte was determined thro@§hMS for CoCrMo and NiTi alloys at each

polarisation condition (OCP, OV and 0.2V) after centrifugatidre composition of ion release is shown

in|Figure 10. For CoCrMo, the total levels of ions releasdtié media was not significantly different

across all polarisation regimes (11.1 = 4.7 ppm, 2.9 + 1.3 ppni@5 * 2.8 ppm for OCP, 0V and
0.2V respectively). However the composition of the ion release affected. lon release for fretting-
corrosion of CoCrMo was dominated by cobalt in both potstati@ polarisation conditions; 80% at
0V and 92% at 0.2V. lon dissolution to media was dominatedtmngum for CoCrMo alloy at OCP,
at a level of 89% with Co dissolution dropping significantly2®6 (p<0.001).

Total ion release for NiTi alloy was also not found taiferent at OCP (0.22 + 0.05 ppm) compared
to OV (1.9 £ 0.4 ppm). However, the total ion release at 0.2V £1A8.6 ppm) was much higher and
was significantly increased compared to both that at @@F0V (p<0.01). lon release for NiTi alloy
was approximately stoichiometric at OCP (57% Ni), but undertreldmemical polarisation was
dominated by Ni, increasing with polarisation potential; 71%\a&nd 99% at 0.2V. The proportion
of Ni ions which were released into the media was sigmifigdncreased at both 0V (p<0.05) and 0.2V

(p<0.001) versus OCP.
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Figure 10. Proportion of ion release as measured thro@MS for A) CoCrMo alloy and B) NiTi
alloy. *p<0.05, **p<0.001, one-way ANOVA with post-hoc Tukey test &) Co ions and B) Ni ions.
Data shown is mean + 95% confidence intervals.
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Particle mor phology and composition
Particle morphology and composition was determined with SEM-kEbaging. For CoCrMo alloy,
increasing polarisation potential had a clear impact onicfganhorphology. At OCP, for all three tests
which were performed, particles tended to be in the mitmosub-micron range and were typically
smooth and relatively heterogeneous (Figure 11A). However, wispsad with SEM-EDX, it was
not possible to identify any of the bulk metal elements (@and Mo) in the particles after removal
of soluble salts by washing with ultrapure water (Figure 11B)e#ustparticles showed signals for
oxygen, phosphorous and calcium which are all elements priesére serum-free culture medium
electrolyte.
For the potentiostatic conditions, at OV particles were &fyidn the micron to sub-micron range,
although some larger ‘clusters’ were identified (Figure 11C)Chromium, oxygen and phosphorous rich
particles were observed, with no evidence of cobalt beingaxseSilicon was also detected which
was not present in the wear scar interface of the bidysa(Figure 11D). At 0.2V, the particle
morphology appeared to be less ‘particulate’ and was generally seen to have clusters of larger particles
which were more irregular in shape (Figure 11E). The céteynof the particles was relatively
equivalent to that at 0V, with good correlation of chnami oxygen and phosphorous and an absence
of cobalt (Figure 11F).
For NiTi alloy, at OCP particles were typically smoathiform and in the single micron to nanoparticle
range although this was occasionally interspersed with lan@ie micron scale particles (Figure 12A)
The smallest particles were comprised of bulk NiTi, demotisty&DX signals for both nickel and
titanium (Figure 12B). Larger particles showed oxide sigridlV, particle morphology was generally
flakier; particles were rougher and flatter than in i@ROcondition (Figure 12C). Particles ranged in
nanometres to multi-micron in size. Composition at 0V poldoisatas similar to that at OCP, where
particles typically demonstrated nickel, titanium and oxygignals (Figure 12D). Fretting tests at 0.2V
polarisation were markedly different from the other conditiortbah they tended to be larger and had
a heterogeneousiore ‘powdery’ appearance (Figure 12E) Nickel signals from EDX tended to be
weaker than those from particles at other polarisation conglifiod also showed complexing with
calcium and phosphorus in addition to oxygen (Figure 12F).
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Figure 11. Representative SEM images and SEM-EDX maps for weedgsafrom CoCrMo alloy
fretting experiments. A) SEM image of wear patrticles fron€do fretting at OCP. B) SEM-EDX
map for particle chemical composition at OCP. C) SEM vpeaticles CoCrMo 0V. D) SEM- EDX
map wear particles CoCrMo 0V. E) SEM wear particles CoCMRY. F) SEM-EDX map wear
particles CoCrMo 0.2V. Scale bar for all images = 25um.
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Figure 12. Representative SEM images and SEM-EDX maps for wéiatgsairom NiTi alloy fretting
experiments. A) SEM image of wear particles from NiTi ingtat OCP. B) SEM-EDX map for particle
chemical composition at OCP. C) SEM wear particles RifiD) SEM-EDX map wear particles NiTi
0V. E) SEM wear particles NiTi 0.2V. F) SEM-EDX map wear iobes NiTi 0.2V. Scale bar for all
images = 25um.
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5. Discussion
This study has investigated the role of fretting -corrosiorhendegradation of materials commonly
used in biomedical applications. The resultant ionic and patécdkebris has been quantias a
function of applied over-potential. Fretting-corrosion at shent-strut interface has been observed
clinically, with the roles of metal ion and particleease hypothesised to contribute to ISR processes
(16). Whilst the role of metal ion releais#o the cardiovascular environment and prevalence in clinical
complications is not fully understood, it is accepted that toxicsam-toxic release of metal derived
debris may induces some adverse clinical effects. Furtherprerelinical assessment studies typically
treat wear and corrosion in isolation (10, 14), only rémgadart of the story concerning the degradation

of metallic surfaces. Key findings from this study can be sumsatés follows:

i) The synergistic interaction of wear and corrosion are iakMtat contacting metal-metal
interfaces when subjected to micro-motion in a conductive ba@bgnvironments. The
presence of fretting increasing the rates of corrosions [€his to the production of metallic
ions and particulates; the nature of which are dependent amiltbkbgical and corrosive
conditions applied.

ii) The electrochemical parameters used to facilitate measatenof current transients
associated with fretting-corrosion can significantly aftke mechanisms of degradation and
the nature of the debris generated. This raises question atwrsaitability of imposing
electrochemical potentials in the preclinical assessmenatsrials and how we interpret such

5.1.
data.

Therole of applied potential on degradation mechanisms
The degradation mechanism in fretting-corrosion arisem fa synergistic interaction between
mechanical wear (Mke) and corrosion due to intermittent depassivatiogd§(29). Considering this,
the relative contributions to total material loss in fngticorrosion can be estimated using the Equations
3 - 5. Mnecnis subdivided into Meas @ purely mechanical component, ang, kepresenting the synergy
between corrosion and wear (corrosion-enhanced wear).NEjuadmis subdivided into My, a purely

chemical component, andJWMrepresenting the synergy between wear and corrosion (whaneed
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470 corrosion)(45). This approach is widely use in the area on tiibmgion to estimate material mass loss
471  contributions. Bryant and Neville (45) have recently provideétailed analysis of the approaches in
472  calculating material loss mechanisms in fretting-corros@rtacts and the limitations of this approach
473 (45, 52) Corrosion currents (Figure 7) were converted into corrosion mass losses where ‘m’ is the mass
474  liberated at the anode, ‘Q’ is the charge passing through the WE, ‘M’ is the molar mass of the element,
475 ‘7’ is the dissolution valence and ‘F’ is Faraday’s constant equal to 96,480 C mol™. For each alloy, it
476  was assumed that there was stoichiometric dissolution of the contpsements, giving molar mass
477 (M) as 58.0 g.mdi for CoCrMo and 53.8 g.mdlfor NiTi. Equally, the dissolution valence (z) was
478  assumed to be 2.0 for CoCrMo and 2.9 for NiTi. Applying Faraday’s law to the electrochemical data
479 recorded throughout the duration of the fretting-corrosionréxgats allowed conversion to mass loss
480 equal to chemical wear (Mn). The total mass loss (k) was determined using VSI and known alloy

481 density and their difference represented mass loss duedioanical wear (Mecy.

Mtotal = Mmech+ Mchem ( 3 )
Mmech: Mwear+ Mcw ( 4 )
Mchem: Mcorr+ ch ( S) )

QxM
= 6
T (6)

482

483  Figure 13 shows the total mass losse@1and their contributors using the approach described above
484  (Equation 6) for CoCrMo and NiTi alloys. At OCP, 0V and 0.26CrMo material loss mechanisms
485 were dominated by corrosion related processes. Howeuveingiteasing applied polarisation potential

486 the role of mechanical contributors in the fretting-corrossgatem increased (Figure [13A). As

487 mentioned above, Mqn still contains a corrosive contributor. Corrosion enhanced wesesses,

488 whereby mechanical material losses are enhanced througdsioa processes (e.g. by increased
489 surface roughness), may contribute to this increase. With semtespplied potential, higher currents
490 were observed which will in turn influence the nature pbtgraphy within the contact as evidenced in

491  Figure 6.
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Conversely, NiTi operated in a regime where..M was dominant, with corrosive contributions
increases with applied potential due to the increased mterml driving the magnitude of current
evolved during abrasion. An increase in polarisiation p@kagipears to increase the susceptibility of
NiTi to corrosive-dominated wear as demonstrated by theaserin corrosion current coupled with no
change in dissipated frictional energy. Nevertheless, the degaadation pathway tended towards a

more wear-dominant regime with increasing polarisation paleas exhibited by the relative

contributions to weaf (Figure [L3). However, the fretting-com system exists as a synergy of wear

and corrosion: although the corrosion currents exponentiatiedsed with polarisation potential,
mechanical depassivation is still required for this wear+erdhcorrosion. Lukina et al. demonstrated
that under fretting corrosion, NiTi is particularly suscepttbleery high corrosion currents compared
to other alloys such as biomedical titanium and CoCrMo (53). Kesat also concluded NiTi was
susceptible to increased material degradation under weasimarrsynergy conditions as opposed to
static corrosion due to cyclic depassivation of the oxide(®4). In the case of overlapping NiTi stents,
Trépanier et al. showed that the effect of wear oros@n was comparable between stainless steel and
NiTi (55). However, in this case, the wear-corrosion synergy wasconsidered and specimens
underwent fretting wear damage and then were subsequently sdilifecteclic polarisation testing.
NiTi is comparable to stainless steel in its ability to reijpats wear damage to the stent surface, but
the present study shows that NiTi is more susceptible th@n\imto the wear-corrosion synergy under

polarisation.
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Figure 13. Relative contributions to total wear in terms of mechan&al chemical degradation
mechanisms for A) CoCrMo and B) NiTi alloy in three pidation regimes (OCP, 0V and 0.2V) during
80,000 fretting cycles (n=3). Data shown is mean + 95% confideterwals. Total wear significance
shown with one-way ANOVA with post-hoc Tukey test, *p<0.05, ***p<0.001.

5.2 Theroles of applied potential on fretting mechanisms

The effect of applied over potential on the tribology anéerface has been well documented in sliding
contacts. Ponthiaux et al (56howed the variation of the coefficient of friction, pdiffierent applied
potentials and hypothesised the coefficient of frictiorbéolinked to lowest zero current potential
because ‘mechanical depassivation in the contact area is at maximum and leads to the laog@isattive
area’. They also hypothesised that higher coefficient of friction can be associated with passivity. Within

a biotribological context, Yan et al (51) demonstrated the toédween applied potential and the
coefficient of friction, attributing the complex behaviourttibvo-chemical processes occurring at the
metal- protein level.

A similar observation has been observed in this study. ForMom@lloy subjected to fretting-

corrosion, tangential forces and cumulative dissipated eneegy seen to increase with increasing
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applied potential. This is in line with other tribocorrossindies on CoCrMo where the coefficient of
friction correlates with applied over-potential (51, 57).our case we have considered dissipated
energy, which considers frictional forces and displaceraethe interface, due to the difficulties in
determining friction within a fretting contact (58-60).dréstingly, when CoCrMo was subjected to
polarisation at 0 and 0.2V, the tangential forces increastdncreasing number of cycles (Figure 4B
and 4C). It is conceivable that frictional forces increaith increasing number of cycles due to the
development of the contact area over the 80,000 cyidtesfinal nominal contact area is considerably
larger than the initial Hertzian contact area calcdlai#h an increased confirmation of the surfaces.
It is evident that the development of the contact area isdittkéhe corrosion conditions at the contact
and will be enhanced by the accelerated corrosion antédace. In the literature, coefficients of
friction ranging from p = 0.1 to 1 have been quoted for CoGrivitiding interfaces (57}urthermore
the formation of and retention of oxides within the contaitt influence the evolving tribology;
although their roles in a fretting-corrosion contact past thady effects are not well understood and
significantly different in nature to tribochemical reaction sliding contacts.

In the case of NiTi alloy, the effect of applied potdritiam OV and 0.2V was not as apparent as for

CoCrMo alloy. All NiTi fretting loops showed a gross-slip ragi with some interesting observations
between those at OCP and at an applied potential. A digginease i§i was observed when compared
a

to CoCrMo-CoCrMo interfaces likely due to the decreasddaed modulus of the NiTi-NiTi contact.
As a result, a component of elastic deformation was introdatcthe interface, although remained well
within the gross-slip criteria as outlined by Fouvry (489r all three instances of the experiment
conducted at OCP the fretting loopape exhibited a ‘tail-like’ region on the forward stroke. The
reasons for this are not fully understood, but are there are soksebietween the mechanical and
electrochemical processes evident. At the wear scar iotetfeere was very localised formation of
sulphurous complexes solely at OCP, perhaps going some way towasdsieghe unusual fretting-
loop shape- as they are so localised, the tangential force peakgtmweourse of the fretting cycle as
it interacts with them. Fretting loops at 0 and 0.2V preskat more conventional appearance with

evidence of plastic pile up at the edges of the contact, causitantpential force to increase rapidly

30



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

towards the end of the stroke (59). This is supported by Figuréc@ siows evidence of debris build-
up at the edges of the contact. Due to the lack of frettingdoalysis for NiTi in physiological media,
this phenomenon cannot be entirely explained. The root causied is unclear and further work to
understand if this relates to a strain related transformafiscime NiTi or localised build-up of debris
within the contact is needed. No trend in the magnitudengktaial forces at the different polarisation
conditions and with increasing number of cycles could be obsérnvedntrast to CoCrMo. Overtime,
the rate of cumulative energy dissipation was seen to de@eggesting a change in the degradation
rate or mechanism at the interface. This may arise thenunique austenitic martensitic strain-rate
dependant transformation characteristics that NiTi alloysess (61). It is conceivable that cyclic
loading and fatigue at the interface will induce curtiéachanges in the subsurface micro-structure

effecting the evolution of mechanical and corrosive damagetiover

5.3 Therole of applied potential on ionic and particulate debris for mation.

In both metallic alloy cases, the debris and ion releasealtared in terms of both chemistry and
morphology with the application of electrochemical over-p@éenthe elements making up the bulk
metal substrate (Co, Cr and Mo) were not detected when akitgytSEM-EDX analysis at OCP, but
instead provided signals for O, P and Ca. These were aserron the wear scar surface, indicating
that at OCP the removed wear debris consists of the passivédayed continuously from abrasion
and retained in the contact during fretting (62). With thglieaation of over-potential, the elemental
composition of the debris was seen to vary when compared tis detoieved OCP. Cr, O and P rich
debris was observed, similar to that retained within theactnf similar observation was seen of the
NiTi, with the application of over-potential influencing th&ture and chemistry of the debris produced.
At OCP, debris mainly consisting of Ni, Ti, and O was obserVhd.nature of the debris produced was
seen to be altered with the application over potentiahdurietting-corrosion, with Ti, O, P and Ca
rich particulates being observed at 0.2V. Without a doubgpbéication of an applied electrochemical
potential influences the nature of the debris generated atesface, intrinsically linked to the changes
tribological processes discussed above and the changes in passorefilistry. It is well established

that the application of over-potential influences the natun@ quantity of preferentially absorbed
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species on a surface, the thickness of the oxide film and ddgrmamic driving forces for specie
migration across the oxide layer. All of these factors syihergistically interact with the tribological
processes, influencing the evolving degradation mechanism &une 104 the debris produced. Whilst
there is not a great deal of literature observing the @atud chemistry of debris derived from fretting-
corrosion interfaces, the observations for CoCrMo correlalewith particle analysis retrieved from
in-vivo orthopaedic implants. Cr and P rich particles have lobserved in peri-implant soft tissues
and hypothesised to arise from fretting interfaces whidoiisistent with this study (63). The nature
NiTi debris is still yet to be fully understood.

Perhaps one of the most interesting observations made in thisisttidy variation in ion release
stoichiometry with applied over-potential. For CoCrMo-CoCrietting interfaces, the ion release
stoichiometry changed from chromium-dominated to cobalt-dostnaith the proportion of cobalt
ions increasing with polarisation potential. Similarly folTNNiTi interfaces, this went from a near
stoichiometric release of Ni and Ti to a Ni dominated smiutThis may be explained by the reliance
of biomedical alloys to form a passive surface layer to pretgainst corrosion, the changes in the
oxide film characteristics and nature of species absorbed mtttface as a result of polarisation (26)
In the particular case of CoCrMo and NiTi, this is typicallghromium-oxide and titanium-oxide rich
layer respectively (64, 65). Cyclic abrasion of the surfacesratention of the debris within the
interface is supported by both the wear scar chemistry ameftithe wear particles. In both cases a
correlation between the elemental composition of the slelwd stoichiometry could be observed
suggesting. For CoCrMo-CoCrMo contacts, where Cr rich debris bserveed (Figure 11C and E),
Cobalt dominated ion release was observed. This suggest thablhiléy and of Co and Cr at the
interfaces differs based on the electrochemical and tribalbganditions at the interface. A similar
observation was made for NiTi-NiTi interfaces. Ni doméakibn release was observed at 0.2V whereas
the debris was Ti, O, P and Ca rich. In both cases, CiTamde thermo-dynamically favourable
reactions contributing the reformation of oxide layer oncedsual#66). An initial release of Ni and Co
will likely occur when the nascent metallic surface is exgasehe electrolyte until an effective oxide
layer is formed, enabling the soluble Ni and Co to migratm fihe interface. This will depend on the
electrode potential and pH at the interface. This furgizénts to the importance of considering the
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nature of the test environment and experimental conditions on the deheration mechanisms at an
interface.

The enhanced metal ion release due to tribological pregdsss been reported mainly for sliding
contacts, which significantly differ to fretting-corrosionerfaces. Espallargas et al. showed that ion
release was dominated by cobalt under sliding-corrosion ataD@Rathodic and anodic polarisation
(35). However, the interface in this study was a sliding (6 mokeiength) CoCrMo-alumina interface
as opposed to a fretting CoCrMo-CoCrMo contact. In a higamgead/cup large sliding interface ion
dissolution was shown to be stoichiometric rather than cobalirdded(67). Molybdenum in terms
of ion release, wear scar chemistry and presence in weticlggllso appeared to be relatively
unaffected by polarisation. However it has previously been shbatnniolybdenum dissolution is

significantly impacted by presence of proteins which vedrgent from this study (35, 49)

5.4 Concluding remarks

Metallic biomaterials are commonly and widely used for caedioular stents and well as other areas
of biomedical engineering. Although there is in vivo evideriagsar debris release at the strut interface
of braided designs (12, 68) the authors’ knowledge there is no literature detailing the links between
fretting-corrosion processes and the nature of the resultdémis.dd o investigate tribocorrosion
mechanisms in biomaterials, studies have used potentiostddéidsption to exacerbate material
degradation during fretting. This study shows that the natureeafiear debris, from particle chemistry
and morphology to ion release, is affected by the polarisptitential. In the case of CoCrMo, the
wear debris was intrinsically altered during polarisation unetifig despite the maintenance of the
tribological and electrochemical characteristics. Howevdii Wias particularly susceptible to wear-
enhanced corrosion as polarisation potential was increaffedting the tribocorrosion mechanism
itself and the wear debris.

Gaining an appreciation of the stent in the physiological enrient is imperative to elucidating the
material degradation mechanisms occurring in stents inanebthe biological impact of released
debris. As proven in hip orthopaedic implants, wear debris amdoitshology and composition may

have unexpected and devastating consequences for patients @9), Ivthe case of vascular stents,
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it has been shown that fretting-corrosion and local releaseaf debris to tissues occurs in vivo (12,
68). This is hypothesised to be a compounding factor in thecoosnhon mechanism of stent failure,
in-stent restenosis which is a biologically mediated phenomenadieStaiming to understand the
biological effects of fretting-corrosion must therefore afteto replicate the physiological scenario.
This study shows that undertaking fretting-corrosion experiments pmtentiostatic control as

opposed to at the materials open circuit potential BoBrMo and NiTi alloys affected the degradation
mechanisms and released wear debris. It can be apprebatedeful triboelectrochemical techniques
may inherently alter the system. Future work in this an#idbe focussed on the biological impact of
wear debris under different polarisation regimes and the compmufattors of presence of serum

proteins and inflammatory mediators.
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