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Abstract

The use of cemented femoral stems is common practice worldwide witly stivical data supporting their use.
Over the years, different surface processing techniques haveeimgdoyed to enhance the performance of the
stem-cement interface. As a result different clinical outcomes and visual preseatatirision has been
observed. Whilst research has focussed on increasing adhesioat@mnddad bearing capacity, the effects of
surface processing on the degradation of cemented femoral stemst ieeem investigated. The aims of this
study was to investigate the effects of surface processing on thefaobsmicrostructure, surface chemistry
and tribocorrosion degradation mechanisms of cemented tapered feitsonal fubjected to polishing and
blasting (Vaquasheen) processes. Cemented femoral stems were orientatedeshédoording to ISO 7206-

for 500,000 cycles in 0.9% NaCl at 3. A three-electrode electrochemical cell was integrated into the
mechanical test to facilitate in-situ corrosion measurements. The geardtmechanism of damaged were
assessed scanning and transmission electron micrqs¥emy photoelectron spectrometry, solution mass
spectrometry and white light interferometry. Surface processing wagsekastically influence the level of
corrosion within the interface with polished surfaces demonstratindpitiest levels of corrosion. Surface
analysis consistently demonstrated the presence of al&i€r on the vaquasheened stems thought to originate
from the glass bead blast matrix. This resulted in lower levels adsiorr both under static and tribocorrosion
assessmentn conclusion, blasted surfaces resulted in lower wear induced corratien compared to the
polished surfaces. However the total metallic ion levels did not followetine srend. This is thought to be due

to the formation of metallic debris and dissolution of debris due to ahraktbe femoral stems.

Keywords: Fretting-corrosion, bone cement, surface roughness, CoCr allogcswahalysis, electrochemistry
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Cemented Femor al stems

Abstract

The use of cemented femoral stems is common practice worldwide witly stinical data supporting their use.
Over the years, different surface processing techniques haveimdoyed to enhance the performance of the
stem-cement interface. As a result different clinical outcomes and visual preseatatevision has been
observed. Whilst research has focussed on increasing adhesion antbadtteraring capacity, the effects of
surface processing on the degradation of cemented femoral stemst leeem investigated. The aims of this
study was to investigate the effects of surface processing on thefaobsmicrostructure, surface chemistry
and tribocorrosion degradation mechanisms of cemented tapered feteonal subjected to polishing and
blasting (Vaquasheen) processes. Cemented femoral stems were orientatedesh@doording to ISO 7206-
for 500,000 cycles in 0.9% NaCl at 3C. A three-electrode electrochemical cell was integrated into the
mechanical test to facilitate in-situ corrosion measurements. The geamditmechanism of damaged were
assessed scanning and transmission electron microscopy, X-ray phatoelmdctrometry, solution mass
spectrometry and white light interferometry. Surface processing wadeekastically influence the level of
corrosion within the interface with polished surfaces demonstratingpitiest levels of corrosion. Surface
analysis consistently demonstrated the presence of al8j€r on the vaquasheened stems. This resulted in
lower levels of corrosion both under static and tribocorrosion assessimetonclusion, blasted surfaces
resulted in lower wear induced corrosion when compared to the polisHadesur However the total metallic
ion levels did not follow the same trend. This is thought to be dubetdormation of metallic debris and

dissolution of debris due to abrasion of the femoral stems.

Keywords:. Fretting-corrosion, bone cement, surface roughness, CoCr alloy,esarfalysis, electrochemistry

1. Introduction

Recent research has shown that a combination of wear and corrosiostatittement interface results in the

generation of metallic ions and polymer debris along with damage of tloeaflestem, counterpart PMMA bone

cement and ultimately failure due to soft tissue reactjonq [1-3]. Aiderable amount of work has also been

performed to improve the interfacial bond between the stem andethent mantle. Cementing techniques,

surface roughness patches, textures and pre-coatings have all bheateredl in order to achieve reliable
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fixation according to Webb et ﬂ[A]The wear and corrosion at the stem-cement interface a recent
observation. Willert et ﬂS] presented evidence of crevice corrosion ofytwéght cemented titanium alloy
Muller straight femoral stems complimented by analysis of the ptHeofluids trapped within the interface. A
decrease in the pH indicated that crevice corrosion was evident; exacerbatgaulapiag’ action of the fluid
about the interface caused by mechanical loading. It was concludeldathtte mechanism of crevice corrosion

for these cemented titanium based alloys was not applicable to cobalt and iron daedatoys.

Depending upon the design philosophy of the femoral stem, diffetefice finishes have been adopEF [6]
For taper loaded femoral stems, such as the E¥e{8tryker, USA), CPT™ (Zimmer, USA), C-Stem™ and
Ultima TPS™ (DePuy Synthes, UK), a highly polished surface finish is desired.aldsscontrolled migration
and slip of the femoral stem with the minimum generation of dels increased surface roughndss
generally chosen for composite beam stems to increase interfaciaktstagigto reduce instances of slip or
migration at the interface. It is generally well accepted for thesertegighe successful, the bond between the
femoral stem and PMMA bone cement must be maintained for long s&ipility. This is supported by
historical evidence of thématte’ Exeter femoral stems (taper loaded geometry). These were considered
unsuccessful due to high incidences of PMMA induced inflammagagtions due to abrasion at the interface
Whilst all femoral components display some form of wear emwosion at revision, the different
interfacial conditions produce very different surface morphologies as deatedsby Howell et al]Z]They
noted that blasted femoral stems tend to demonstrate light polishitigeanedial and lateral edges, whilst

polished femoral stems demonstrate high incidences of fretting relategge.

It is only of late that the tribocorrosion degradation, described as materiabvdsg to mechanical and

electrochemical reactignand the factors influencing this have been considered for cemesnas|[812].

Recently, fretting-crevice corrosion of polished femoral stems hasibgsicated in the early failure and high

revision rates of taper polished femoral steft . The occurrence of pain and evidence of metal

hypersensitivity have been observed in these cases. Although the wéanises acting at the stem-cement
interface are fairly well accepted, they tend to be lesser knowassumed when compared to bearing or taper

interfaces Currently only a few studies exist investigating the role of frettimgesion and the influence of

system variables at the stem-cement inter Bl§15|. Recently the authors have presented systematic work

outlining the tribocorrosion mechanis 13] and role of system variables such as cement t¥pd 7| and

7t

mixed metal couple on the overall degradation of cemented femoral stems. This stubyfgaher to
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examine the influence of surface processing on the fretting-canrobaracteristicssubsurface microstructure
and surface chemistry of cemented femoral stems through thef usevitro tribocorrosion simulations and

advanced surface analysis techniques

2. Materialsand Methods

2.1. Experimental Materials, Surface Processing and Preparation

All experiments were conducted on fully cemented LC (low car@@)rMo Ultima TPS™ (DePuy Synthes
Leeds, United Kingdom) femoral stems (Table 1). Each femoral stesnfevged from wrought alloy, gn
excess material removed, stem-taper machined and then the remairiogspéincluding the cemented
portions) polished by Symmetry Medical (Sheffield, UK). Each femorah stas then inspected for any signs

of imperfections, cleaned and packaged by DePuy Synthes

Table 1 Chemical composition of the Ultima TPS femoral stems tested in thig asustated by manufacturer.

In order to replicate the polishing process femoral implants undergo saanple was polished using a rotating
cloth mop and waxo a ‘super finished’ surface. To roughen the stems, Uith TPS™ femoral stem were
subjected to a process known as vaqua-sheen; a blasting pracdgsgnwater and glass beads. This will be
referred to as théblasted surface in the studyThe beads had the following composition (Table 2). It is
important to note that all stems tested in this study were from the segimgfbatch and subjected to the same
thermal processes. All test pieces were cleantegreased and then passivated as per manufacturer’s
specifications. In all tests CMW MV (DePuy Synthes, Blackpool, UK) PMMAeboement was utilised and

prepared according to manufacturer’s instructions
Table 2 Composition of bead blasting material used in this study.

The solution used for all electrochemical measurements was aerated 0.9%oN&iGh (pH ~ 7.4) at 37 °C,
prepared using analytical grade reagents and deionised water. This swaplify the system, removing the
metal-protein interface which has recently been shown to influence tbenfaierrosio. Throughout this
study a three electrode electrochemical cell consisting of a working eledi\dg), in this case the femoral

CoCr stem, Ag/AgCl reference electrode (RE) and Pt counter electr&i€ {Rermo-Scientific, UK)

2.2. Static corrosion measur ements



Potentiodynamic corrosion measurements were conducted using tlabAUPGSTAT101 (Metrohm,
Netherlands) to quantify the corrosion characteristics of the ferstaals in the absence of cyclic loading. In
order to assess the corrosion properties of the different femoral, steftas electrochemical cell was adopted
This enabled n? area of each femoral stem to be exposed to the electrolyte withouedtefor sample
mounting etc. Each sample was immersed in the tests electrolyta" and the Eorallowed settle for 1hr prior

to polarisation. Potentiodynamic polarisation was then conducted from -1@8ni%.r and scanned in the
anodic direction at a rate of 0.25 mV/sec. At 500 pA/the current was reserved and the scan terminated when

the current had reached the resolution of the instrument. Full details of the peatote found ﬂ
2.3. Fretting-crevice corrosion test arrangement

To evaluate the mechanically enhanced corrosion mechanisms at the stem-ceenfaces a tribocorrosion
test apparatus and procedure was develop and conducted in part refere3©e72064. Full details of the
experimental arrangement and electrochemical method have been reported ele In brief,
cemented femoral stems were orientaied and 10° flexion and extension, respectively, and subjected to a
compressive sinusoidal load (0.3-2.3 kN) at 1 Hz. A 3 electrode electrinethemll was incorporated into the
cell to facilitate in-situ and real time corrosion rate measurements. Thaseted of free corrosion potential
and corrosion current determined through linear resistance polarisati®R) (Assuming a Stern-Geary
coefficient of 0.026. Corrosion currents were then integratddraspect to time to yield the total charge passed

and converted to a corrosive mass loss (i.e. material lost from thfagetetue to corrosion) using Faradays

equation using constants given.

Inductively Coupled-Mass Spectrometry (ICP-MS) was used to analgeental composition of the
electrolytes post-test. 1 mL of test electrolyte was diluted to 10mL with HMOr to analysis. No effort was
made to extract particulate from the electrolyte and so ionic mass measunepesgsnt a combination of ®n

and particles present in the solution.
2.4. Surface Analysis

To characterise the surface morphology, surface topograpbysurface morphology and surface chemistry, pre
and post testing, a variety of techniques were ado@ednning Electron Microscopy (SEM) analysis was
conducted using a Carl Zeiss EVO MA15 equipped with Energy Dispens®y XSpectroscopy (EDX) to

facilitate elemental analysis. Imaging was conducted at 20 kV and 5kV in trdavestigate interfacial
5



compositions. Focused lon Beam (FIB) sample preparation and subis@éguesmission Electron Microscopy
(TEM) was also utilised as a technique to quantify the exact composition, ebgclamd morphology of any

deposit or corrosion product at a nano-meter scale. Details of the FIB/Téfdration method are presented in

.

The crystalline structure of materials was characterised by X-ray difframidwoth samples that had undergone
surface prereatment. 20 scans between 40° and 50°were carried out using Cu Ko radiation (X’Pert®, Phillips,
USA) . The scan range selected allows to determine unambiguoesigekistence of the FCC and HCP cobalt

phases; within this region the strong (Z6@&)nd the ﬂJZITi)hC'D are well isolated and do not overlap with any

other diffraction pea. A change in peak position and broadening of peaks Wsasreed an indication to

the level of strain present within the surfaces.

Surface morphology and textural parameters were analysed by Whiie Ihigrferometry (WLI) using a
TalySurf CCI (Taylor-Hobson, UK) in order to get a quantitative topdgcap representation the femoral
surface before and after testing. A variety of surface parameters wareedbfrom the data using Talymap
Gold software (Taylor-Hobson, Leicester, UK). A description of paramesem in this study is given in Table
3. All WLI data was fitting to a least square plane and subject to forreatimn. To obtain spatial surface
values, data was passed through a Gaussian filter with a cut-o®Bofn. The real surface area of the surfaces
was calculated using algorithms provided by the software. Thisigeasto correct electrochemical polarisation

data.
Table 3 Surface morphology parameters (22).

X-ray Photoelectron Spectroscopy (XPS) was further utilised to estaldigxéet chemical composition of the
surface. XPS analysis was carried out using a VG Escalab 250 with a high intensity monochromatic Al Ka X-

ray source (1486.6 eV) with a lateral resolution of 500 um. XPSuwere initially conducted, followed by
high resolution XPS scans on the elements found on the surfaceudtitiX-rays penetrate to a depth of several
micrometres, ejected photoelectrons generally come from only theefistas nanometres of material making
the analysis of the passive film and bulk substrate possibbedén to assess the variation in composition and to
mitigate any contamination effects each sample was subjected to aniargetth at 1pA/3mM Using
CasaXPS fitting software, the height, area and position of the peakdeteamined abwing the separatioof

measured XPS spectra. The binding energy scale was calibrated for theaRlat 284.5 eV. All the results in
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this paper use the standard format and units (CPS versus BE). ¥hhiading energies, FWHM and relative

sensitivity factors were taken from literaty&2{24].

A Mitutoyo-MVK-Ha micro-hardness testing machine was used to measure mateidesshardness. A load of
110 g was applied and held for 15 secs. Tests were carried out a mirifrutimes on each area of interest.
Nano-indentation was also conducted using a Micro-Materials platform in trdguantify any change in
hardness in the top hundreds of nm of the metallic surface daeot@entation of the crystalline structure of the
alloy. Nano-hardness was determined using an incremental load conpraltexs using a Berkovich diamond
indenter A load controlled method was adopt€d0 mN (max depth = 500 nm) and the hardness determined
automatically by the apparatus using the Oliver and Pharr methodappigciated by the authors that the
hardness measurements presented do not fully quantify the reiminical properties of the strain transformed
subsurface or any films formed on the surface due to thlgsas depth being > 10% of the area of interest. Due
to the nature of the surfaces it was not possible to obtain meaningfusiaratlysuch scale. Nevertheless the
results obtained and presented demonstrate the role surface procksg@ranghe nano-mechanical properties

of the surfaces and is further supported with XRD and TEM analysis.

In each measurement case, the results presented demonstrate measueamén=3 unless otherwise stated)

experimental deviatian

3. Results
3.1. Characterisation of Surface Morphology, Topography, Subsurface Morphology and Corrosion
Behaviour Prior to Testing

3.1.1. Surface Topography and Crevice Interface

Figure 1 shows the 3D surface topography scans of the polisiieaeg 1a) and blasted (Figure 1b) surfaées.
description of each parameter is given in Tablé&& polished femoral stems, S 0.008+0.003 pum, = -
0.31+0.23 and S= 0.26+0.21 um. The blasting process resulted in,an®51+0.01 um, = -0.43+0.24 and
S, = 7.11+0.71 pm. The surface area for each samples were also calootatadtf surface. The real surface
area due to topography changes of polished and blasted surfaces veagethes 0.24m#231mn? and
0.28mn%240mn% (surface area/area scanned) respectively. These results represent the surfatetharea

surface per area studied.

Fig 1 Surface Topography after a) polishing and b) blasting processes.



Figure 2 shows Secondary Electron (SE) SEM images of both metallic surfacéopribocorrosion testing.
Polished surfaces (Figure 2a) demonstrated little variations in topograbbéy compared to the blasted
surfaces (Figure 2b). SEM and EDX analysis was conducted at lower elact®laration voltages (5 kV) to
reduce the volume fraction of surface analysed (depfi® nm). SEM/EDX analysis and mapping at 5kV
demonstrated that surfaces of the polished stems were rich inrChloCO and C (Figure 3a)Figure D
presents the EDX mapping for the blasted sample. In addition to the (Qdp@nd O observed on the polished
surfaces Si, Ca, S and Mg were also observed on the blasted surfabeth bases, elemental abundance

seemed evenly distributed across the surfaces.

Fig 2 SE SEM images of a) polished and b) blasted femoral stem prior to tribsicortesting

Fig 3 Quantitative EDX mapping of a a) polished CoCr femoral stem in the egsarped in Figure 3a and b) a

blasted CoCr in the region of interest in Figure 3b.

Figure 4 shows the sections of the interface after the bone cement hadsaatexhs prepared using a diamond
tipped sectioning saw (Buehler, USA) and metallographic preparation taeknidjfferences were noticed
depending on the surface roughness of the metallic sample. Intdioligitd the bone cement with metallic

surface was seen on the samples that had undergone the aqueouastiegdobocess.

Figure 4 Secondary Electron SEM images of the stem-cement interface for a (djeBdliy Blasted femoral
stem. From cross-sectional analysis of the interfaces the crevice heigltean to be similar in both cases

ranging from 2-4um.

3.1.2. Micro and Nano-Hardness

Figure 5 shows the micro and nano-hardness values obtained. Oreavei@g-hardness results demonstrated

differences between the polished and blasted surfaces however werenrtotlsesignificant (Figurezb.

Nano-hardness measurements indicated an increase in hardness witbin306 nm of both surfaces when
compared to micro hardness measurements (Fidyrel' Bis was seen to increase from 5.07-7.74 and 5.70-7.10
GPa for the polished and blasted surfaces respectively. Whilst an increlaaedmess was observed at the
different length scales no significant difference was observed hetthee processing methods. This large

variation in measurement is due to the in-homogeneous nature of the blatied.



Fig 5 a) Micro hardness of wrought and forged LC CoCrMo and b) Namdrless of forged LC CoCrMo when

subjected to mechanical pre-treatment (n=10+SD)
3.1.3. Alloy Crystallinity and Chemistry

XRD diffraction patterns of the forged LC CoCrMo femoral stems (f€idl) demonstrated evidence of of face

centre cubic (fcc) and hexagonal close packed (hcp) crystal strudiurbsth cases, (119 and (2007,
(1ﬂTﬂ)hCP and Cl:ﬂi)hcp were observedrhe relative ratios of each phase were seen to vary depending upon the

processing methodFor the blasted surfaces the combination of an increased ratio betwe@ 1fé and
(1011y intensity and peak broadening relative to the polished surface coglgestua dynamic re-

crystallisation and a higher degree of inhomogeneous strain withiattice.
Fig 6 Effect of surface pre-treatment on the X-ray diffraction patterngofight LC CoCrMo.

FIB-TEM methods were also used in to examine the very near surfaceustrof the polished and blasted
surfaces. Figure 7a demonstrates the light field image of the Pt-Cofdibiéace and bulk alloy with the
associated areas in which diffraction analysis was conducted fqottehed surfaces. A region of nano-
crystalline material was visible at the top 200nm of the alloy. This isostggpby dark-field images of the

microstructure as shown in Figure.7b

Fig 7 a) Light field and b) dark field TEM imaging of polished CoCrMdfaces and SAED Patterns taken from

region c) [A] and d) [B].

For added clarity Selected Area Electron Diffraction (SAED) patterns were examindférant subsurface
locations. Diffraction patterns observed in the upper most regfathe gurface further supported the images in
Figure 7c-d, demonstrating a fine nano-crystalline layer typically chaissxtdry the ringed diffraction pattern
presented in Figure 7c. Indexing of this diffraction pattern gaveading characteristic ah hcp structure. It
was also particulsyr interesting to see that in this case, specific points of light are visible ¢he ring
diffraction pattern. This further suggests that a preferential orientatiog al@pecific crystallographic plane
was seen. The diffraction pattern presented in Figure 7d suggsstgle crystal with a diameter greater in

length than the 300nm microscope aperture. This was indexed against a cghicestr

Figure 8a-b demonstrates the light and dark-field images obtainguefbiasted femoral stems. Changes in the

subsurface microstructure were observed with the nano-crystalline magexihing depths of 400 nm; an
9



increase of 200nm when compared to the polished surface. Darkfiedthgregain indicated finer crystallites
within this region. SAED patterns were indexed as hcp cobalt in regiparé fcc in region [B]. This is
complimented by complete diffraction rings when compared to those seeigure 7c suggesting a finde
crystallite size supporting XRD data (Figure 6). In addition to thisn@rphous film (=100nm) on the blasted
surfaces was observed. Point EDX analysis (Figure 8e) demonstratélinthisrich in Si and O. Traces of Cr,

Co and Ca were also observed.

Fig 8 a) Light field and b) dark field imaging of a reference blasted CoCsiMtaces and (c-d) diffraction
pattern analysis of the different crystalline areas and e) TEM imagerg@Xdanalysis of the 100 nm Si rich

film formed on the surface of the vaquasheened femoral stems.

XPS indicated a similar chemical state for Co in both the polished and Idastgdes (Figure 9). Peaks were
observed at binding energies of 777.98, 779.01, 781.20&md¥ eV suggesting the presence of metallic Co,
Co0+Ca04/Co04 and a Cé&' satellite respectively. A similar result was seen for the chromiunegsirPeaks

were observed at 574.93, 584.01, 577.01, 586.05 eV sugpdstipresence of elemental Cr andd5t

Interestingly, different oxygen and carbon spectra were seen fowolisequl and blasted samples. Elemental
oxygen (O 1s) peaks were observed around 529.25 and 532.2@r ééth polished and blasted surfaces
suggesting the presence of metal oxides aitd téspectively. An additial peak at 535.37 eV was obsenagd

the blasted surfaces suggesting the presence of C-£0/SiO

Elemental C was observed in both samples at 284.25 and 28¥.36r polished and blasted surfaces
respectively. A prominent carbide (i) peak at 283.25 eV was evident on the polished surfacesvhowet
observed on blasted surfacés addition peak at 285.9 eV was seen on the blasted surfaces. Thigghttto

be adventitious C found on the surface. This is well known asnaaer of carbonaceous material that is
usually found on the surface of most air exposed sampleanltlso be generated on the surface due to the

charging nature of the surface and XPS ion etching process.

Si 2p spectra of the blasted samples further supported the TEM ré&sgltse(8). Resolution of the Si 2s spectra

demonstrated a peak at 154.01 eV suggesting the presence oh$i@ surfaces of the blasted alloy.

Fig 9 X-ray photon spectroscopy spectra for polished and blasted safafie£o 2p3/2 (c-d) Cr 2p3/2 (e-f) O

1s (gh) C 1s. All spectra’s were taken at an etch depth of 5nm and the curve fitted.
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Fig 10 De-convolution of the Si 2s curves seen on blasted surfaces.

3.1.4. Static Corrosion M easur ements

Potentiodynamic polarization scans were conducted on the polished and hlafsteessto assess the relative
resistance to passivity breakdoviigure 11 shows the typical polarization curves obtained for the two surfaces
using the corrected surface area calculated from measurements in sektiordpon immersion, the & of
blasted surfaces was seen to be significantly more noble than theedadiamples. After 1hr immersionok

had settled to 0.06£0.02ayagci and -0.20£0.03 Wyagcr for blasted and polished samples respectively. The
blasted surfaces demonstrated a lower passive current depsity).04+0.01 uA/c) compared to polished
surfaceql, = 2.86+0.15 pA/crd). Breakdown of the protective oxide film and initiation of localiseda=ion

was seen to occur at 0.68+0.0%gMyci and 0.76+0.08 Wyagci for polished and vaquasheened surface
respectively. This again demonstrates that the surface subjected to bésstetihcreased integrity with respect

to the initiation of localised corrosion when compared to the polished ssirfac

Fig 11 Typical E vs. Log i potentiodynamic curves of polished and blaste€aCrMo surfaces. Surface is
extrapolated from WLI measurements. Polished 2 ti?, blasted = 1.1&n?. Arrow indicate direction of

scan.

3.2. Influence of Surface Pre-treatment on the Fretting-Corrosion Characteristics

Figure 12 demonstrates the electrochemical data collected during fretting-cotexstimnin both cases the
application of cyclic loading resulted in a shift ig,Ein the negative direction and increase d.lFor the
blasted femoral stems, electrochemical measurements demonstrated a ghadgal in & and ko with
respect to timewhen compared to the polished surfaces. Upon the removal of cyclic lo&dingvas seen to
ennoble and decrease incdr was seen. This signifies a partial repassivation and decrease iriccoobthe
CoCrMo surfaces. Increased fretting-corrosion currents were obséovepolished femoral stems when
compared to the blasted femoral stems (Figure 12). After the rembegklic loading, corrosion currents
decreased signifying a decrease in corrosion and repassivationrétiléic surfaces. Under static conditions
post cyclic loading, corrosion currents were higher for the polished steen compared to the blasted

prosthesis. This was complimented by a lower corrosion potémntitiie polished femoral stems.

Fig 12 a) Eor and b) Icorr response for femoral stems with varying surfacshés (n=3+SD).
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Cumulative Faradaic mass loss (i.e. mass loss solely due to electrochenmiessesd calculated frongod
further supported this (Figure 1)3aA linear Faradaic mass loss was seen throughout the duratioyclaf
loading for polished surfaces. For the blasted system, the masatksssauld be split into three sectionpod
the application of cyclic loading (t >24hrs) the Faradaic mass loss was se@naio constant (similar to the
rates observed under static conditions) up to 40hrs. After 40hraciase in the cumulative ionic mass loss

was seen until 140hrs where the rate of mass lossneammstant with increasingumber of cycles.

Electrochemical measurements were further supported by ICP-MS ardlykis bulk solution (Figure 13b)
However the differences were not represented proportionally when contpahedFaradaic mass loss. This is

due to the inclusion of additional sources of metallic debris within ttedbectrolyte.

Fig 13 lonic mass loss a) calculated from Faraday's law and b) experimentasigured using ICP-MS

(n=3+SD)
3.3. Surface Analysis of Femoral Stem and PMM A Bone Cement Surfaces

Interferometry was carried out on a select number of samples in ordguatdify the extent of plastic

deformation of the surface due to fretting-corrosion. Assessmentnofsidgace topography produced two types
of data. Firstly, images of the surface were collected for each adeg@dation. Secondly, surface parameters
were used to quantify the degree of wear exhibited on different arédhe efem. The parameters chosen to

quantify wear are shown in Table 3, along with a simple explanatieact .

Figure 14 demonstrates the location of the 3D interferometry anatg$@mped on the polished femoral stems
and counterpart PMMA bone cement after 500,000 cycles of cyclic loadingncfgase in Swas seen in the
highly worn areas (SP1 and SP2) compared to distal regions of theafestem which were seen to be nhain
affected by corrosion (SP3 and SP4) (Table 4). An increasenasXalso seen between the areas suggesting an
increased amount of plastic deformation at the proximal regions. Avecsitew of the surface in SP1 indicated
surface irregularities were in the positive direction. It is interestimpte that the rest of the regions were seen
to exhibit a negative skew. Even though directipadf the surface in SP2 could be seen, a negative S
suggests that the extent of slip and abrasion at the interface is not as largeedoim®@P1. In SP3 and SP4 the

negative &, in the absence of any directionality, suggests the presence of logitisegon the surface. This
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has been confirmed by scanning electron microscopy (Figulg 1L &itting in the distal portions of the femoral

stem was seen to range from 2-4 um in depth.

Table 4 Measured surface parameters for polished femoral stems.

Interferometry was also conducted on the PMMA bone cement (Figur€HR#;and CP2). An increase in
surface roughness was seen in the proximal regions of the Pbtv#ent, approximately 50 mm from the
interface opening. Increases in surface roughnegsfr(®n 0.88 to 4.52um were seen between bonded and

debonded areas respectively due to abrasion of the PMMA cement surface.

Fig 14 Visual presentation and location of 3D interferometry analysis of polisheatdésiems and counterpart

PMMA bone cement after 500,000 cycles of loading.

Figure 15 and Table 5 shows the interferometry results for blastedaflestems and the adjacent PMMA bone
cement when subjected to 500,000 cycles of loading. For the blastedffsteon, $and § were not seen to
significantly differ between worn and visually unworn regioBR{ and SR2) with analysis demonstrating
similar S and § values. An increase in, @as seen between the SR1 and SR2. In the regions were wear and
corrosion had occurred (SR1),@ong with S« measurements indical@gge surface irregularities in the positive
direction suggesting ploughing and plastic deformation of thaseirfor surfaces that had not been affected by
wear or corrosion (SR2), surface texture parameter suggested thatftice stas similar to the reference stem
surface. Interferometry analysis was also conducted on the caamteidMA cement surface. In regions where
high amounts of fretting-corrosion had occurred on the femornal €41 and SR1), an increase iy §, and

S, was observed when compared to those that did not exhibited asyosifptalised fretting-corrosion (CR3

and SR2).

Fig 15 Visual presentation anidcation of 3D interferometry analysis of blasted femoral stems and cpariter

PMMA bone cement after 500,000 cycles of loading.

Table5 Measured surface parameters for blasted femoral stems.

Figure 16 shows the surface morphology after 500,000 cyclegctif toading. An abrasive wear mechanism

exists in and around the areas of SP1-SP2. This is present chazddigrizutting of the surface (Figure 16a-b).

13



Towards the distal portions of the femoral stem (SP3-SP4, Figurd)l@diere fixation remained and the level

of micro-motion was low, a more localised attack of the metal surface was observed
Fig 16 SEM SE images of polished femoral stem in areas&Pli-SP2 c) SP3 and d) distal SP4.

In contrast, Figure 17 shows the surfaces of the blasted femoral $tens08,000 cycles of cyclic loading. In

the surrounding areas of SR1 (Figure bJamicro-motion was present resulting in a loss of the original
topography. This manifests itseif the ‘polishing’ effect commonly reported with blasted femoral stems. This
was seen to varying degrees across the surface in the prgartiahs of the femoral stems as demonstrated in
Figure 17b. Toward the distal portions of the stdma original topography remained with no indication of wear
or corrosion (SR2, Figure 17c-d). In all cases where the origimtce remained, PMMA debris was seen on

the surface.
Fig 17 SEM SE images of blasted femoral stem in areas a) SR1 and b) SR2

4, Discussion

Fretting corrosion of cemented femoral stems, sometimes referred tettagyfcrevice corrosion, has been
highlighted in numerous clinical studies as a source of material degran Hb®ever the exact

mechanisms and factors influencing the degradation have not ldgemv¥estigated. This study demonstrates
the drastic effect surface processing has on the degradation mechadisnagnitude of corrosion found at the
stem-cement interface. From the results presented in this study, spréamessing is thought to affect the

fretting corrosion at the stem-cement interface in two ways:

1. Modification of nano-mechanical and surface chemistry due to progessin
2. Changes to the relative micro-motion and slip mechanism present at the interface.

4.1 Effect of surface processing on surface and subsurface properties

It has been demonstrated that surface pre-treatment can have aidflastice of the interfacial chemistry,
crystalline structure and corrosion behaviour of CoCrMo alloys. XPSBMIEDX analysis demonstrated that
mechanical pre-treatment can affect the chemistry of both the padsivenii bulk material of LC CoCrMo.
The formation of a Si®film on the surface of the blasted stems presents an interestinggfiadd to the

author’s knowledge has not been reported before. Although the exact mechanism for the formation of such films
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has not yet been elucidated, results suggest that such films are benefitiaéspect to the initiation of
corrosion. Blasting with aqueous glass beads increhsasaterials’ resistance to the initiation of corrosion;
however once corrosion was initiated, the vaquasheened surfaces didentitehaame ability to spontaneously
repassivate. This is evidenced by the higher breakdown potential, loywassivation potential (kthe point at
which the reverse scan crosses the forward scan) and hysterdsisréverse loop of the polarisation plot for
the blasted surface when compared to the polished surface. Such relasidresrepbeen correlated with an

increase in localised corrosion across a variety of applic s [

XPS and TEM analysis demonstrated a complex film comprising of 8i&D; along with traces of elemental
Co and Cr. It is proposed that this film results in improvedosion characteristics, by acting as a charge
transfer barrier to localised corrosion. Figure 18 schematically deratassthe breakdown and repassivation
processes of the protective,Og oxide layer when subjected to different surface processing technigjies. |
thought that when breakdown and repassivation of the &@ CsOs films occur, reformation of the SpQwill

not occur resulting in a partial repassivation of the surface due to thefl&kom saturation at the interface
An increase in localised corrosion is thought to occur on the blastéate due to the formation of corrosion
pits capable of sustaining dissolution within the asperities on the sammdee and partial breakdown of the
SiO; film may further lead to geometries capable of sustaining localisedsamirdt is also interesting to note
the M/Cs carbide peak in the polished samples as seen in the XPS sdaréoss of carbides could be
beneficial when considering the application of alloys in an environmec¢tilsle to localised corrosi.
Although the method of blasting used in this study is in cocialeyperation it must be appreciated that these

results cannot be translated to grit blasting processes.

Fig 18 Schematic representation of the breakdown and repassivation of the prazgiyexide layer when

subjected to different surface processing techniques.

The effect of martensitic or strain induced transformations resulting ifotmation of nano-crystalline material

at the interface is also a factor that needs to be considésatfanically induced phase transformation has been

shown to affect the tribological and corrosion behaviour of Mateldetal (MoM) articulating surfaceR28-

. Although CoCrMo alloys are termed austenitic, a phase change from fcc tadirpnoechanical actions
and the formation of nano-crystalline material is quite credible in these &logar transformations often result

in the formation of a new lattice orientation, resulting in a new ctggtalphic phase and phase interfaces. The
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transition between different phasisstraditionally martensitic implying that no diffusion or local changes in
chemistry shoul. Mathew et aI has recently shown the effect of SIT on the corrosion response of
CoCr supporting findings by Montero-Ocampo e[ It has been shown that HC CoCr alloys possess much

lower passive corrosion currents when in bulk like fcc form

Whilst a higher degree of strain and the formation of nano-crysattaterial were observed for the blasted
surfaces, the effect of this transformation is unclear due to the multifdatature of the interface. Currently
the exact role of surface reorientation is unclear. Whilst Mathew @h{we shown that nano-crystalline
material increased corrosion currents, compressive surface processas blagting and shot peening are used
to introduce a surface compressive stress to compact stress corrosiorgcrBiasis work has shown that surface
processes will increase the interfacial hardness of a material. However fuaithers needed to elucidate the

effects of such films that form as a by-product of the process.
4.2 Effectsof theincreased surface roughness on the evolving tribocorrosion degradation mechanisms

Surface pre-treatment was also seen to influence the extent of fi@timogion and overall mass losses. It has
been shown throughout the study that blasted surfaces demonstiaggidrscorrosion resistance under static
and dynamic conditions. It is hypothesised that under fretting corglitio@ combination of a Sidilm formed

on the metallic surface due to the blasting process, as well as thesatcrisderfacial strength due to
interdigitation of the PMMA bone cement on the metallic surface, resulterindifferent fretting wear and
corrosion regime at the interface when compared to polished surfzlgsnding at the stem-cement interface
has been a topic of discussion for many years. Zhaag investigated the role surface roughness plays in
the debonding of metallic and PMMA bone cemeRtdished surfaces were seen to debond at 2.3kN, the same
maximum load used in this study, whilst surfaces subjectedeteaime blasting process, a load of 4.0kN was
required to initiate debonding. The following mechanisms for the evoliribgcorrosion degradation are

proposed:

Partial and gradual debonding will occur in both cases at areas of higingpetorsional moments (i.e.
proximal half of the stem). This will manifest itself within the inded as a relative micro-motion between the
two surfaces, resulting in depassivation and wear enhanced corofstm CoCr femoral stem. For polished
femoral stems, it is hypothesised that debonding and depassivatiomrfi@val of the protective oxide film)
occurs immediately due to the lack of interdigitation between the PMMA ¢@ment with the metallic surface.
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Gross slip and plastic deformation of the metallic surfaces will occur duamtentelebonding, loss of local
fixation and transfer of GD; oxides to PMMA bone cemeni?]. Abrasion of the femoral stem will occur

resulting in a wear-enhance corrosion as observed in the experimental data.

It is hypothesised that the blasting processes reduces corrosion iatetffigce through a combination of
different mechanisms. The increased interfacial strength at the interfacemanstrated by Zhan@, will
modify the slip mechanisms acting between the surfaces. Thefrslip mechanisms in degradation of fretting
contact is well documented in the tribology and tribocorrosion literatuteodgh not directly measured in this
study, the shear force required to debond a metallic-cement surface ailbbgreat compared to the polished
surface. It is expected that a partial slip type mechanism (a combio&gdastic and plastic deformation) will
occur within the interface at regions where local contact conditions will béieshfier slip and deformation to
occur. This is in agreement to the findings presented by Bluntadiémonstrated increased micro-motions
and contact pressure to occur around micro-pores present within the cermetd. tbel localised nature of the
degradation process it is thought théhtigue type mechanism will exist at asperity contacts at the cement pore-
metal interface. This will result in a localised removal of material whilstrogineas remain well fixed and
bonded As the fatigue processes evolve, material detachment will occur and contact osnalititoe achieved
allowing slip, plastic deformation and subsequent depassivation of tlezesult this point electrochemical
current and potential will further shift. This can be visualised gy iticrease incir with no evident
depassivation between 24-60hrs (Figure 10). The increased interdigitatmmefcement with the metallic
surface will also reduce the total fluid volume within the interface;aieducorrosion currents by decreasing
the area available for electrochemical activity. Furthermore, areas exposed toly&etind subjected to
insufficient micro-motion to depassivate the surface will have increasemsimmrresistance due to presence of

the SiQ film.

Whilst the corrosion currents are significantyver for the blasted systerit must be noted that the total ionic
material loss was not proportionally differeAt greater amount of debris was generated by the blasted system
as evidenced by ICP-MS data. This may be in the form of metallic particuthssslved particles and
polymeric particles containing metal debris. When ionised during ICP-MSodgethll will contribute to the
overall metal signal. The combination of electrochemical and ICP-MS data suggiggteradegree of abrasion

exists at the blasted interface. Whilst the surface coverage of damagetvessgneat when compared to the
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polished femoral stemsn increase in Ssuggests that the penetration of wear was greater compared to the

polished stems.

Although the blasting, or vaquasheening, process improves tlasicoraspects of the system the use of such
processes have been seen to have an adverse effect in the clinical applicatieret compared similar
femoral stem cohorts, of similar femoral stem geometry with thevamiation of surface roughness. In all cases
polished femoral stems were seen to have a superior clinical performbeoeompared to prosthesis with an
increase surface roughness. Aseptic loosening caused by the gerar®idA debris was given as the main
driver or failure. Although not directly quantified in this study, ihdae expected an increased amount of
polymeric debris would be generated from the blasted stems as degpndimesses and would account for
the higher metal content measured within the electrolyte due to the combinedspad abrasion and metal
transfer to the PMMA cemenilon-the-less this study has answered some of the questionsiposkuicians

as to why matte stems display different wear and corrosion characsevi$ten compared to their polished

equivalent

Whilst this study highlights a number of important factors relatinghe tribocorrosion of cemented femoral
stems there are a number of limitations. Firstly due to the complex geoametrgrogressive nature of the
degradation at the interface (i.e. subsidence etc.), the local and global contaghio®at the interface are
unknown. This is particularly important when considering the evoluifofnetting corrosion currents. Whilst
there is currently no quantitative solution to this, it can be segnlégradation is more localised for the blasted
surfaces compared to polished surfaces. Another limitation is the lubaidapted. Whilst this lubricant used in
this study was chosen as a simplification to the system, protetaigimg solutions may be adopted to better
understand and represent the metal-protein interactions at this interface.ef@weust be noted that there is

still no consensus of opinion as to which lubricant best represents thgadyaint environment
4. Conclusions

In conclusion, electrochemical techniques combined with visual, optical, electioroscopy and
electromagnetic radiation analytical techniques have been used to quantifyiubeciefof surface procesgin

on the metallurgy and fretting-crevice corrosion of cemented femoral stems.

This study has demonstrated that a decrease in corrosion was deémcreihsing surface roughness. Surface

roughness was also seen to affect the relative contributions of wearoerosion to the overall metallic ions
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released into the bulk environmeRblished surfaces where seen to exhibit higher fretting-corrosion tjrren
oxidation accounted for around 60% of all metal ions released. Blastadesuresulted in lower wear induced

corrosion; oxidation accounted for 20% of all metal ions released.

The increased corrosion resistance is due to the formation of a protectiv@i8i@rmed during the blasting
processing, providing a more integral barrier to corrosion. The mischdor formation and deposition on to
the surface is still unknown and subject to further investigatiban@es in the surface roughness are thought to
increase interfacial strength limiting the magnitude of slip at the interface.vilhidecrease the levels of

depassivation and subsequently reduce levels of wear enhanced corrosion

Whilst this paper has demonstrated and proposed a mechanisms relatiegtiivpocorrosion of cemented
femoral stems, a number of questions have arisen as a resulfioflthgs. Questions as to how other methods
of surface processing will affect the tribocorrosion processes auguat metal-PMMA cement interfaces and

the consequences of this processing on the surfaces post treatmentheerdéstigated.
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Table 1 - Chemical composition of the Ultima TPS femoral stems tested in this study

Chemical Composition (% wt)

C Si Mn P S Cr Fe Mo N Ni Co

0.05 0.19 0.67 0.005 0.0010 27.65 0.30 548 0.18 0.24 Bal.

Table 2 - Composition of bead blasting material used in this study

Compound Chemical Formula Content
Silicon Dioxide SiO; 73.00%
Sodium Oxide Na,O 15.00%
Calcium Oxide Cao 7.00%

Magnesium Oxide MgO 4.00%
Aluminium Oxide Al,0; 1.00%

Table 3 - Surface morphology parameters

Parameter Abbreviation Description

Average Surface Roughness Sa Mean height of surface topography

L A more ‘stable’ expression of surface
RMS deviation of the surface Sq P
roughness

Max. height to Min. Valley s, Height between ti!(:.lztypeak and deepest

Indicates the direction of surface
irregularities; zero for randomly rough
Sek surfaces, positive where peaks
predominate, and negative where pits
predominate

Direction of irregularities
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Table 4 - Obtained surface parameters for polished femoral stems.

Reference
Parameter SP1 SP2 SP3 SP4 CP1 CP2 stem
surface
Sa (um) 0.78 0.51 0.07 0.05 4.52 0.88 0.01+0.002
Sq (um) 1.06 0.73 0.13 0.07 0.01+0.004
S, (um) 8.41 10.28 6.53 1.81 0.2610.21
Ssk 0.92 -0.28 -2.30 -0.78 -0.30+0.23

Table 5 - Measured surface parameters for blasted femoral stems

Parameter SR1. SR2. CR1. CR2. CR.3 Reference stem surface
Sa (um) 0.54 0.54 0.58 0.67 0.46 0.51+0.01
Sq (um) 0.74 0.69 0.81 0.85 0.57 0.67+0.01
S; (um) 9.38 7.45 12.34 10.74 7.42 7.88+0.71
Ssk 0.07 -0.59 -0.70 0.18 -0.17 -0.4410.24
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Original Swrface

\

$Worn Surface/

v

41



