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Abstract

A proven treatment for patients suffering from musculoskeletal issues is
orthopaedic surgery. Metal-on-metal devices have been popular over the last
50 years due to low wear rates and excellent corrosion resistance. However,
due to recent findings of metal dissolution into the body, their subsequent use
has been in decline and are barely used today. This leads to adverse effects
within the patient as well as weakening the structural integrity of the alloy.
Understanding the mechanisms behind this phenomenon are vital to
improving the functionality of these implants as due to their low wear rates
they are viable for the ever-growing younger population who require an
implant.

A thorough investigation into the electrochemical behaviour of cobalt-
chromium-molybdenum alloys in simulated bodily fluids has been undertaken,
looking in detail at the specific interactions that bovine serum albumin has with
the alloy. A range of electrochemical and surface characterisation techniques
were adopted to undertake this research. Analysis of the electrolyte post-test
was also conducted to determine the dissolution of the alloy under specific
conditions.

Obtained results have indicated that the presence of inorganic/organic
species affects the corrosion resistance and dissolution of the metal. The
presence of bovine serum albumin has been shown to be two-fold: it can
inhibit the access of oxidants to the alloy leading the adsorbed organic
layer/passive film to be weaker, increasing the corrosion rate but can alter the
passive film due to the molecule being a cathodic inhibitor increasing the
resistance of corrosion in the passive domain. During an electrochemical
repassivation phase, the presence of bovine serum albumin is seen to inhibit
the repassivation rate alongside altering the composition of the reformed
passive film and ratios of metallic ions released into the environment. The
affinity of bovine serum albumin with molybdenum has been identified to be
due to the formation of a highly thermodynamically favoured Mo-S bond.

From the findings presented, a clearer understanding of the electrochemical
interactions that take place within the body have been obtained. This is crucial
for further understanding and predicting in-vivo performance.
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Chapter 1
Introduction

1.1 Motivation

Total joint replacement (TJR) consists of substituting a human joint with an
artificial device, which is needed as a long-term solution for arthritic and
congenital diseases. These devices have been used consistently since the
1950s, with advancements in technology now putting TJR as being one of the
most successful surgical procedures in the modern age.

The National Joint Registry for England, Wales, and Northern Ireland (NJR)
reported that there were over 95,000 primary hip replacements conducted
within 2019, with osteoarthritis accounting for 90% of these replacements [1].
This disease is the most common form of joint arthritis and disability, mainly
involving the knee and hip joints. It leads to joint pain, stiffness, and inhibition
to movement by affecting all of the joint structures, including the synovial
membrane, cartilage and bone [2]. Currently, in the UK, about 8.5 million
people are living with this disease [1,2].

Metal-on-metal (MoM) implants have come under scrutiny in recent years due
to the accelerated release of metal ions into the patient, which stems from
mechanical abrasion and corrosion of the surface, exposing the extremely
reactive bulk alloy [3]. This can then lead the material to degrade over the
lifetime of the implant, which can have adverse effects on the patient as the
degraded products may adversely react with the patient alongside weakening
the integrity of the implant [4]. These effects were noted in 2010 by the
regulatory agencies in the UK (MHRA) and USA (FDA), with alerts being
issued and the subsequent usage of these bearings being in decline since
2012 [5,6].

1.2 Aims and Objectives

This doctoral thesis investigates the corrosion behaviour of the biomedical
alloy cobalt-chromium-molybdenum (CoCrMo) in a protein containing
environment. This involved an extensive electrochemical study of the alloy
alongside post-test surface analysis to understand further the surface
chemistry and interactions that occur.



Electrochemical characterisation of the alloy was undertaken to be able to
understand the effect of specific species (inorganic, organic) and varying
conditions that the alloy could be exposed to. Post-test surface
characterisation was used primarily to investigate changes to the passive film,
which gives the alloy its corrosion resistance, and how specific species
interact with the surface of the alloy. By relating these findings to the
electrochemical data, a deeper understanding of the prevailing mechanisms
was reached. The key emphasis was placed upon the corrosion products from
CoCrMo and how they interact with the protein-containing environment.

Specific objectives were as follows:

1 Investigate how the presence of Bovine Serum Albumin affects the
morphology, corrosion behaviour and dissolution rates of CoCrMo
under specific electrochemical conditions (cathodic, passive, and
trans-passive).

1 Utilise surface characterisation techniques to compare a CoCrMo
passive film's composition and protectivity before and after an
electrochemical repassivation phase.

1 Characterise the binding interactions between Bovine Serum Albumin
and the metal ions of CoCrMo, relating the findings to the dissolution
data enabling the affinities of each metal ion protein interaction to be
determined.

1.3 Structure of the Thesis

This thesis consists of 9 chapters, including this introductory chapter. Chapter
2 contains an extensive review of the corrosion process with supporting
literature concerning the application of biomaterials with a specific focus on
CoCrMo alloys. The materials and experimental methodology for the research
undertaken are presented in Chapter 3. The following chapters present the
experimental work carried out throughout this project: Chapter 4 presents the
electrochemical study of CoCrMo, Chapter 5 displays physical and chemical
changes to the surface of CoCrMo after electrochemical testing, Chapter 6
characterises the quantity of metal ion dissolution from CoCrMo under specific
conditions, and Chapter 7 quantifies the bonding interactions between
CoCrMo and Bovine Serum Albumin. These chapters present the
experimental findings as well as discussing the findings and giving concluding
remarks. Chapter 8 brings all the results chapters together, discussing the
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findings obtained and critiquing with the literature. Chapter 9 presents the
main conclusions of this project, general limitations to the conducted work and
suggests possible further work.



Chapter 2
Literature Review

This literature review aims to give a critical overview of the essential
components associated with this research. The fundamentals of corrosion will
be explained, followed by the design and history of the hip replacement.
Specific emphasis will be placed upon the CoCrMo alloy used, covering in
detail the passive film's role, the effects of alloy degradation,and t he
interaction with its surrounding environment.

2.1 Introduction

Throughout history, materials have been utilised to help treat the human body.
The earliest noted reports date back to the Egyptians and Roman times,
where linen was utilised for sutures with gold and iron used in dental
applications [7]. Due to incredible advancements in technology in the last
century, biomaterials have enhanced the life quality of people across the
globe, ranging from alterations to the muscular and skeletal systems to the
insertion of stents to reopen blocked passageways within the body. Figure 2.1
summarises the major applications of biomaterials today, with there currently
being over 50 different materials in a variety of different devices [3].

Biomaterials are defined as any synthetic or natural materials that are
expected to be in contact with living tissue or a biological environment [3,7].
Today these materials can generally be classified into four main groups:
metals, ceramics, polymers and engineered composites (a combination of two
or more of the previous groups). The most important feature of a biomaterial
is its biocompatibility, which is the ability of the material to perform its desired
function without inflicting any undesirable local or systematic issues within the
body [7]. The application of the device and its required properties are vital in
determining which material the device should be made of.

a l
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Figure 2.1 The major applications of biomaterials within the human body [3]

2.2 The Hip

2.2.1 General Background
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Figure 2.2 Indicates projections for the increases in patients under 65 that
would require a hip/knee replacement or revision to an existing joint
replacement [9]

2.2.2 Medical Procedure for Total Hip Replacement
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Figure 2.3 Shows the components of an artificial hip replacement [12]

2.2.3 Timeline of Total Hip Replacements
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Figure 2.4 Depicts the different hip replacement combinations that have been
used [14]

2.2.3.1 First Gen Metal-on-Metal
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2.2.3.3 Ceramic-on-Ceramic

This type of implant was introduced by the French surgeon Pierre Boutin in
1970 and was mainly used throughout central Europe. Ceramic was
introduced to help address issues of friction and wear that occurred with other
popular materials at this time; for orthopaedics, the ceramic consisted of either
alumina or zirconia [13].

The ceramic-based implant was a good choice for active young patients due
to the low wear rate. Riska et al. [18] conducted tests amongst 143 patients
with these implants and noted no wear-related issues. Other known benefits
are the high level of hardness of the implant, its resistance to scratches and
the inert nature of its debris compared to metal or polymer. However, these
implants are very expensive and require excellent surgical insertion technique
as the contact surfaces are prone to chipping, which can lead to devastating
wear of the implant [13].

2.2.3.4 Second Gen Metal-on-Metal

Me t-@adMet al j oi nt s madehea |caosnme bdalOc ky eoavresr dt 1
being a drasticl aetidndg oirmml dmthgaes mor e
people are requiring an implant alongsi i
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gradCoCr Mo duestcttameier,t i ocomopsaitobil it
wear rlat.esThlere are stil] many i ssues
t hough, with metal i ons being released

the materi al toldéegt ade oywhtihcehh @cnapnl ama \
har métuuf ects on thestpradudtenrte afs tthe i mpl
compromi saexdl the degraded aplivedwetl &§& maye

patileht These effects were noted in 201C
the UK and USA, with alerts being issued
bearings being inb56lecline since 2012



2.2.3.5 Present Day
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Figure 2.5 Temporal changes to the bearing surface of a hip replacement (a)
Cemented Fit (b) Uncemented Fit [1]

2.3 Metals used in Hip Replacements

Met al s are conmmommayt eursigadlssasannd al f or ort
i mpl ants due thoi otchoemipraatrddbd tl i &iyt, y hi gh r es
static/ dynzZBnAs tthmhadmogt vital gualities

and ciorg osion, rebeesmastepopul ar alloys u
body ar eébaGedalatl bhaged!l oyeifi tanium all oys
usually wused over pur e pmeotpeelrst i s tahe mae
2% .

2.3.1 Cobalt-based alloys

Al l oys of colnadetiinh atvhee bfeaetnr i cati on of pr
1940s as they are regarded as highly bi
excell ent wear andwhoic# oismn op d rhigpsadsssé avheo e
nat (8,2 Cobdlatsed all oys are generally ter
higemperature Face Centred Cubic (FCC)
temper.adhbMevddue to the relatively | ow ste
all oy have been known to convertwhtao Hex
under appl i ed25]szt.r eV8§8fjgs obasiemved differen
CoCr Mo with XRD and TEM, finding that

primarily exi stMulne itghdbeu rFcCals spohabvseeat ed t he
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shear pl aysrientatison,e stating that it
tribocorrosi 6@ properties [ 2

Ot her argf madneollsy bdenumareamiyisn eaho wa Itth t o
provide straeatmdppttbenl o @iiceanrtbiadneds, enhance t
all oys corros[iZohheg emas tbaacsoebda lal | oy wused
ort hopsaverdgexr y to €8r €o T d %, C3¥0 %, 7 M%) 5

ch is f awourgdmr moves steldeodnpd itcat ed nat
t he shwahpiecsh cannot 2b%T hnmea ctho GreMlo [al | oy i s

whi

have excell ent cowhoshon sr ewiedlt atnac ei t s
properties. l..[30] Mi d oseervv eadt tahli s, whagter u
spontaneously forms in air pagwetdhi stsmalol
contributions fromoCaiand nMa dxyipers sotf t

whi chbasreed on their resHECdCrvld ghr banbbae
contC.n®5 35 and®W oCr floow carborxOcabt éht
[24] Di f f erent t yspeas eo fl eqpaereldii dhegy on t hi s cal
and the fabricationi met g digfa MeCh &1 Ma lilsoy
t he m8ll ahgof mateixotoraao bi desi red when desi
sliding beartheyowrnfdecdurdhee4) Est Bemdtt h ent
[ Jobserved carbide clusters on polished
3040mewith heights up to 50 nm.

2.3.2 Iron-based alloys

St ai nteebsshave been used i n-1®r2t0hsg p aneidtih
t hdiirocompatibility within the bo8. bein
They are desirable due to a favourable c
corrosion restedtfeercatdedxB384fH cost

For the majority of the UNSSt1l govearst warty ,t hSet
forefrobtbsefl at boys used iingsood hnoepcaheadniiccs
propertigisocesasi\vhgl, ow3,36pst |l §sues earose
i mpl ants due to being denser and having
bone, l eading to incompati b3]l.i tlyhede sday
t he most ¢ ommebnalsye du saeld oiyr oins HNSS ( Hi gh
St eeel Yamamoit[37] vwatst mé f i rst to denvietlroopg etnh i
adsorption treatment and observed a high
316IN.trogen was used t o strengt hen t he
properties of the all oy wtsilvdtt adl ac @l
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of ni ckel within the body <causesicinfl a
r e ac t[35,86h s

All variations of stainless steel all oys
of chr omi um, as this is the anmonmndxinde d
|l ayer which gives the a34)] oyWitshcotrhesi e|
being added depending on the required c|

stainless steel i mpl ants is that they ar
pittingomothas otheronmmgpals jodi mte,t all eadi
vol umes of materia33] 1l oss from the alloy

2.3.3 Titanium alloys

Titanium alloys are a more recent devel o
imhe 1WirDer t[38ledtefathneste| oys as the choice
for femor al based shasimpernol9méctdanaital
and biocompati bBel theesther all oys mentic
their corrosion resistanpasgdiov &Ohfen nf)mr (mh
Al though these alloys have a | owehemodul
corrosion resistance due to | ower shieloc
all oys is much | ower tB&n Thas o0of tOhe ot
shear strength and softness of the Ti m
bearing 83mplants |

The two main titanium alloys currently
titani umT@gAAVb @i hgantdi |l i saetdsasorephgde mes
artificial bones 48ln.ch el e@ntesle nic mp lod ntasl u[m
vanadium is needed to stabilise hbaost h t I
shown to possess issues withelpngsemeen

vanadi unmnawhibcechen shown to 34 extremely t

2.3.4 Degradation of Metal implants within the body

Corrosion of met al i mpl ants within the |
increased | ocal concentrations of met al
i mMpamesl.Corrosion of the i mpl ant can cau
readily, which in turn accel et aeer fi @amne r €
ar €4. This is of particul ar concern to
exposed to indrenzsdad loensl $o00 | onger pei

The toxicity of met al s has, wietem kntolwnt
Greeks and Romans recording both of bene
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Some metals that have been documam¢$ ed a

and animals are as follows: Cobalt, Chro
and Cad#j umSpmesmehabas | ron, Leaddav@éitan
beenmotta i nducsd4l]t.umibhug extent and dose of
as the formeafertmhenemedthael cd i ni cal conseq
range of mechani sms tuhnade,ringeod lal d itnogk i icm h iy
enzymes, produadioal ©f dir ®reu psttirounc toufr ec ea
wel | as mutagenesi s. Geneeaiesn (ROS)edo
via detoxification mechanisms within the
which | eads to the development ofd4lldegene
Wear of tihe a mpil fafndr ecanprabdbcse®s s ewaldi ¢tb me
entering,whhe hbaoadyn have added detri ment a
Catel2hsdptermined the average size of we
was around 50 nm in | engtsh,appperde daondif rcamtsl
chromium (Patfi epnosi weth adverse reacti ons:e
typically amavepspepaidovtumdr sc an l ead to a
(unnatur al movemen[d3, 4. Psavoodunpoarisn) ar e
granul omat cysts tihhatc | doesvee Ipapomp Ind ntye d oaltl

an example of a chwstpicelpeaicemearnouasd sd ov
[44,45] Over time the i mpnlsanatb | nea ywibtenc/ omne h o u
and need to;tbhei sr eipsl aaceudni quai Imode ode i tmg
associated s of[43,44]. iMstshuaer ui. pi8jtu eishve st i gat e
cause of 180 MoM hip replacements and
revi si ons twhkepmree sdeunec et oo f wleidu d otr mmar due t
pr es e nbcoetwlmdr caomrd osi on

Figure 2.6 Indicates the formation of a cystic lesion within a male patient by
use of Coronal short tau inversion recovery magnetic resonance [45]
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As this research is focused around CoCrMo alloy6 ,smore specific detail of the
possible metal elements that could corrode into the body is discussed in the
following sections to fully understand the interactions that metal ion dissolution
can have on the patient.

2.3.4.1 Cobalt

Cobalt is vital for life, being a key component within Vitamin B12 which
facilitates the production of healthy red blood cells. Although it is present
naturally within the body, it is only present in extremely small quantities (1-2
mgq) [47]. Metal ion dissolution from a CoCrMo alloy can disrupt this balance
and lead to cobalt poisoning (>10 ug/l), leading to fever and inflammation [48].
Reports have shown that cobalt can bind strongly to proteins and cells,
disrupting their natural process and behaving as a potential carcinogen seeing
as it inhibits the repair of damaged DNA [49,50].

2.3.4.2 Chromium

Chromium is a naturally occurring heavy metal that exists primarily in its
trivalent form, Cr(lll) or hexavalent form Cr(VI). In its trivalent form, it has been
shown to possess a weak affinity for cells, preferring to bind to proteins instead
[34]. The hexavalent form has the opposite binding preference, as it has been
shown to easily pass the membranes of cells but has a very weak binding
affinity for proteins due to a lack of a specific binding site [50,51].

Naturally, due to wear and corrosion of the implant Cr(lll) will be released into
the body, as this is the primary constituent of the passive film [52]. This form
of chromium has a relatively low toxicity level and is not considered
carcinogenic [52]. However, the presence of high oxidising potential and low
pH can lead to the oxidation of the trivalent form into the hexavalent. This form
is of particular interest as its highly toxic and classed as a class | carcinogen
[51]. Exposure to this ion can lead to various mutations in DNA and
chromosomal damage [51,52].

2.3.4.3 Molybdenum

Biologically, molybdenum occurs as a trace metal within animals and plants,
where it is essential in some enzymes as it acts as the metal hetero-atom
within active sites. It is a transition metal that is capable of forming a wide
range of oxidation states (II-VI). In humans, a low order of toxicity has been
observed, but if levels are increased, t hen it can interfere
copper uptake [53]. This occurs due to molybdenum preventing plasma
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proteins from binding to copper and therefore increasing the amount of copper
expelled by the body [53].

2.3.4.4 Electronic Properties

All of the three elements (Co, Cr, Mo) are located within the d-block of the
periodic table, meaning they are categorized via their d orbitals (Figure 2.7).
Elements within this part of the periodic table can exist in many different
oxidation states due to the low energy gaps between transitions [54].
Configurations for the most common oxidation states of the elements in
concordance with Auf bauo sarems follons i @ofte
[Ar] 3d7, Cr3* [Ar] 3d3, Mo®* [Kr].

d a d 4z d 4z d
| ¥4 yZ xy Z
~y ' g - ' “ o \‘ ~

Figure 2.7 The orbital configurations for the d-block elements [55]

A compound is at its most stable when in accordance with the 18-electron
rule, so upon release from the implant, the metal ion undergoes interactions
with ligands. A ligand is defined as a molecule/ion that complexes to a metal
ion, forming a co-ordination complex (Lewis base forms a dative bond, Lewis
acid accepts an electron pair) [56]. The coordination of the ligands around the
metal ion is governed by the size of the metal ion, steric hindrance between
ligands and the interactions between the metal ion and the ligand [56]. These
are key features that need to be considered when describing the metali
protein interactions. The most common co-ordinations are described in Table
2.1.
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Table 2.1 Typical co-ordination structures for metal complexes

Coordination

Shape
P number
Tetrahedral 4
Square Planar 4
Trigonal 5
Bipyramidal
Octahedral 6

Bond _
Key Point Example
Angle
T Common for € (MoO4?
' and d%ions !
Typically seen for
o ions with a 8 [Ni(CN)]*
configuration
Formed in the
absence of
9, 120 _ Fe(CQ)
ligands that
enforce geometry
Most common
a9 arrangement for  Mo(COg

metal complexes

2.4 Biological Environment

By |l ooking at the environmegintt iod daiei eir
understand whyndehego alvwhoeyne siinopnl ant ed. Th
body is mainly a saline aquappsoxinmat el
37C. Al most al |l of the mass of the body
Car bon, HydeogemN tOonygegn, Cal ci umhama iPh
compl ex mix of origeamsind domwmpolwvesl, gases
body, which vary de5pen®t hgrobodotgtcompp

knowrnaf t @evti vion met al s pahroes pchrelnakrsisdud p,hat es.

Body p H has been not ed t o fluctuate

circumstance. For orthopaedics, the gen
has been seen tod4vihrem itmf lasmm&Ew/7]abe eoccur
to the acilhdeomadair ei-passiev e r awhsida it iloenasd s

to a higher

rate of

met al i on
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2.4.1 Synovial Fluid

Theathvp joint Iis encapsulated via a syn
synovi al fluidadidadgi weehwet onfi anhifd ui d i s
reduce friction during motion and prov
alongside transporhip8gimiusg rfeotd te thae

pl mas, the same matrix aslbludad, awhi ab i
around 95%i wlatehe remainingnym%ulbeinog ow
l ubricin, proteing2sles and coll agenases

Foll owing THRndead nposteiuodnro synovi al me mb r
bet ween the bo[b® lanM. i[6dludegti etr mi ned t hat t
of t feor med me mbr ane weirtehh acton s f s ttehnet or

membr ane. The produced fluid has compar:
to be | esPBVLi sHowsver, t hi st hfgluwcicee saf b
functioning of the i mplant.

Humaer am al(H&misnt he most abundant protei
and therefore plays a great role timethe

i mpl a4n®0$ . [ Thi s i s due to its high mo b
according to the | awgsthadafs nmpasost etirna ms pra rvte
met al j mphaptfagi g a key rol[@2i nAlibruintiina

is a smaflrl pgbbobuh that consi starfed|l 88 a
via the polypeptide c¢halhnelgicvailn gd dtnhaeinmhso ||
| 1 6364 Each domain is formed of ,h6 wiwtolhes ubdc
mol edeli ergolsisnked with 17thbystooeur est lue!
di sul fide bonds (one free thiol group) .
Ghel ical st rwictthurtehd 7dé9t of the pol yper
within regions banwdedhesu bfj@dmaiempdons mpd
of al bumin displaying al/|l of the domai n:
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28.Thprincamwstifor | igand bi nbdd onngaian el Il A ca
I 1[I8 .

FigurB&chematic of an albumin molecul e i
HSA i nto domahihnis B(nld, subdont8li ns (A and B

Thenairnobé the wpnwtewin he body is to tran
acids, and otle4r ddmpoursdenfabl ed due to
protwhinch has fouyal biadidi hgr isphajceiisféb]csii tzye [a

This wversatility also means tthheatv atrhetyr
met al ions that are (8ketaseoedR2agaardd M gh a o
shown that the ions bindntmdhet hsetrr omrgd tye i
presdmD] Alst he corr odead ep rcoodnusctiiiese ce,qui | i br

across the electrisg dpadilend atyererflEddihged
via either anodic[48lr cathodic reactions

2.4.2 Binding Sites of Albumin

Most afammmad i an al bumins, Il ncl udSemg mbot h
Al bumin (HSA/ BSA), htahvreo uf gohuoru ta cit hi evvem osk & ce
met al 1T ons can bind. These are as foll ow

Binding Sit-2g4(BBsYi, nfyssotal asdd Site B.
sites vastyr uecatnadi esgp,eci ficity.

2.4.2.1 The N Terminal Site (NTS)

The NTS is composed of three rddiadiueze i
Hi sti di-Aldd)i (sAspt hat can rotate around t he
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active site. This is enabled via the fr

f ourorcda nat e epwhmidi mgprsafter s met al i ons t
the square pllcaméi gme d@ui(odl)) §6]d Nih(el Imet a
ion is bound via the deprotonated amide

alongside the terminal ,aasmiin e uasntdr ai%neidd a zno
R, R;=Asp R,=Ala

HN /
CONHR

Figure 2.9 Schematic of the NTS binding site with a metal ion [66]

2.4.2.2 The Multi Binding Site (MBS) / Site A

This -mebhding site iismikdnaozwonl et onihaween p
axi al | ocations of the bipyrami déé]l. arr e
Ligand binding is also provided via th

carboxyl ate ( droensapiencst ilveadnyd .I-0Trhde niadre di & 0
free L type I[20g@amM&istuicrhi57hdseé tHat mi ned t hat
and Cd(11) binds to this site by the us
histidyl groups. StRdma€Dhawe | a/linag NAMRwn
t heraemf fi Mfiotr t his site fr[@@m@Q@both Cu(ll)
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g \\“N\/ Where X = H,0, CI', etc

Figure 2.10 Schematic of the MBS with a metal ion [66]

2.4.2.3 The Reduced Cys-34 Binding Site

Al bumi n i s hel d together bSyS-R1 7 wHi s bl j
interconlheeltisceshegi ving shape and struct
and subdomains. Ther e i s34o0nree stihiucel,atleo cf
subdomaiwvi t hin a clef¢tFioguh@d2cE8®H)i 2 adod a
i's suf vbcaocbdradiimon to a met al ion but due
suitable for simultaneous <coor dalnfagtri on.
those met al ions which can bind effect.i
singl esunegladr bond duent babblpAsu (Mer yanhi Ph
are thweklbsesmet al s that bifnd to this sit

SH s—m~

A S r’ﬁ\N N

H

Iz

Where M is a metal ion

X is other ligated species

Figure 2.11 Schematic of the Cys34 binding site with a metal ion
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2.4.2.4 The Non-Localised Site B

This site has not been | ocheelriesfeod el ncahe
within the protemns ttshdaite Gwnedreen {iathkalimsw

that only nitrogen | i ganyd tios3ef[WeIlcead wi
studies have shown that Site B is the pr
ions over the previoué$lly2thought NTS anc

2.4.3 Protein Interactions with Metals

One of the first eaveaenettipllhant oics us ulwvinemg

bi ol ogical media is theitadoeoaprnts oinmmddiaa
water and i ofr3,74dsoHpwhea@radsbr pti on of
mol ecules is a complex chracaede,r iwitt ltst h
the protein and the pH and iPonic streng
procé@yds ([Typically the metalli@aibi dmatmerd]
oxide (R8B8yeaenmpr ex@m@Pd Mo has a protsedtive
of Cr(ll1l) oxide, so the protein interac

Characteristics of the oxide such as sul
char actcehraragmegt rougdnkeg hedsorption of p
[75] .

Theraevweh been multiple reports that have

these met al i mpl ants are heavily relian
their tendebcyfoinbmfher mua f ac7@78of Thies aflil
acts as a trangiaernt t hadl ildwleuls the contr
abrasion to wear, with reports indicatirt

ranges belWweenrndp Yu79¥antfed that the ov
and thicknearmrsdkeotfe rtnhien ebd bvpea ttihees ,afucthhe s
as wettability and topography.
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Upon submnlee spromt ei ns are attracted onto
hydrophobic interbheadonshe whiod misc atnthe d
bonding interactions of the secondary a
[7581 Once present onhet hper ostwerifnraccean t hen i
met al elvea@atrostatic 0r8l] d mv aC€ ce@rt Mof oalclemsy s
interactionls aonfd tprepameetnda o stem from t he
protein with molybf@numdeMapbpbkncetrasio

pure Co, Cr,cdM™Mvotainnipm@teaolnuti ons with th
on the molybdédrumemstoalli ndrisehisn cuyrrent|
but it appears that the formationiof thi

mol ybdenum iamtde rtahcetriedmsr e t he presence o

Organic
deposition ) SRR I EARZE

Oxide Metal Oxide
formation

Metal

Figure 2.12 Shows the formation of a biofilm on the surface of a metal [82]

2.5 Corrosion

Corrosion i s a natur al process i n whi c
envirommest process occurs due t o83t her mo
This is a purely el édaterxacshtesmiaclaoln gpsri odcee sny
processaesoinThis section wcohceréenieregy t

corrosion of Dbiomedical all oys.

Met allic corrosion occrugdu edixieodnd(tosieadno x ) r r
reaction between the alloy and an oxi di
envirolB3@4ntAs itmpild edonsi sts of two reac:
required to initiate and sustain metal
reacti on ienvexcldVieom!| telte r ons from met al at
cations and free el ectronepuatTihen r2.al,t iwwlr
ia met al
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Equation 2.1 The anodic reaction

The cathodic reduction reaction is wher e
(EAS) i s(gaeiducefd H/ Thhes smaodt Ogo mmohhEAB O W
are solvated protons and dissolved o0Xxy_
being heavily dependent on the chemistr)
[84].

Equation 2.2 The possible cathodic reactions

-0 ¢O ¢Q ©° 00 Acidic CopHi)ti ons
-0 00 ¢Q©° ¢0O Al kaline CwmHdE7)X i ons
00 ¢cO ¢Q O 00Uy 00 Phpdhate Reduction
¢O ¢ o Hydrogen Evolution

Thelectric doubkeclbagede¢(EDLY O be a coml
of positive ions and mobil e e[84.c'threons,
conductivity of the metal and other el ec
these freeWmkrdmmétrahs.is submer gddecwwvi dbhy
hydration of ftoh ¢eaadmestthael 1[ieodndsrahlgocses of met

i onlseaving plhe i tcehvaarl gye d . As water | s a
when it ,iatdsmorribesnt s itself according to t
methahis causes the diffused ions to rem
defined by the radiud84of Thihei redyldtratio
separation at the interface, i nducing a

capacitor etl eche oimgtvaHiicnht ecdrmcbe mani pi
measure and quantify the corrosion of a
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inter fdependeanmul ti ple factors: el ectron
the chemisorption of aomifonmsata@amd mohecual
hydr at e d83B4.t iTohniss | ayer of charge separ a
Different models have been utilised to e
i nt ertfhaecesi mpl est i s knowhwha sc ht haet $Heatriersh o
the compensation of excess charge by a
the potenti al dropping [848eaflfhg SvVer nt me
i's more aumiviahncaedschematic of t hil%theayger
mod el des driishes btuhe on of charge in term
an outer di[@B8.si on | ayer

Stern layer | Diffusive layer
—

o
®

Electrolyte

Fi gurld8R@presentation of the double | ayer
met adubmerged in aqueous 8mmedi a. Adapted

The formation of this EDL can present c
the variety of different elements and c¢
body (i ons, i norgani c specwinecse, ofdr odxeiidis
agents are reduced as they diffuse towa
el ectrédows eagxhempleeducti on of oxygen to fo
reduction of phosphat esBdfoorfe rar aa fpthers pth
trdrs , mas s transport ,pwhheincohomedat ecrami n e
concentration of the reactants and prod
[85].

2.5.1 Thermodynamics of Corrosion

For corrosion oft hmearteermwmdt tlwe oxculher mod
force present . The Gibbs free energy c¢h
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(g)and en(@Boppairct s for a chemical reacti ol
for this process is shown in Equation 2.

Equation 2.3 The Gibbs-Helmholtz equation for the standard free energy of
the reaction [86]
Yo YO "YY
For a reaction that didndt B68B8BuK, apHsftTa
Gi bbs free energgh vwemuian ibquati on 2. 4.

Equation 2.4 Gibbs Free Energy change for the conditions of equilibrium
(balanced rate of anodic and cathodic reactions) at a given temperature [86]

YO YO YUYalg

Wher eeige$s the free energy change®fort hée
free energy chanwetbfei higeqgtuhielaichtriiounml £ on s
the val déonfthe& reacttilbean ishememgaacivieon
spontaneously as there is a greater el e
needed for the reacitiifont hteo voacl ¢cuudan einsHbpgmesvi
reacti onenwdo nddcur .

During a <corrbbeoat waoe acitdtoinnct t her mody
forces i n pl ayel athed cdhrimvicmad forces a
separ,wthiaem occurs as a direct result of
and migration of met al 88,8 démmabbées oah
measurabl e el ectri cal -spodtuetnitoinawih maiccérrocsasa et
be quantified via the following Equatior

Equat ib@n bbs Free Energy change e88]presse:

YO €O
Wherres the valance of the ion tObhat ngake
Faradayo6s const anctiig 9t6h & 0d infCfpavrddent dree B In
the electrode in question and a referen
cannot be,stmontihteorpeodt enti al must be refer:

is defined from a[80f. efEevreern ¢ é oarlgedaccta m godnd a la!
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be chosen f,drhet hiyshypmgiemten i on reaction
accept ésd raesl aitti vel ysheaas yr € we ressithalbd ihydr o

[83-86]. The tendency for a reaction to co
combing ebhat inAnesxampl e of the replacemen
copper and zinc is 6shbiwnthe Egaatiom @i
el eomotive f,obhea {(BEMF)yeaction is spont al

EMF meaning the-speadtimgmypd sacreanent react
exampl es of r.endlotxhirse atccki@amomlce e reacti ve |
reduces the ion onfettal’d (omre reactive

Equat iéecCmpder and Zinc replacement react

wE 006z WE 00

0 0 (0 T T e

The electromotive series rankel omeaotf it
according to their st,anthardekbbetedodgapm
depicted i.n TIhaibsl et a&2b.12e enabl es mul tipl e
el ectrochemic@&®l|l i mpactaonhstol hote that a
ref eerl etcot r odes witthieni ¢ a@RBCv st gt
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Table 2.2 Electrochemical series of standard electrode potentials for some
specified elements at 25°C [84]

El ectrode E°/V ( SHE)
géd(br’] Q084 +1.40
00 ¢Q O D0 od +1.19
"0Q Q ° "0Q +0. 77
006 ¢Q © ool +0. 34
¢O Qo0 0.00
0 € oQ O { ¢i -0.20
06€ QO 0c¢Ei -0. 28
"0Q ¢Q © "0d -0. 44
0i cQ O Qi -0. 76
WE QO wEi -0.76

00 'Qog"o N 00 -0.83
0w QO 0w 2.71
b QO 2. 94

This measured cell potenqualhnti ¢ avfi ven ewt

used to evaluate the Wwhedeatyopéncelltcuor
(OCP)The Nernst equation can be derived
2.4 into Eqhlasi des@riSbes the measur abl ¢
across an i dsecallutsieadn mentadr f acEHdoweaderrat e
systems not att h eeoqnuweil IUicdkirrogubne,c o me& eact i on
guoti ent tilisQsa measure of the relative &
reactants at a spspci fic point in time |

Equation 2.7 Nernst equation at equilibrium for a specific half-cell reduction
process [83]



WherethBepotsenti al ofi s htheestd afdardEcel |
is the ideal 'gnay ,canstsanthe( I tmpguraantturtey (
of electrons produced from the anodic h:
(CmHl with a being the chemirealctramdct i vi

2.5.1.1 Determination of the Activation Energy

The Arrhenipmprsow@mdeasri olnat wean the activat
of a reaction andd tchhe miempegr dteurms., t he ¢
t he mini mum neeneedrdg gt b wat come f or a c¢hemi
procdédeé. equation for th2 s®@hen sdhpminlye mg Efc
corrosion tpriosc epsoss@i pA&mtion sitdea d Qb s

an equilibrium of the[8nodic and cathodi

Equation 2.8 The Arrhenius equation [87]

Wheroei,s t heex pporneent iail s ftalted oagti vatli)yn ene
is the temperaturan®ifs tthlkee siydbd &I@ .34 cor
J madK?) .

To obtain the activation energycutrimenltog
density are plotted against the.i9nVleea se
gradoenthe graph is equal to th¥i dalt i etat
a .l [88] obtainedral ai nenship for i nvesti g:
adsor mt itchre ipresence of sal2idle fsarat Cagr N
BSA adsorbs via c¢ch®miasor2plt t.lothdnoagh etrh et h e
magnitud@tbé& s$heonger t het ybpoendssfo f é&r imend ,
al so be déhertmwmemdahant toygpresodcur are eit
chemical. Physisorption typically is a
smal | energy requi¥enenttshe( <f od&.ceksd ntoh a't
interactiopnsualreasve¥&n, Dehedeandi Sor pti ol
requires higher activation energies due
bet ween t H8) speci es
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Equation 2.9 Logarithmic form of the Arrhenius equation that relates to the
reaction rate

ofeic) 0
P Y
Q"Y
- %ﬁs
144

-16

@ NaCl

X Albumin: 5 mg/L
-18 | Albumin: 20 mg/L
© Albumin: 50 mg/L
O Albumin: 500 mg/L
-20 T T |
29 30 31 3.2 33 34
1T (K'10%

Ln (icor/A-cm?)

Figure 2.14 Effect of temperature and quantity of BSA on the corrosion rate

of CoCrMo (Arrhenius plot) [88]

The Eyrind Egqawatijodsn based on transition
j ust I i ke the Aremladnienss| ad d wantsiha mp bet w
temperature and[88.atlet oifs rfecarcmmedonf rom cor
2.8nd EqRra®Ondnenables the parameters of 1
to be de[Br mi ned

Equation 2.10 The Eyring Equation (Linear form) [89,90]

Wher®i s Planckos coidsdnts (Adr.agxdIr®do6s n
(6. 02ma® .hiTs equati on enabl es Y®)h ea nad ttihvea
activati oY) entor dopy dfertoemn mkd inreedt i ¢ data ob
pl otitlrgagai-gsitves a straight |ine with

y_) and the indtt‘:—eryc—ept being
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The si gnYOod eetit hien e s I f t he reacti on t he
endot hevremi cor( exot her mi ¢ ¥¥det)er miitihn g hie
reaction i s-vay)s oai adiisvsed89P §t i Are g stsvegi at
mechanism is wheraedstoreptpromc dsesadsf to or
compl ex f or mattihins odl ssg eicmpelsioecsc utrtsa tt on a |
internal structy8®,e@Qof the adsorbent

2.5.2 Types of Corrosion

There are many different forms ©Ohat heor:r
material, electrolyte present and the co
|l ocali zedwhemmatacé& is | imited to specit
Font @&rna p[resented a review of ei gthhi sdi f f
sectwiadn cover the types that are releva

2.5.2.1 Uniform Attack

This is the most common form of corros
chemical r pa otgir ;casvsettlayg rhe al l oys exposed
This reaction |l eads to thinning of the ¢

2.5.2.2 Pitting Corrosion

Pitting ixoarbesttywmdéd sedrrosion in which p
the all oy. This type of corrosion is au
occurring leading to the gradual9).or mat
Once a pit has foomedell Iigmakitadphrirbbedg
active as anodic reacti,omds ht sskue rpluaande nyg
acting as the cathode | eading to more br
to increase i8]lsize over time |

This is ondevastthepaim sctorrosi on, often |
of the joint with relatively |little mat e
a problem often seen on the underside of
in the presence ofnghé¢wovi9diznBerbkonmar ne
[98]lo bserimecd eased corrosion resistance to
with molybdenum addition.
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2.5.2.3 Crevice Corrosion

I n biomedical devicespyrsrwvibencoondsne
crevwbese stagnant fluid can accumul at e
9192 | nnboit &l thwhe anodic and cathodic rea:
within the system. Over time the f-luid

depl ewheidch cannot be replaced duwéd .t oTot he
enabl e the potentitala emienrignyu m owibteh ikne ptth ia

mai ntain the <charge, reduction reaction
outside of the crevice with negative i 0]
Q1. This | eads to a decreaseadimgthe @k

autocatal yResearabthas. shown thathbhéehis t
I i mi ttehdeplpy opri ate design and m@.eri al c |
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Figure 2.15 Schematic showing the process of crevice corrosion. Adapted
from [91]

2.5.2.4 Galvanic Corrosion

Gal vanic cordasei an odccfygesr emtcieasl ilmet ween
when they are submerged wihihs nt yap iccoanldluyc t
bone plates/ screws ar & hrmaegnettiod| dd if ff feereennt
driving forcewhifch hleeacdsactooa flow of e
met al s, |l eading to corrosi2bh. oThit el enads
all oy to act as an anode while thedenor e
and is therefore further protected. The
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by the distance between the acting el ect
and the environment 84 Asypassi egpmatdria
protectifviel oxondet he surface of the meta
corrosion is hindered dramatically comp:

92
2.5.2.5 Intergranular Corrosion

A ocrrosive attack t hatomfd efcemdanttial Ity e
boundarfi en abroygfecFhle Hibet we e n,arett had usg h

at a microgsicsopgquei tleeveilmi | ar . For CoCr Mo
chromium carbides precipitated along the
reducdid omium in the bVooanblatyThegdatc ed

chr om awme p odsissessipmitlieatta atlh aaéel bbby, l eadi n
gal vanianditrkcerinéef ore degif28dati on of the

2.5.3 Tribocorrosion

Tri bocoirss otshheonprocess of degradation of |
action of both mechanical processes an:
materials in tribol ogitchade monvwilr wrf md rhtes pa
oxi det Hii d m,be fhe ymdhdeamte cont act @meghaniesena
l ubrication. Oxrattaettit bpenofraeksbusl tphielps s no f
metal |l i c i onsA fsrccme ntalt @ ca Idpiasnptlipeyudl cagrs ¢ hi s
shown i n 6@beluovw 2.1

Wear debris Electrolyte

Passive film

Corrosion of active surface \

Sliding direction

Bulk metal

Figure 2.16 Schematic of the tribocorrosion process

Uhl i g[94tewasdne of the first to observe th
wear within fretting contacts. He went

33



materi al stemst fmeoaistmedae c hani cal wear an
accel eratedl hdleasribos i Bqu altlbeinn® . deduced, \
® i she volumel ot mamechahi awalr everae s eamtds
t hwol ume of maweali adacdt¢o®lsérated corrosi on

Equation 2.11 Total volume of material loss from a tribological system [94]

Howeyteri s model doesndét take into consi
occurs outsidetbe sabtedi imyafat-@aed siesd tait @n

or w®wayi aniitohnisre cthhaeni cs of . s@aher ebat acassy
approach neededcr pac choer da omrgs itdo, t ATM 06 Hal
tribocorrosion materi al | d<2t widstbhediensgc r i &
materi al | ost Oduwe nanleyr itad wWeoasrt, divesonl vy
the synergy due to the c®mbined wear anc

Equation 2.12 Systematic view of material loss from a tribological system [95]
Y o 6 Y
Y YY YY

2.5.4 Factors affecting the rate of corrosion

Wit hin t he body, met al i mpl acts r magiev eu
environment for | ong periods of ti me. T
heavily affected by thwstbButheuhdl  hgweng
playing a key rol e.

2.5.4.1 Composition of the environment

The compositiomdiohg té&evpsruaryrsoeumt miaj or r
det er mihne ngorao®i ameTmedtdailt.i on of oxi di s
to a solution | eads the corrosi oyt hpot en:
amount i s dependent on itaramd®grepdhent
concentration of oxidising agents needs
mi ni mum amount necessaryasotihducaupasda
to thelal IThye [presence of aggressive specl
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as €admcirease the rate of corrosion due t
92
2.5.4.2 The pH of the environment
The pH is defined as the measureiaf the
specific solution. Ati ams@i e€s whHt, | satn feaxrc e
al kal ia®e @MHcesd sofpr@Hdent . Under an acid
corrosion i mcrneaesagxrdbxe ptotenti al of the
raised from the *proeg@8leSicre gA7] eaixntvreas tH gat e
effect of pH on CoCr Mo alloys deter mini
increase the corrosion ¢b&kguzeltrhley edor @i
i ncr easniunngbcetfrh enet al ions released
a) =i [— 0.9%NaCl —25% BS — 50% BS|
25 V e o
20 1
< 15 X vl
s
§ 0
8 s
04 _— g e —p— —L
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Time /s
b) 30 1 [——0.9% NaCl — 25% BS — 50% BS |
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<« 204 Acidic nature
-~ 1 Higher current densities
s 15 T Dominates over other
g electrolyte differences
Q 104
0 200 400 600 800 1000
Figure 2.17 Current comparisons under abrasive wear corrosion for CoCrMo
in various simulated bodily solutions (a) pH 7.4 (b) pH 4.0 [97]
2.5.4.3 Temperature
The rate of corr bbteeomp @ rnactrweraes ecsoeass due t
mol ecul es having t he desired activatio
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el ectrochemical reactions, whi ch in tul
el ect PGl.ytTehi[s causes Oheibnanapmd el ectr
electrolyte or environment to increase
t he met al sur face, liemadirm@siton amatienc r A
t emper agthuer esat e has been seen to decreas:
stability, | owering the externhratcet dfod
corro&).on |

2.5.5 Protein effects on Corrosion

Thexiest ence of an adsorbed spierct esf adce t
cause alterations to the el ectr ocThheemi c al

presence olialpeeonr ekmewn to strongly infl
behaviour otfhemadtxeavd mtdisgQnsrmymued i pcteor s

i ncludeahboy composition, the ads@ampti on
the interactions of the prot[#in with t he
The el ectrochemCo@t MbeahVvoyps rwihtohr oaul gbhul nyi
been exami mede;ftoiryeasisomal pos@wi ne serur
al bumi n Uy tBESHI)s eaessi nigt 6s a modeYarmpref@tfealn o
notetdat eft hecft sBoSWo Cr Mo i s twehbhdteit c
di ssolution of the met al via bindibng to
mass | oss by ttlhe of o Mimat poevehtaon of col
due to protedowpr ebienaghte ir®l ease of met a
bl ocking key mechani sms suchtasseléowi o
the rate ngrbl. codhamsdloso result in oxide f
biofilm inhibiting charge transfer due t

and sol ubl 9] Bprrootdauict si § known to-reabitbionh -
by physicat hayc thilvoec ksiintges wher e oxygen r e

|l owering the ion release rate®9andunamr o
et . @AI0]J0 showed t his by i nvesti gattheng t
el ectrochemical behaviour of itvhee failll no-

charactByismndemottagkm chygn @mizat ismlashowed

t hat a Imb v mtisme potenti al i n t he cat hodi
increasing the passive curPrBe3anvidreomrsme iyt s
[1 0]O. The r eisnudlitcsat @ de 181 (Ffiugrutrhbeer 2 .elx pl an
potentiodymanic polarisation in section
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Figure 2.18 Potentiodynamic curves depicting the effects of albumin on the
corrosion potential of CoCrMo in NaCl and PBS solutions [100].

However, the pr essancseo obfe epnr ostheoiwins thoa e n h
of corrosion. The adsorption ofeadet gp:
oxygen deficiency, resulting in &5 weakert

Y. YalO]l[ observed using AFM (FigurS&A 2s19)
| ower than thameahi hbet8@aCr B&A can prom
transfer reacti on,roens utlhtei nagl liony éas hsiugrhfearc e
The formation of chel ates can occur as
i ons, t hedes aoampathren be transported awa
increasing di ssoanudt i voena koefn itnhge tanlel oiynt egr
Espall ar glaGl2obs emmrdi ncrease idi snodlybtdiea
wheBSAapresent within amaamgewbfendi hverse¢
the effects Thhe Go @roMarby | ptmgettailn i nter ac
depends on t he ¢ hsaurafca ceer i asWiiltchsie aadfls Aftenye a |
conduictretro wearartiaobutseg ®fnect s when st he o
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t he met al c hl otrhied ep rcootnepil ne xeelst er ed t he r e
affethfemtgur e performance of the alloy.
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Figure 2.19 AFM images of CoCrMo with BSA adsorbed on the surface (a)
Topography (b) Potential [101]

2.5.6 The Products of Corrosion

The rate of corrosion is affected great|
from corr osanonb.e Tdheefsienecd 1 nt84 :t hree basi

9 Dissolved ions
i Porous films
i Passive films

Hydrated cations or complexes that can d
the product of corrosion of 8#het aMolriec oafltl
thantmety play no role in the rate of col

Under basic or neutr al environments, t |
slightly soluble. This causes them to pr
as either metal salts or ayploroxudefsi lcra.v ¢
films do not protect t;hedegl bayyf homdeor t
which it B@kedAnplxaep|l e of this is rust
surface.
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On certain metal s, there ilatt hectf®rasatda ol

to the environment shielding the alloy
di mini shed rate of corrosion. These film
spontaneously on the surface of the met
meal s have shown compact film formation

2.5.7 Technigues to measure corrosion

The use of a potentiostat and a cell (typically three-electrode) are required to
determine the corrosion behaviour of an alloy. A standard three-cell electrode
is comprised of a working electrode (WE), a counter electrode (CE), and a
reference electrode (RE) (Figure 2.20). The potential of the WE is measured
against the RE, which is usually an individual cell with a metal submerged in
its respective metal ion electrolyte, providing a stable potential.

The potentiostat measures the potential difference between the WE and RE
and can apply an overpotential to the WE, enabling electrochemical conditions
to be investigated. To undertake this, a current is enforced between the WE
and CE either by applying/withdrawing electrons. This alters the potential of
the WE, with its direction determining if it is anodically or cathodically
polarized. This circuit is complete due to the flow of an ionic current through
the electrolyte between the WE and CE.

rowersupply  Potentiostat

Voltmeter

=2 L=
Amn:?tf;_ag @< |

%

Counter \ Reference

Electrode (CE) Electrode (RE)
Working Electrode (WE)

Figure 2.20 Schematic of the three-electrode cell setup. Adapted from [51]
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2.5.7.1 Open Circuit Potential

The OCP, also known as the free corrosion potential, is the difference in
potential between a working and a reference electrode when there is no
current present. Therefore, the cathodic and anodic reactions occur
simultaneously at the same rate. By examining the OCP as a function of time,
information about when the system is at a steady state can be identified. This
measurement can also represent information about possible chemical
reactions that can occur on the surface of the WE.

The direction of the change in the potential is determined by how the EDL
adapts to the electrolyte present; if the potential tends towards the anodic
region, then typically, a passive film is formed on the surface, which protects
the alloy [83]. Whereas if the potential tends towards the cathodic region, then
typically, the surface forms a porous hydroxide layer, which only slows the
rate of corrosion [83].

2.5.7.2 Potendiodynamic

Passive mgtoLllrdMo()e ar e knowanp atsos i evxeh ibbeihta vai
which can be mani pul ated by t hnee acsounrdeidt i

by wutilising electrochemical techniques.
showor a typically pa@sdihles med alibger tFaik
continuously increasing the potential di
WEand®E iTh is known as a Taf el or Evans

accessing the corrosion behaviour of an

The rate ofco)cocamshonddtier mi ned by extr
sectobnshe grappl awheekr et ot hehgedti mitwehr ése ¢t

the rate of the anodic and cathodic reac
s knowdrrdAs BPotentials bel ow t hajt hoef t he

all oy is a net cat hode. On ceoy tthhee apl ol toeyn
becomesanodetand undertglhies ic®rkowmseswonas

state. The alloy remains in this state
i nduce paspyi,varteisounl t(ilhg i n acrdmOHsBSi B cCcul

passive film has bkl gpudweebamegd tche al l
environméest i s known as t he psasismpvoer tsatnatt
note that corrosion does stil!l occur bt
passive film wild!/ br eakdtoowna i dertthagi np ovt ae
which is highly dependent on the alloy
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Figure 2.21 Typical anodic dissolution behaviour of an active-passive metal

[25]

I n regards to CoCréMeenmnl molysi ptbestulimes
investigating the passive nature of the
a drastic impact on the el eclhaiorcd eaifceadt
by the presence,iofe.i mpdagspmwedt disoanss t he pr
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organi c uadz edt]0dMbbserved that the prese
| owegrhee corrosion rate of the alloy in ¢
they act as anodic inhibitors shifting
Whereas BSA was se@mctondcéctbhidcdpraatsh®@as
rate of t he allogrrboypdatedmntfitalngt ¢ hé ower
increasing the passivation current (Figt

2.5.7.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is a procedure in which the characterisation of the metal/electrolyte
interface can be determined in terms of the potential applied and the influence
of external factors such as the composition of the electrolyte, the pH of the
solution, and the oxygen content. When CoCrMo is investigated under
OCP/Passive conditions, it displays typical passive behaviour characterised
via a semi-circle arc (capacitive behaviour) and high values of impedance
[100,104,105]. Munoz et al. [100] observed that phosphates increase the
corrosion resistance of CoCrMo under both OCP and passive conditions,
whereas BSA was seen to shift the phase angle to lower frequencies under
passive conditions but decrease the resistance of the film at OCP (lower Rout).
This would be due to the different rates of film formation that occur at these
two potentials; as BSA is a relatively large molecule, it's more likely to interfere
with a slow growth process such as OCP.

This method measures the response of an electrode to a small amplitude (10
mV) of sinusoidal potential at various frequencies, with impedance being the
tendency of the circuit to resist the flow of alternating current. The
mathematical expressions are shown below:

Equation 2.13 Relationship between the Impedance, applied potential, and
the resulting intensity [104,106]

(0 )] 08 T1107Q . AT Vo
™ o&kioq - “Eioaq .-

&

Where the sinusoidal potential is represented as O 0, with O being the
amplitude of the wave (V), and the radial frequency is defined as ¢t Q
This potential induces a sinusoidal current “O0 , which is present in a shifted
phase () with an altered amplitude. The correlation between the potential
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applied and the resulting current is known as the electrochemical impedance
(2).
The use of Euler's relationship allows the representation of these functions in

the complex plane. Therefore the impedance is represented by the vector total
of both the real and imaginary parts [104].

Equatilogmp Rl.i cati on of Eul ers Rl @&l 6]

OQ O Q& Qi Q-

Where Q p is the imaginary number

To characterise impedance, the magnitude must be specified along with the
frequency and phase angle at which it is measured. These parameters are
plotted on Bode and Nyquist plots, which are commonly used to display EIS
data. For the Bode plot, the modulus of the impedance and the phase shift are
both on the y-axis as a function of the logarithmic frequency. The Nyquist plot
is where the impedance is on the complex plane, so on the x-axis is the real
part and the imaginary part is on the y-axis for different frequencies, examples
of these plots are shown in Figure 2.22.
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Figure 2.22 Examples of EIS spectra a) Nyquist plot b) Bode plot [104]
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2.5.7.3.1 Interpretation of EIS data

To interpret the impedance data obtained, an electric model of a combination
of electrical elements must be applied to the experimental data with a suitable
fit. The most common electrical elements are listed in Table 2.3. Mektikos et
al. [107] defined three guidelines for obtaining a good data fit:

1. Utilise the minimum amount of electrical elements to define a cell

2. Obtain a suitable value of chi-squared error (X2<10%)

3. Errors associated with each individual electrical element should be less
than 5%

Table 2.3 Typical components of an electrical system
Element Physical Representation

Equates to charge transfer across a particular

Resistance (R
R) interface (i.e. metal/electrolyte)

Capacitance (C) Ability of a system to store electric charge (EDL)
Inductance (L) Resistance to oppose a change in the electric current

Represents linear diffusion whilst exposed to semi-

Warburg (W
g (W) infinite conditions

The simplest circuit to describe a corrosion process is the Randles circuit
(Figure 2.23). It is formed of solution resistance (Rs), a double layer
capacitance (Ca1), and charge transfer resistance (Rct). This circuit is used as
the starting point for other more complicated systems which are dependent on
the applied conditions and environment [104,106].

Rs Cdl

11

_V VvV 11
Rct

Figure 2.23 Example of the Randles circuit

When fitting a cell, a constant phase angle element (CPE) is used in the place
of a capacitor seeing as it accounts for the non-ideal behaviour of the
capacitive elements. This arises due to physical phenomena that occur in real-
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life situations such as the heterogeneity of the surface which is a consequence
of surface roughness, impurities, dislocations, and the existence of grain
boundaries [104]. This application seems to be commonplace within the
recent literature [100, 104, 105].

Equation 2.15 Electrical expression of the CPE

W] ®w Q

Where & is the constant of the CPE, and ¢ is its exponent. Depending on the
quantity of &, CPE can either represent resistance ¢ 1 'Y, a capacitor
¢ phd 6 orwarburgimpedance ¢ T@®hD & [104]. If the value of
¢ is between 0.5 and 1, then the CPE defines the allocation of dielectric
relaxation times within the frequency space.

Helsen [108] was one of the first to relate the obtained capacitance to the
thickness of the film, with the following expression being determined:

Equation 2.16 Relation of capacitance to film thickness [108]
0

° 71

With U representing t he- isthepmitvigoftid el e ct
vacuum, with 6 being the area exposed to the electrolyte (cm?) and ‘Qbeing

the thickness of the film (cm). Namus et al. [105] utilised this expression

alongside EIS and determined the thickness of the passive film under OCP

conditions to be between 0.7 - 0.9 nm, increasing with the time the condition

was applied. This obtained value is concordant with other research, Munoz et

al. [100] obtained a thickness of between 0.8 - 1.0 nm for the thickness of the

CoCrMo film at OCP conditions from AES depth profiling.

2.6 The Passive Film

Passivation is the creation of a protect
due to the spontaneous oxidatiooaonsi she
of metal oxides and hydroxides, the comp
med | and the surroBfd)ing environment
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Equation 2.17 General pathways for the formation of metal oxides and
hydroxides
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This thickness inctrheecasateoubdzieeodueotl gb
in comparison to chromium.

2.6.1 Growth of the Passive Film

There are two prevailing theories within the literature in regards to the growth
of a passive film, the High Field Model (HFM) and the Point Defect Model
(PDM). The key differences are that the HFM states that whilst under
potentiostatic conditions, the strength of the electric field within the oxide film
decreases as the film gets thicker, whereas within the PDM, the electric field
strength remains constant throughout [112,113].

2.6.1.1 High Field Model

The HFM was originally put forward in 1935 by Verwey, with modifications
coming later on, first by Cabrera and Mott and then by Fehlner and Mott. The
base model states that growth of the oxide film exclusively occurs at the
film/electrolyte interface with no dissolution of the alloy occurring. This model
assumed that the strength of the electric field has no upper limit but decreases
as the oxide film is grown, shown in Equation 2.17.

Equation 2.17 Passive film growth expressed as a function of time [112]
Q0 Q
—_—. o
Qo

Where L is the thickness of the film, A and b are constants that vary depending

on the properties of thealloy,and U i s the electric field
into account the potential drop occurring across the film, Equation 2.18 then

becomes:

Equation 2.18 Passive film growth accounting for the potential drop [112]

Qo 0Q

¢

Where V is constant for potentiostatic conditions, this equation states that as
time tends to infinity, then so does the thickness. As the length increases, then

the dL/dt tends to zero, as this rate is proportional to the ionic current as time
tends to infinity, then the current tends to zero. Aligizaki et al. [112]
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experimentally determined that the film thickness reaches a true steady-state
with the current reaching a constant value but never being zero.

The modifications of this model were undertaken to include dissolution at the
interface, enabling analytical relationships to be derived between the
maximum film thickness and passive current density as well as the potential
applied and the pH of the environment. However, the newfound dependency
of the current on the voltage was later found to be in disagreement for systems
that conform with the initial assumptions.

2.6.1.2 Point Defect Model

In 1981, the PDM was put forward by Macdonald and built upon later on to
account for film dissolution. This model describes the growth of a film
alongside the processes that form/deform vacancies within the interfaces. Just
like with the HFM, this model implies that the occurring reactions at the
metal/film interfaced are rate controlling. Although PDM attributes the current
drop to the decrease of the potential drop at the metal/film interface as
thickening of the oxide film takes place instead of the decrease of field strength
with oxide film growth [113]. This is indicated within their equation for film
growth:

Equation 2.19 Rate of film growth under potentiostatic conditions [112]

Q0

— o o
Qo @

Where & and @ are constants depending on the kinetic parameters of the
interfacial reactions, with Gbeing the dissolution rate which is dependant on
the electrolyte properties. When under steady-state conditions with no
alterations to the oxidation state upon loss of cations from the film, Equation
2.20 yields for the steady-state film thickness Lss:

Equation 2.20 Steady-state thickness Lss [112]

" p I cemeoc T, p . . Q
—_— - — — 1 =
v - ® | L - r]O| v Q
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Figure 2.24 The proposed anodic dissolution mechanisms in the presence of
aggressive anions such as chloride (a) Anion penetration (b) Dissolution
through defects (c) Anion adsorption. Adapted from [84]
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2.6.2.3 Dissolution via Wear Accelerated Corrosion

Wear can drastically increase the corrosion rate by leading to local thinning
and even removal of a passive film. Models have been used to describe this
phenomenon which assumes that plastic deformity occurs at the point of
contact between the asperity and the alloy and follows A r ¢ h aappioach
[116]. Local breakdown of the film and corrosion of the fresh surface is implied
by the plastic deformation of the asperity junction, with new asperities being
formed as a result of sliding [117].

Mischler [117] described a continuous local depassivation/repassivation
process of a passive metal in terms of accelerated corrosion current ‘Qthis is
demonstrated in Equation 2.22. Where "Qis the proportionality factor which is
dependent on the total number of asperities in contact with the alloy, 0 is the
velocity at which sliding occurs, 0 is the charge density of passivation, "O is
the normal force, "Ois the hardness of metal indentation, and exponent Qis a
function of the contact geometry.

Equati d2aWear accelerated corrosion desc
continuous |l ocal depassivati dnl]r epassi Vve

o
&)
C

ol o
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Equation 2.23 The passivation and dissolution pathways for an active-
passive metal
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The total anodi c,tchuerrreefnotr epr oduced i s

Equation 2.26 Shows the total anodic current produced from repassivation
[118,119]
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Experimental data --1st order —2nd order
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Figure 2.25 Comparison of a first and second-order fit for CoCrMo in
simulated bodily fluids [123]
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Chapter 3
Experimental Methodology and Techniques Utilised

3.1 Introduction

The following chapter summarizes the experimental procedures utilised
throughout this project and gives a detailed outline of the workings of all of the
techniques. This includes sample preparation, electrochemical
measurements, surface chemistry analysis, and electrolyte analysis.

3.2 Experimental Setup

3.2.1 Metal and Electrolytes under Investigation

The alloy under investigation was low carbon (LC) CoCrMo (ASTM 1537-94).
Plates with a thickness of 3 mm (& = 6 mm) were cut from rods which gave a
face surface area of 0.28 cm?. Table 3.1 indicates the composition of the alloy
under investigation according to ASTM [124].

Table 3.1 The weight composition of LC CoCrMo (ASTM 1537-94).
Published previously within [125]

Other

Co% Cr% Ni% Mo% C%
Elements

LC CoCrMo 66 27 0.2 55 <0.04 -

Corrosion of CoCrMo was simulated in 100 mL of the following environments:
saline (0.9%) and phosphate-buffered saline (PBS), with varying amounts of
bovine serum albumin powder (BSA, 96%, Fischer Scientific) present which
ranged from 0 to 4 g/L. The composition of PBS is shown in Table 3.2.

The saline solution signifies basic bodily fluids seeing as it contains a
comparable level of chloride ions to a person. The impact of phosphates on
the alloy was evaluated using PBS solution, which was made from PBS
powder (98.9 g forms 10 L of solution, Fischer Scientific). BSA was used to
simulate a more natural environment, due to it being a model protein of human
serum albumin (HSA) as it possesses similarities within its shape (spheroid,
3.8 nm x 3.8 nm x 15 nm), composition (583 amino acid residues, overall
negative charge), binding sites and molecular weight (66.5 kDa) [88,126]. The
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use of BSA for all forms of research allows for standardisation between
different research whilst also being easily accessible [126]. Albumin was
investigated due to its low relative weight and high concentration within the
serum; therefore, due to the laws of mass transportation arrives first at the
implant and plays a key role in initial adsorption [62,75,88]. The experiments
enable the effects of protein to be observed and how changes in its
concentration affect the corrosion behaviour of CoCrMo and any possible
mechanisms that take place.

Table 3.2 Indicates the individual components of PBS solution. Published
previously within [125]

Concentration Concentration

Compound ol /)
NaCl 137 8.00
KCl 2.70 0.20
NazHPO4 10.0 1.44
KH2PO4 1.80 0.24

3.2.1 Sample Preparation

The metal samples were mechanically polished utilising a Grinder Polisher
(Buehler, DE) to attain a surface roughness (Ra) of ~10 nm. Firstly, wet
grinding of the sample using SiC paper with a coarseness of 120 was
undertaken followed by 320,600,800 and 1200. Then the sample was polished
using a diamond suspension of 6 microns followed by 3 microns to obtain a
mirror-like finish to the surface of the sample, which will undergo testing. The
freshly polished sample was then washed with deionised water and dried
using compressed air; this procedure was done immediately before the
samples were used.
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Figure 3.1 Surface of the freshly polished CoCrMo surface via White light
interferometry (Ra~10 nm)

3.3 Electrochemical Techniques

Throughout this research, electrochemical techniques have been used to
assess corrosion, passivity, and the role of the Ilubricant on the
electrochemical properties of CoCrMo surfaces. A post-test assessment was
used to determine any mechanisms that have taken place. This meant a
custom electrochemical cell had to be developed, enabling samples to be
easily transferred to the different analytical instruments indicated within Figure
3.2.
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Figure 3.2 The designed sample holder used for the electrochemical tests
(acts as the working electrode). Published previously within [125]

The sample is linked to the potentiostat as it rests upon a copper plate within
the holder, which was soldered to a wire enabling a connection to be made. A
guality connection of the sample/copper plate was ensured via a detachable
lid and an O-ring which is held tightly in place with screws. The use of the O-
ring also helps prevent any solution from getting through to the copper plate.
The total surface area of the sample exposed to the environment was 0.13
cm?. Utilising this holder also meant that after electrochemical testing was
complete, the sample could simply be withdrawn for surface analysis.

The electrochemical behaviour was analysed using a potentiostat (Princeton
Applied Research potentiostat/galvanostat Model 263A) which was controlled
via a computer. The electrical impedance was measured using the Multi
Autolab (Metrohm M204), which utlises the FRA32M module, as this
measurement was not possible to undertake on the Princeton. For all of the
electrochemical experiments, a three-electrode cell was utilised, which
consists of a working electrode (WE), and a combination reference/counter
electrode which consists of an Ag-AgCl reference electrode (3M KCI) and a
platinum counter electrode (CE). This reference electrode (RE) has an offset
of 0.222 Vske [127].

All of the electrochemical tests undertaken were completed at least three
times to provide reliable data. An example of the reproducible data is shown
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in Figure 3.3; the data is for a potentiodynamic scan of CoCrMo within a saline
solution.

Run 1
Run 2

1.0 -
Run 3

0.8
0.6 4
0.4

0.2

Potential (V)

0.0

-0.2

-0.4

-0.6 T T T
-8 -7 -6 -5 -4 -3 -2

Log (i) (Acm?)

Figure 3.3 An example of reproducibility for the electrochemical experiments
conducted, potentiodynamic scan for CoCrMo in a saline environment

3.3.1 Open Circuit Potential (OCP)

As detailed previously, the OCP is the difference in potential between the WE
and RE when there is no current present. As such, the rates of the anodic and
cathodic reactions are the same. The OCP for all conducted tests was
observed for 1 hour to let stabilisation occur, with the rate of data collection
being at 1 point per second.

3.3.2 Potentiodynamic Polarization

The overall corrosion behaviour of CoCrMo was assessed by undertaking
both anodic and cathodic polarization curves within the different electrolytes.
For these experiments, the potential is continuously scanned either in the
anodic or cathodic direction with respect to OCP; the corresponding current is
recorded throughout the scan. Separate scans were undertaken to avoid
unnecessary damage to the surface due to drastically shifting the potential
from cathodic to anodic. Munoz et al. [100] observed this phenomenon in
conducted electrochemical tests with CoCrMo in differences of up to 0.65V
between the OCP and Ecor When tests were done in one complete scan.
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Polarization of samples was conducted by stepping voltage either up to 1Vre
for the anodic tests and down to -1Vge for the cathodic ones with a step height
of 0.167 mV/s. This is the standard ASTM scan rate, with faster scan rates
often leading to distorted data due to the sample able to stabilise at each
potential resulting in more active noise and key values (passivation potential,
breakdown potential) occurring at more positive values [127]. For the anodic
scan, a backward scan was also included ( 50 0 &)Adr ¢then anodic
potentiodynamic experiments so that the repassivation behaviour of the
material could be investigated. This gave a deeper insight into understanding
the corrosion mechanisms of localised corrosion via comparing the current
density of the forward and backward conditions. An example of an annotated
anodic potentiodynamic graph for CoCrMo in PBS is shown in Figure 3.4. Key
data that was extracted from the graph was the corrosion potential (Ecorr), the
passivation current (ip), the breakdown potential (Eb), and the repassivation
potential (Er).

1.0
0.8 4
0.6 4

0.4 4

0.2 4

Potential (V)

Passive region

0.0
Anodic Region

-0.2 4

-
Ec r

-0.4 -

] Cathodic Region
-0.6 T T g T T T T T T T
-8 -7 -6 -5 -4 -3 -2

Log(i) (Alcm?)

Figure 3.4 Annotated anodic potentiodynamic graph for CoCrMo in PBS
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Tafel analysis was used to analyse the polarization graphs occurring at the
Ecor by identifying the linear portions of the anodic ( § and cathodic ( §
slopes. These slopes were established within the linear region 100 mV
above/below the OCP, with extrapolation being undertaken to the point at
which these lines intersect; the potential of this intersection is the corrosion
potential (Ecorr) with the current corresponding to (icorr) [83].

0

Sl ope

-0.1 -

E (Volts)

02 L Sl ope

0.3 1 Lol 1 Lol 1 Lol 1 [ ]
10 10°® 107 10° 10°

| (Amps/cm?)

Figure 3.5 Example of Tafel extrapolation process for CoCrMo in PBS
solution. Published previously within [125]

The passivation current (ip) was taken from the potentiodynamic scan when
the current became stable due to passivation. Breakdown of the passive film
was taken from the point at which extrapolated passive and trans-passive
lines intersected (Figure 3.4) [83]. Repassivation occurs at the point in which
the forward and backward scans cross one another.

3.3.3 Potentiostatic Polarization

Potentiostatic polarization involves measuring the current density when a
specific potential difference is imposed on the system (i.e. between WE and
RE). These experiments were undertaken to investigate the effects of
potential on the corrosion kinetics and properties of the alloy; thus, for this
study, three voltage regions were studied based to observe this, which were
based on the potentiodynamic polarization observations:

1 Cathodic (-1 Vrg)
1 Passive (+0.1 VrE)
1 Transpassive (+1 VRe)
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The cathodic potential was chosen to observe metal/environment interactions
as the applied potential is more negative than that of the standard reduction
potential of Cr/Cr?* enabling the removal of the oxide film, yet sufficiently
noble to not produce hydrogen [128]. This passive potential was used seeing
as it is well defined within the passive region for all of the conditions
investigated, with OCP being used as a comparison that the effect of potential
has on the passive film. A transpassive potential was chosen to see how active
corrosion affects the surface of the alloy and how this alters interactions with
the environment.

Each potential was applied to the sample for one hour, with the resulting
currents being samples at a rate of 100 Hz.

3.3.3.1 Charge of Dissolution

The total measured charge (Qr) at anodic potentials can be determined by
integrating the current-time graph obtained, assuming only anodic oxidation
occurs. An example of this is depicted within Figure 3.6; the integration is
equivalent to the area underneath the current-time data obtained. The use of
ICP-MS alongside this enables the comparison of charge contributions from
all of the different factors in place.

PBS
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Figure 3.6 Integration of the current-time graph obtained for passively
polarizing (+0.1Vre) a CoCrMo sample in PBS solution
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For certain conditions (OCP and Passive), the total measured charge is equal
to the growth of the oxide (Qfim) and the number of ions lost to the solution
(Quiss). As all conducted tests were undertaken in aerated conditions, a
contribution from the reduction of oxygen (Qo:) is possible. Therefore it is
possible to deduce that the total measured charge (Qt) can be represented by
the following:

Equation 3.1 Contributors to the total measured charge for OCP and Passive
conditions [102]

By taking into account that the oxide film is mainly comprised of chromium (1)
oxide (Mw = 152 gmol?), which has a density ( } of 5.22 gcm3. Utilising the
literature, we can assume a thickness of 2 nm when polarized at passive
conditions, the charge of film formation (Ccm?) can be determined by using
Equation 3.2 [100,102,105].

Equation 3.2 Determination of the charge contribution towards film growth

. ¢Qt O
0 —_—
y

The stoichiometric factor of Cr within Cr203 is represented by the two times
multiplication factor (2 Cr atoms in each molecule of Cr20s3), d is the thickness
of the film formed (m), ncr is the valence oxidation of chromium, and F being
the Faraday constant.

The use of Faradayodés | aw allows for the
ions from ICP-MS analysis into the total charge lost (Equation 3.3).
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Where s s is the concentration of each ion present in the solution, T is the
valency of oxidation (Co(ll), Cr(lll), Mo(IV)), V is the volume of electrolyte used
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(100 mL), F is the Faradays constant with O- is the atomic mass of each
metal.

3.3.3.2 Repassivation Investigation

To investigate the kinetics of repassivation, potentiostatic polarization was
used. A sufficient cathodic potential was first applied to the WE to remove the
passive film (-1Vre for 30 mins) before shifting to a passive potential (+0.1Vre
for 30 mins) and monitoring the current transient formed. These times were
chosen as it provides the system more than enough time to reach steady-state
for each section whilst keeping the total time under potential consistent,
enabling post-assessment comparisons to be able to be drawn up against the
standard potentiostatic tests. The resultant currents were sampled at a rate of
100 Hz. An example of the current transient formed is shown in Figure 3.7.
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Figure 3.7 Repassivation investigation for CoCrMo in PBS, repassivated at
+0.1VRe

Analysis of this transient was then undertaken by fitting to a second-order
decay curve (theory explained in Section 2.6.3) to obtain the kinetics of the
reaction as it accounts for the complexity of the film growth [83-86]. This fit
was applied by the use of Origin Pro and shown in Figure 3.8; for clarity, the
difference between the first-order fit is also indicated.
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Figure 3.8 An example of the differences between the first order (blue line)
and second-order (red line) exponential fits for CoCrMo repassivated at
+0.1VRe in PBS. Published previously within [125]

3.3.4 Electrochemical Impedance Spectroscopy (EIS)

In this study, the Cathodic (-1 Vre), OCP, Passive (+0.1 Vre), Transpassive
(+1 Vre) were investigated to determine differences in the properties of the
surface.

The samples were polarized for 10 frequency decades from 1 mHz to 10° Hz
with an amplitude of £10 mV. To investigate the mechanisms behind the data
obtained, an equivalent circuit was applied to the data; this can be applied as
electrochemical systems often behave as simple electric cells. For all analysis
undertaken, the Randles circuit was used as the starting point with more
complex features adding depending on the features present [104,107]. This
analysis was undertaken by using the Nova 2.1 software, strictly following the
guidelines set out by Mektikos [107].

Examples of EIS results for passive conditions are shown in Figure 3.9a; there
are high values of impedance present (~40 K q ¢ 3with capacitive behaviour
indicated via the semicircle shape obtained; this could be caused via two
superposed semicircles. The first time constant relates to the oxide resistance
(Rin/Cin), whilst the second corresponds to the resistance of charge transfer
(Rout/Cout). As always, there is also the resistance of the solution (Rs). A
constant phase element was utilised instead of a capacitor seeing as it
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accounts for the non-ideal behaviour of the capacitive elements which arise
due to a variety of different physical phenomena such as the heterogeneity of
the surface, this is a direct result of surface roughness, impurities,
dislocations, and the occurrence of grain boundaries. This cell (Figure 3.9a)
shows a good fit with the raw data obtained and has been used to model
CoCrMo alloys throughout the literature [89,100,104]. The data obtained for
OCP conditions were similar, resulting in the same cell being used to fit the
data; this would be due to both conditions possessing a passive film on the
surface of the alloy.

For the cathodic conditions examined, in Figure 3.9b, the obtained plot is
comprised of a small-semi circle located at high frequency, which is followed
by an increasing line at lower frequencies. This implies the existence of a
diffusion-controlled reaction which is characterised via Warburg impedance
(W). The data was fitted to the equivalent circuit presented in Figure 3.9b and
shows a good fit. Vidal et al. [104] also found this circuit to be the best fit for
these conditions

The spectrum obtained under trans-passive conditions is characterised by the
high frequency capacitive, which reflects the high field-assisted migration of
defects in the alloy [104]. There is then an inductive loop (L/R) at medium
frequency due to the relaxation of the corrosion product charge formed at the
interface formed by the number of cation vacancies [104]. At the lowest
frequencies, Faradaic pseudocapacitance is detected, indicating the presence
of an inner layer (CPEin/Rin) which originates due to electroporation of oxidants
present onto the electrode [104,129]. A good description of this cell was found
indicated in Figure 3.9c.
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Figure 3.9 EIS data obtained for CoCrMo in PBS for the various conditions,
showing a suitable fit with their respective equivalent circuits (a) Passive
(+0.1Vre) (b) Cathodic (-1Vre) (c) Trans-passive (+1Vre)
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3.4 Surface and Chemical Analysis Techniques

A range of surface characterisation techniques were employed to obtain a
deeper sense of how the surface is affected by the potential applied and the
surrounding environment. Techniques have also been utilised to analyse
changes in the environment due to the corrosion of the alloy.

3.4.1 Optical Microscopy

A Leica DM6000M Microscope was used for the physical observation of the
changes in the surface of the alloy post-test. LAS V3.8 software was used to
capture high-definition images on a variety of lenses (x5, x10, x50). This
microscope uses light and a variety of lenses which the power of magnification
is dependent on, to view enhanced images of a sample. This enables a quick
insight into the structures of corrosion produces.

3.4.2 White Light Interferometry (WLI)

The Bruker NPFlex was utilised to acquire a 3D image of the CoCrMo samples
investigated. This is a non-contact technique that uses white light to form the
image of the surface; the 3D profile is built up due to the differences in path
lengths of the white light and the sample surface. The software used to take
key measurements such as surface roughness from a CoCrMo sample was
Bruker Vison 64.

3.4.3 Scanning Electron Microscopy (SEM)

SEM uses a highly focused beam of electrons to generate a high-resolution
image on the nanometre scale due to the use of electrons which have much
shorter wavelengths than the wavelength of light used in optical microscopes.
The images were obtained by using the Hitachi TM3030Plus benchtop
microscope in secondary electron mode, with an operating voltage of 15 keV.
Three areas (25 ¢ m x ¢ & pf each analysed sample were undertaken to
ensure reliable results were obtained.

After the sample is mounted in the machine, the chambers are evacuated by
the use of a vacuum so that there is no disruption to the electron path. The
image is formed due to the scanning of a focused beam of electrons over the
surface of the sample. Due to the supplied electrons possessing kinetic
energy, it causes the emission of electrons from the outer shell of the sample.
The relaxation of electrons within the sample to account for this change then
leads to the emission of X-rays which possess specific characteristics of that
particular element. The presence of elastic scattering can cause some of the
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electrons supplied to be reflected off the sample; these are known as
backscattered electrons. These secondary electrons, backscattered
electrons, and X-Rays produced from the sample due to the interactions of
the sample and electron beam are collected and formed into images.
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Figure 3.10 Schematic of a SEM [130]

3.4.4 Energy Dispersive X-Ray Spectroscopy (EDX)

EDX is an analytical method for the identification of the elemental composition
of a sample; this is used in conjunction with the SEM. The experiments are
also being conducted upon the Hitachi TM3030PIus as it possesses an EDX
mode. This is a non-destructive technique that detects emitted x-rays from the
sample due to the bombardment of the sample with an electron beam. These
X-Rays are used to characterise the elemental composition of the surface due
to the differences in their energy values.
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3.4.5 Focused lon Beam (FIB)

This process, alongside Transmission Electron Microscopy (TEM), was used
to determine the thickness, composition,andmor phol ogy of t
after being exposed to an electrolyte on the nanoscale.

To undertake this, an area of interest on the sample was identified (Figure
3.11a), with that section then being prepared for TEM by use of the FEI Helios
G4 CX DualBeam. To safeguard the alloys surface during this preparation
phase, a layer of Pt was deposited upon the surface (Figure 3.11b). Either
side of this layer was then milled away to around a depth of 10 em by use of
the ion beam (Figure 3.11c). The sample was then attached to a
micromanipulator and cut free from the alloy by severing the remaining
attached side using the ion beam (Figure 3.11d). This sample was then
attached to the stage with the micromanipulator, then being severed from the
sample (Figure 3.11e). Further thinning of the sample was achieved with
milling using Ga+ ions with an energy of approximately 5 kV to give a final
thickness of between 50 - 100 nm so that the sample was electron transparent
(Figure 3.119).
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Figure 3.11 The preparation process of FIB-SEM of the TEM section (a)
Surface pre-treatment (b) After deposition of the Pt layer (c) Removal of
material either side of the Pt layer (d) Removal of sample from bulk material
(e) Attachment of sample to the stage (f) Sample prior to thinning (g) Sample
after thinning to 50 - 100 nm (h) Close up of the examined section

3.4.6 Transmission Electron Microscopy (TEM)

TEM is another microscopy technique that utilises electrons to form an image.
In this case, a high energy beam of electrons is aimed across an extremely-
thin sample (<100 nm), with the interactions between the electrons and the
sample being used to form an image. This thickness of the sample is key as
the electrons must be able to transmit through the sample. This formed image
is then amplified and focused onto an imaging device which enables extremely
fine details of the inner structures (dislocations and grain boundaries) of the
sample to be observed and analysed.

The analysis was undertaken using the FEI Titan3 Themis 300, which also
has other built-in analysis tools which were utilised, including EDX, Selective
Area Electron Diffraction (SAED), and Electron energy loss spectroscopy
(EELS). In this specific case, the electrons are treated as waves and not
particles due to the mass and velocity of the emitted electrons. Due to the
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differences between the wavenumbers of the electrons and the atomic
spacing, the electrons are diffracted. This occurs via elastic scattering as they
lose no energy, so they remain at the same wavelength

Auger
electrons

Secondary TEM specimen

electrons

Elastic scattering
(Diffraction)

Inelastic Scattering (EELS)

Figure 3.12 Schematic indicating the different scatteringd gossible and the
techniques that take advantage of them. Adapted from [131]

3.4.6.1 Selective Area Electron Diffraction

SAED is used to determine the orientation of the atomic planes within a
crystal, where a parallel beam of high-energy electrons is fired at the sample.
These electrons possess energy between 100 i 400 keV, enabling them to
pass through the ultra-thin sample with ease.

Analysis of the diffraction patterns was undertaken by the use of Digital
Micrograph to obtain the d spacings, which can be related to a crystallography
database to determine the phase [132].

3.4.6.2 Electron Energy Loss Spectroscopy

EELS can determine the chemical and structural nature of the sample from
sub-nanometer areas of interest within the sample. This is due to the
differences in the kinetic energy of the electrons within the beam after
undergoing inelastic interactions with the material, as these interactions may
cause the electrons to lose energy. The core state excitations are labelled
according to the type of core state that was excited; Table 3.3 lists the most
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common peaks observed. An example of the EELS spectrum standard of an
amorphous carbon spectrum is shown in Figure 3.13

Table 3.3 The naming convention for core excitations which are dependent
on the quantum numbers of the core states [133]

Label Core State

K 1s12
L1 2s1/2
L2 2pi2
Ls 2pss2
M1 3s12
M2 3p12
M3 3p32
Ma 3ds2
Ms 3ds/2

CK

Intensity

280 300 320 340 360 380 400 420
Energy loss (eV)

Figure 3.13 EELS spectra for the standard amorphous carbon spectrum [109]

Spectral areas around the known elements within the alloy (Co, Cr, Mo)
alongside other key elements (C, O) were undertaken. Subtraction of the
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background and noise reduction was utilised before the assignment of the
peaks was undertaken by contrasting against EELS databases [134,135].

3.4.7 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive technique that utilises the photoelectric effect to

identify elements present within the top few nanometers of the surface,

alongside their chemical state. The low-energy X-rays are either emitted from

an aluminium or magnesium source Mg-KU 1253 . 6KUe V1,48/1. 6 eV
[106]. These incoming photons lead to the emission of electrons after direct

energy transfer from the photon; these emitted electrons are then separated

and counted according to their energies.
the atomic and molecular environment, with the number of electrons
corresponding to the concentration of the species present.
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Figure 3.14 Schematic of the XPS process [136]

XPS analysis was undertaken using a monochromatic aluminium K-U -Ray
source with the Thermo Escalab 250. The samples were mounted using
carbon table to make sure that no movement of the sample occurred during
analysis. The area of the sample under investigation was 500 € m utilising a
power of 150W. Individual peaks of interest were analysed in detail using step
size of 0.1 eV along with an energy of 20 eV. The number of scans for each
peak was optimized to obtain a good signal/noise ratio. Etching of samples
was performed by using monoatomic argon ions from an ion gun attached to
the XPS.

CasaXPS fitting software was used to analyse the obtained data sets. For
calibration of the binding energy, the carbon 1s peak was set to 285 eV, with
this eV change being applying to all spectra of the set. The peaks were then
applied a Linear or Shirley baseline fit, which was dependant on the initial
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baseline of the peak. Then the peaks were identified, fitted, and deconvoluted
following the literature [136].

3.4.8 Atomic Force Microscopy (AFM)

AFM, also known as scanning probe microscopy (SPM), generates a 3D
nanoscale image of the surface of a material. This is obtained by measuring
any vertical deflection of a cantilever that is run over the surface of the
material; these deflections are due to repulsive interactions, which are
monitored with high accuracy. A schematic of the AFM is shown in Figure
3.15.

Photodiode

T~ Laser

Cantiveler tip ——

Piezoelectric stand ———

Figure 3.15 Schematic of the AFM

- Sample

The bend of the lever is monitored via the use of a laser and a photodiode to
form the image of the sample. The quantity of this force ("Q is dependent on
the spring constant of the cantilever (0) and the distance between the tip and
sample (&), whichi s descri bed via Hookeds Law.

Equation34Hookeds Law
O LW

The topography of CoCrMo was investigated using an AXS SAS (Bruker,

USA) ascansizeofl0e m x efmhOwas used as a control

smaller areas for particular regions of interest. The AFM was used in
Peakforce Quantitative Nanomechanical tapping mode with a silicon tip at a
scan rate of 0.528 Hz.
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3.4.9 Raman Spectroscopy

Raman is a non-destructive analysis that provides details about the chemical
structure, molecular interactions, and polymorphism of a substance. A high-
intensity laser source is used, the light is then scattered via the molecules
present. Most of the light is scattered at the same wavelength as the source
of the laser (Rayleigh Scatter), with a small percentage being scattered at
different wavelengths depending on the chemical structure (Raman Scatter).
When Raman scattering occurs, the system exchanges energy with the
incoming photons, exciting the system, which then decays to vibrational
energy levels either above/below the initial state [137]. A frequency shift is
then caused due to the energy difference between the scattered and incident
photon (Raman shift), which is relative to the up/downshift of the photon.
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Figure 3.16 Schematic of a Raman spectrometer [138]

Raman was conducted on an InVia spectrometer system (Renishaw, UK).
Before the start of any testing, the machine was calibrated to ensure that the
laser was working correctly; the machine has a built-in auto-calibration system
where the laser focuses onto a silicon sample with a corresponding shift of
520 cm. Any offset in the laser was adjusted accordingly. The samples were
fixed onto the motorized stage and focused by the use of objective lenses (x5,
x20, x50), with the single spot analysis method being used. Spectra were
collected using a 785 nm laser with 100% power, 20 seconds exposure time,
and 4 accumulations per acquisition to obtain crisp/clean data over a range of
100 - 4000 nm. To ensure that the laser d i ddamange the protein different
spots were analysed after each run. Peak analysis was undertaken by using
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Re ni s hWirev®4ssoftware. In the case of peak deconvolution, the peaks
were fitted with mixed Gaussian/Lorentzian curves to determine the peak
position, intensity, and full width half maximum.

3.4.7.1 Analysis of BSA

As explained previously, BSA is a small globular protein found within Synovial
fluid that is comprised of 585 amino chain residues linked together by 17
disulphide bridges. This molecule is folded via the polypeptide chain, which
separates the molecule into three different U-helical domains. It is well known
throughout the literature that most of the mammalian albumins, including HSA
and BSA, contain four different active sites in which metal ions can bind.
These active sites all vary in size, structure, and specificity [66].

The specific structure of the secondary (how the amino acids are arranged)
and tertiary (three dimensional arrangement of its polypeptide chain in space)
structure of BSA has been determined from Raman spectroscopy via analysis
of the fingerprint region. The spectra obtained from BSA powder is shown in
Figure 3.17, with key features being highlighted upon the spectra. There are
multiple bands present, including the Amide | band at 1658 cm™ with Amide
Il at 1258 cmt. The C-C vibrations are located within the region of 900 i 950
cmt, with a strong peak of phenylalanine occurring at 1000 cm* [139,140].
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Figure 3.17 Comparison of the Raman fingerprint region of BSA powder and
100 g/L BSA in PBS (3007 1800 cm™)
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Information about the disulphide bonds that hold the molecule together can
also be extracted from the spectra. The S-S bond of the cysteine residues are
present between 500 i 600 cm; this bond can exist in three different
conformations which have defined peak positions [140,141]. The peak
obtained from the spectra is shown in Figure 3.18, with the structure
percentages/indications in Table 3.4.
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Figure 3.18 Dissection of the disulphide bond of BSA powder (4807 600 cm-

Y

Table 3.4 Contributions of the Raman spectra for the S-S peak in BSA powder

Peak

Cystine, S-S

Position / Percentage Structure
cmt Area /% Indication
500-510 55 GGG Conformer
515-525 8 GGT Conformer
530-550 37 TGT Conformer

These three different conformations are possible due to the different
t h a disulphldebridgélcan a@dpt inaetaton to each
other (gauche 90°, trans 180°) to give the molecule its most favourable

f ormati ons
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thermodynamic configuration depending on steric effects [140,141]. Newman
projections depicting this are shown in Figure 3.19.
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Figure 3.19 Newman projections of both the trans and gauche configurations
of the Cp-S-S-Cp and the Ci-Cs-S-S chains
When the BSA powder is present in a solution, slight changes are seen in the
spectra. A comparison of the fingerprint region between BSA powder and BSA
in PBS solution was shown in Figure 3.17. It can be seen that they consist of
basically the same secondary and skeletal structure due to the positions of
both Amide | and Ill. A new peak is produced in the presence of phosphates;
this is seen just below 1000 cm™? and corresponds to HPO4% [140]. The
broadness of the Amide | is due to the protein now being hydrated. The
presence of the species also causes changes in the conformation of the S-S
bond, with it now being favoured in the TGT conformer over the GGG that was
previously favoured for powdered BSA.
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3.4.7.2 Structure of the metal salts under investigation

The Raman spectra of the metal salts used are shown in Figure 3.20; these
were used as controls. The spectra mainly consist of low Raman shift
wavenumbers as the metal ions are bound to an electronegative atom with a
high coordination number.
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Figure 3.20 Raman spectra of the metal salts used throughout the
investigation (300 i 1000 cm™) (a) Cobalt (1) Hexahydrate (b) Chromium (lIl)
Hexahydrate (c) Sodium Molybdate

3.4.10 Circular Dichroism (CD)

CD is another absorption spectroscopy technique; it is based on the
differences of left and right-handed polarized light of optically active
molecules, which can be measured and interpreted. This is a rapid, non-
destructive technique that gives details about the stability, structure and
mechanisms of proteins and nucleic acids. Figure 3.21 shows the three

commonly seen forms of the secondary structure of BSA.The U hel i x i s
of a positive band at 194 nm along with 2 negative bands at 210 and 222 nm,
b sheets are defined by a |l ess intense

negative band at 217 nm while the irregular structure has just one negative
band at 197 nm [142].
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Experiments were conducted using a Chirascan Plus spectropolarimeter
(Applied Photophysics, UK). The Far-UV (190 i 260 nm) CD spectroscopy
was obtained with a 1 mm path length cuvette at room temperature, using a
constant concentration of BSA (0.2 mg/ml) and respective metallic salt (500
uM).

3.4.11 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

ICP-MS is a form of elemental analysis technology that can detect almost all
elements at trace levels in fluids. The fluid is put through a plasma source
where they become ionized; this enables the ions to easily be sorted by their
mass/charge ratio due to the use of the mass spectrometer.

Analysis was undertaken using the Perkin Elmer ELAN DRE-e ICP-MS with
the TotalQuant method, which uses specific TotalQuant calibration solutions.
To account for this, the solutions for analysis were prepared to contain 2%
nitric acid to correct for matrix effects; in the case of protein-containing
solutions, a precipitate was formed, which needed to be centrifuged off as not
to interfere with ICP-MS analysis. This was done via the CPS Disc Centrifuge
DC24000, which was set to 12000 RPM for 2h at room temperature, with the
solution then being decanted for ICP-MS analysis. Samples were then matrix-
matched against the standards and blank for identification and quantification.
Throughout this whole process, the ICP-MS samples were always stored in
the refrigerator throughout this process to preserve the specimen in its original
condition.
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The electrolytes of three repetitions of all the potentiostatic electrochemical
tests were analysed, the isotopes of metal ions that were of specific interest
were Co 59, Cr 52 and Mo 98.

3.5 Summary

The experimental procedures outlined within the chapter enabled a
comprehensive investigation into the corrosion behaviour of CoCrMo in
simulated biological fluids. By covering a range of electrochemical conditions,
all aspects of an implanted alloy have been covered. The post-test surface
analysis made it possible to account for both the physical and chemical
changes that the alloy underwent. Analysis of the electrolyte made it possible
to quantify metal ion dissolution and determine why some ions are favoured
by BSA.
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Chapter 4
The Electrochemical Characterisation of CoCrMo Under
Simulated Bodily Fluids

4.1 Introduction

The biocorrosion of CoCrMo alloys within the body is one of the main issues
associated with the implant due to the release of metal ions which can lead to
immunological effects and genotoxicity. The composition of the environment
has been seen to have a vital role on the behaviour of the alloy alongside the
differences in the galvanic coupling that can occur within the human body. By
undertaking a complete electrochemical study of the alloy, properties of the
electrolyte/interface can be obtained, which leads to a greater understanding
of how the alloy interacts with the environment.

The purpose of the following chapter is to undertake a complete
electrochemical study on the alloy in a variety of simulated bodily fluids. This
enables corrosion mechanisms to be deduced as well as the effects that each
component within the fluid has on the corrosion behaviour. The following
measurements have been made to achieve this aim: open circuit potential
(OCP), potentiodynamic polarisation, potentiostatic measurements and
electrochemical impedance (EIS).

As explained in the experimental section, every test was replicated at least
three times to ensure reproducibility. For ease of depicting trends between the
electrolyte compositions, only one repeat is shown.

4.2 Electrochemical Results

4.2.1 OCP

The evolution of the OCP as a function of time for the various simulated bodily
fluids is indicated in Figure 4.1a. The extracted average final values of OCP
are depicted in Figure 4.1b. The voltage was monitored at a rate of 5 Hz for 1
hour to ensure that steady-state had been achieved.

The value of potential tends towards the positive direction for all conditions.
This feature indicates the ennoblement (change in the oxide chemistry)
formation of a passive film; the more positive the overall value is, the more
protective the formed filmed is indicated to be [80]. It takes time for this film to
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be formed as when the alloy is submerged within the electrolyte, the air oxide
film is converted into a metal-electrolyte interface [83].
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Figure 4.1 The OCP data obtained for CoCrMo in simulated bodily fluids over
an hour (a) potential - time curve (Published previously within [125]) (b)

average OCP values
From the different levels of steady-state obtained for the various conditions, it
can be seen that the composition of the electrolyte plays a key part in the
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corrosion behaviour. By using saline as a control, it is seen that phosphates
lead to OCP value increases as they act as an anodic inhibitor. BSA has the
opposite effect decreasing OCP values by acting as a cathodic inhibitor. When
phosphates are present alongside BSA in the environment, the effects of BSA
dominate the behaviour of the alloy. The higher the concentration of BSA in
the electrolyte, the greater the observed effect.

The time needed to reach a fairly steady state is also affected by the

electrolyte chemistry. Steady-state occurs when the metal-electrolyte

interface is stable and d oe s nét significantdryhese hange
experiments, this is achieved quickest in just a saline environment. The

inclusion of inorganic/organic species causes steady-state to be reached at a

slower rate due to influencing the formation of the EDL; this could occur via

adsorption of species or inhibiting the flow of oxidants.

4.2.2 Potentiodynamic Polarization

To determine the overall corrosion behaviour of CoCrMo in a range of different
simulated bodily fluids, potentiodynamic polarization was undertaken. The
potentiodynamic scans were undertaken right after 1hr of OCP stabilisation.
As stated previously, individual tests were done for the anodic and cathodic
scans to prevent the previous polarisation test affecting the current density.

4.2.2.1 Anodic Polarization

The anodic potentiodynamic curves for CoCrMo are shown in Figure 4.2
below, with the extracted values depicted in Table 4.1. These values were
obtained as previously detailed in Section 3.3.2.
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Figure 4.2 The anodic potentiodynamic curves obtained for CoCrMo in
simulated bodily fluids. Published previously within [125]
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Table 4.1 The extracted values obtained from the anodic scans. Published

previously within [125]
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The anodic region of the curve is at potentials higher than that of the Ecor. Past
this potential, the WE becomes the anode, and hence there is a net anodic
current. Possible anodic reactions that take place are indicated below in
Equation 4.1.

Equation 4.1 Anodic reactions that can occur for CoCrMo in simulated
biological fluids

0¢ O 0¢ cQ

01l © 0oi oQ

D€ O D¢ Q
c00O © =0 00 ¢Q

Within a saline environment, the active domain lies between -0.30Vre and
-0.1Vre, with the passive domain existing between -0.10Vre and 0.52Vre.
These parameters are well defined within the literature for CoCrMo in a saline
environment [24,143].

By using the saline environment as a control, it can be seen that Ecor tends to

more noble values, with icor decreasing in the presence of phosphates. The

opposite effect is observed in a BSA environment. This indicates that
phosphates enhance the corrosion resistance of the alloy, whereas BSA
weakens the alloybds corrosion resistance
to be dominant over PBS when they are both present in the environment. The

higher the concentration of BSA, the greater the observed effect.

Similar trends are observed for ipass. The presence of phosphates leads to a
lower value obtained in comparison to a saline environment. This means that
passivation of the surface occurs much more readily, thus giving the alloy a
greater corrosion resistance. This is in line with the effects of Ecor and lcorr
seen. In the presence of BSA, the value of ipass iS Seen to increase; the higher
the concentration of BSA, the greater the observed effect. Again BSA is seen
to be dominant over phosphates when they are both within the electrolyte.

The presence of phosphates leads to reduced values of Eb compared to the
value achieved within a saline environment. This phenomenon could be due
to the production of phosphate chromium ion complexes (Equation 4.2).
Authors have stated that these complexes can activate trans-passive
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dissolution, which is accelerating the breakdown of the passive film and
localised corrosion [143]. BSA is seen to not lead to any alterations in the Eb,
with all values obtained being within experimental error of the environments
without BSA.

Equation 4.2 Formation of phosphate chromium ion complexes [144]

616 TOG O 510 WO ¢Q

Both phosphates and BSA lead to reductions in the difference between the

values of Ep and Er. This indicates that with the species present,t he al | oy 6
resistance to localised corrosion is increased [25]. Due to the more negative

value of Ecor for BSA containing environments, the difference between the

Ecor and Eb is enhanced, resulting in the alloy having a greater resistance to

pitting and crevice corrosion [25].

The val uesareadativelyhcensidient for all environments, whereas

the presence of phosphates andc. BSA | ea
suggests that the cathodic reaction is more favoured in the presence of these

species.

The hysteresis of the scan was obtained by conducting a reverse scan
alongside the initial one and is indicative of any repassivation or pitting
process post passive film breakdown. The appearance of the hysteresis alters
in the presence of phosphates compared to the saline environment. A close
up of the hysteresis obtained for CoCrMo in a phosphate environment is
shown in Figure 4.3 to analyse the specific effects phosphates have within this
region. It is seen that there are two hysteresis loops, one positive and one
negative. The negative loop (1) occurs between 0.68-0.86Vre and is deduced
as the reversed current density is smaller than that of the original scan; this
indicates either that a protective film is present on the surface or some other
anodic reactions occurring on the surface were slower during the backward
scan [144,145]. This is a sign that the current recorded past 0.68Vre is not
due to metal dissolution but to other redox reactions occurring on the surface.
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The positive loop (2) occurs between 0.46-0.68Vre, indicating that dissolution
of the film has occurred [144,145].
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Figure 4.3 The hysteresis of the anodic scan for CoCrMo in PBS
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4.2.2.2 Cathodic Polarization

The cathodic scans for CoCrMo within the various electrolytes are displayed
in Figure 4.4. The values obtained for the Ecor we consistent with the anodic
experiments.

Saline
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—— PBS +0.5gI: BSA
PBS + 2.0gI"t BSA
0297 — PBS + 4.0gI"* BSA
—— Saline + 4.0gI* BSA
-0.504 } Oxygen Reduction
S
°
© -0.75 _
° Steady state region <
o
\ Reduction of BSA
-1.004 - \ y
Reduction of PBS /
-1.25 I S
-9 -8 -7 -6 -5 -4

Log(i)(Acm™)

Figure 4.4 The cathodic potentiodynamic curves obtained for CoCrMo in
simulated bodily fluids. Published previously within [125]

The cathodic domain is located at all potentials below that of the Ecorr for the
alloy, as the WE acts as a cathode, there is a net cathodic current. Within this
region, the current is primarily determined by the reduction of oxygen as well
as the reduction of other species (PBS, BSA, Hydrogen) if there is a sufficient
thermodynamic driving force.

From Figure 4.4, at potentials just below the Ecor, there is an initial increase
of current due to the reduction of oxygen taking place (from OCP to -0.55Vre).
This is limited by the rate of molecule diffusion into the solution (activation
controlled), followed by a region of a fairly steady state. This region of steady-
state is non-ideal, as the current is slightly increasing over this region; this is
common for stagnant experiments due to slow EAS transport to the surface
of the alloy [83]. Once there is a sufficient thermodynamic driving force, the
current density is seen to increase again as other species are reduced.
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Equation 4.3 The reactions that typically dominate in the cathodic domain

0 T1TO 1Q ° 00 Acidic Conditions
Oxygen Reduction

0 OO0 1™Q 9100 Alkali Conditions
Hydrogen Evolution ¢O ¢Q © 0

In a saline environment, only reduction of oxygen can be seen, indicating that
hydrogen evolution doesndét nchepresendeur i ng
of phosphates, the current is diminished, with a current increase being
observed at -1.05Vre, which is owed to the reduction of phosphates. BSA also
leads to a diminished current but not to the same extent of phosphates,
reduction of BSA leading to a current increase at around -1.10Vre. The
reduction of these extra species increases the current densities of these
environments, giving them the highest current densities by the end of the
experiment. These observations correlate with the previously seen increase
i ncfobphosphate and albumin species. Throughout all of the steady-state
regions obtained, the rate of current increase is the same for all environments
indicating that at these potentials, no interactions occur with phosphates or
protein.

4.2.2.3 Determination of binding energies

By utilising the polarisation curves of CoCrMo, it is possible to determine the
activation energies for the corrosion process, enabling the adsorption
mechanism to be investigated. The corrosion processes activation energy
was obtained from the linear variation of the metal dissolution rate assigned
as the corrosion current density, which follows the Arrhenius equation. This
method was discussed in detail in Section 2.5.1.1.

An example of the obtained Tafel regions for CoCrMo whilst in a PBS
environment for a range of temperatures is shown in Figure 4.5. All extracted
values from the investigated Tafel regions are depicted in Table 4.2. As
expected, the Ecor and lcorr increase with temperature due to the increased
energy of the molecules. Temperature changes seem to have little/no effect
on the values of baa n dc. b
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Figure 4.5 The Tafel regions for CoCrMo in PBS at a range of different
temperatures

Table 4.2 Extracted values from the Tafel regions investigated at a range of
temperatures for CoCrMo (a) Saline (b) PBS (c) PBS + 0.5 gl BSA (d) PBS
+2.0 gl BSA (e) PBS + 4.0gl* BSA (f) Saline + 4.0 gl BSA

a)
Saline
Temperature (K] Eor(V) lcorr (LA/CNY) B. (MV) Bc (mV)
303.15 -0.37+0.03 0.12+0.02 136+ 15 -716+12
307.15 -0.35+0.01 0.15+0.02 130+ 20 -712+11
310.15 -0.33+0.02 0.18+0.05 148+ 24 187
313.15 -0.29+0.03 0.22+0.03 143+ 21 -81+6
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b)

Temperature (K

303.15
307.15
310.15
313.15

Temperature (K

303.15
307.15
310.15
313.15

d)

Temperature (K

303.15
307.15
310.15
313.15

Eeor (V)
-0.32+0.01
-0.31+0.02
-0.28+0.01
-0.25+0.02

Ecorr (V)
-0.36+0.01
-0.34+0.03
-0.31+0.02
-0.27+0.02

Ecorr (V)
-0.39+0.02
-0.38+0.03
-0.36+0.04
-0.32+0.02

PBS
lcorr (MA/CY)
0.09+ 0.02
0.11+£0.01
0.12+ 0.04
0.14+ 0.03

PBS + 0.53IBSA

lcorr (LA/CI?)
0.21+0.02
0.22+0.01
0.25%+0.03
0.26%+0.01

PBS + 2.0gIBSA

leorr (MA/CITY)
0.24+0.01
0.26+ 0.02
0.28+0.03
0.30+ 0.02

96

Ba(MV)
106+ 17
117+ 22
114+ 18
111+ 16

Ba(MV)
128+ 22
123+ 14
121+16
123+15

Ba (MV)
116+ 17
125+ 14
122+13
131+ 22

B (mV)
-93+ 17
-86+ 10
-98+ 11
-95+ 16

B (mV)
-99+12

-95+9
-102+ 10
-100+13

B (MV)
-106+ 15
-99+ 11

-97+6
-104+ 14



e)

PBS + 4.03IBSA
Temperature (K Eorr (V) lcorr (MA/CY) Ba(MV) B: (MmV)
303.15 -0.44+0.02 0.25+0.04 121+ 15 -104+ 15
307.15 -0.41+0.03  0.29+ 0.02 105+ 24 97+ 12
310.15 -0.39+0.02 0.29+0.02 112+19 -111+14
313.15 -0.38+0.01 0.33+0.03 118+ 15 -106+ 10
f)
NaCl+ 4.0gft BSA
Temperature (K Ecorr (V) lcorr (LA/CITP) Ba (MV) B (mV)
303.15 -0.49+0.02 0.30+0.06 124+ 17 -82+12
307.15 -0.45+0.04 0.37+0.01 123+ 14 -94+ 13
310.15 -0.43+0.02 0.39+0.04 130+11 -86+8
313.15 -0.40+0.03  0.45+0.02 136+ 16 -88+ 4

The linear versions of the plots were obtained by plotting the logarithmic
values of the corrosion current density against the inverse of temperature.
This is shown in Figure 4.6, with the extracted activation energies for the
environments over the temperature range of 30 - 40°C indicated in Table 4.2.

The highest activation energy can be seen in a saline environment, with the
presence of phosphates causing the energy for corrosion activation to
decrease, indicating the alloy has a higher susceptibility to corrosion [88]. The
same effects are observed with albumin, but to a greater extent, the
concentration of BSA seemed to have little effect on the Ea. Vidal [88] found
similar trends to these, obtaining activation energy for a saline environment to
be 49.4 kJmol*. Lower values of Ea indicate the adsorption of species onto
the surface of the alloy (physisorption/chemisorption) [146].
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Figure 4.6 Arrhenius plot to determine the
temperature for CoCrMo in simulated bodily fluids
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Table 4.3 Thermodynamic parameters obtained for the reactions of CoCrMo
in a variety of electrolytes

Solution Ea (KJ/mol) g H (KJ/mol) P S (J/Kmol)
Saline 47.5 44.5 - 230.6
PBS 33.9 31.3 -276.5
PBS + 0.5gIt BSA 18.0 155 -321.9
PBS + 2.0gl't BSA 17.5 14.9 - 3225
PBS + 4.0glt BSA 194 16.8 - 3155
Saline + 4.0gl"* BSA 31.8 29.3 -273.2
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4.2.2.4 Mixed Potential Theory

A qualitative explanation of the effects of both phosphates and albumin on the
corrosion behaviour of CoCrMo can be gained by the use of mixed potential
theory. The diagram of mixed potential constructed from utilising the Tafel
slopes of anodic dissolution and the cathodic reactions from the
potentiodynamic experiments is shown in Figure 4.8.

v

Logi

Figure 4.8 Mixed potential theory applied to the effects of phosphates and
BSA on the potential and current density of CoCrMo (anodic branch depicted
in red, cathodic branch depicted in orange)

When phosphates are present, they adsorb onto the surface of the alloy,
decreasing the rate of the anodic reaction (AA B). The effect of BSA is two-
fold; it causes an increase in the rate of dissolution from the alloy (AA C) but
also reduces the cathodic current (DA E). At potentials around Ecor, these
opposite effects cancel each other out to some degree; when the potential is
shifted to anodic, the presence of BSA accelerates dissolution, with its effect
on the cathodic current being negligible.

The effect of temperature can also be investigated by using the data obtained
from analysing the Tafel regions over 304 - 314K. The constructed diagram is
shown in Figure 4.9.
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Figure 4.9 Mixed potential theory applied to the effects of temperate on the
potential and current density of CoCrMo (anodic branch depicted in red,
cathodic branch depicted in orange)

This representation indicates that temperature increases the rate of metal ion
dissolution from CoCrMo (AA B) and leads to increases within the cathodic
reaction rates (CA D). Overall, an increase in temperature causes increases
in both the corrosion potential and passive current density due to the system
possessing higher energy levels.

4.2.3 Effects of Electrochemical Potential on Metal i Protein
Interactions

Specific regions of interest have been identified from the previously conducted
potentiodynamic experiments. The identified domains are as follows:

1 The cathodic domain (-1Vre)

T AtOCP

1 The passive domain (+0.1Vre)

1 The transpassive domain (+1VRe)
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Potentiostatic measurements were conducted from the different regions to
further understand the kinetics of corrosion alongside determining the level of
dissolution from the alloy under these conditions. Electrochemical Impedance
Spectroscopy was undertaken to understand the properties of the alloy under
different conditions and investigate the effects of potential and environment
on the interface of the alloy. The fits for each applied potential were discussed
previously in Section 3.3.4.

4.2.3.1 Cathodic Domain

When polarized at -1Vre, the current is determined from the cathodic reaction
of the reduction oxygen alongside other species. This in turn, leads the current
to be negative from the start of the test. Similar behaviour has been seen
under these conditions for CoCrMo by Espallargas [102]. The electrochemical
data obtained can be seen in Figure 4.10.

0.0E+00 —r

-5.0E-05 - .
. Saline
‘“g PBS
< —— PBS + 0.5gI': BSA
£ LOE04- PBS + 2.0gI* BSA
= —— PBS +4.0gI* BSA
© —— Saline + 4.0gI* BSA

-1.5E-04

-2.0E-04 -—— 71—

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 4.10 Current evolution over an hour for CoCrMo alloy in various
bodily conditions under -1Vre

The current values for saline containing conditions are observed to have the
highest overall negative charge density, and this indicates that the reduction
reaction is highly favoured. The presence of phosphates and albumin both
reduce the current density in comparison to a saline environment as they
adsorb onto the surface. The highest recorded current is in a PBS and BSA
containing environment due to giving the alloy a more complete coverage. The
more BSA is in the electrolyte, the greater the observed effect seen is. This is
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in concordance with the data obtained via the potentiodynamic tests seen in
Section 4.2.2.2

The impedance spectra for CoCrMo under cathodic potential of -1.0Vre is
displayed within Figure 4.11, the corresponding electrical circuit for the data
is shown in Figure 4.12 alongside the extracted values in Table 4.4. This circuit
was also found to be the best fit for these conditions by Vidal [105].

(@) 500 - “;'g'g‘e

PBS + 0.5gI't BSA
PBS + 2.0gIt BSA
4004 —=— PBS +4.0gI" BSA
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Figure 4.11 Nyquist (a) and bode plots (b) of CoCrMo alloys under cathodic
conditions (-1Vre) in simulated bodily fluids. Published previously within [125]
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The Nyquist plots are comprised of a small semi-circle at high frequency
followed by a line at lower frequencies, this implies that a diffusion-controlled
reaction occurs which is characterised via Warburg impedance.

CPEout

Rout

Figure 4.12 Equivalent circuit used to analyse the impedance spectra
obtained under passive conditions. Rs (solution resistance), Rout (Outer layer
resistance), CPEout (CPE of the outer layer), W (Warburg diffusion). Published
previously within [125]

Table 4.4 The extracted values obtained from the electrochemical fitted
circuit for cathodic conditions. Published previously within [125]

Rs Rowt CPEout w
Electrolyte MNout

(Q cm?) (Qem?) | (pFlem?) {mMhaos'Z)

Saline 16.4+09  110+16 | 141+09  0.80+0.03 128+ 0.6

PBS 148+04 213+25 | 135+04 | 0.83+£0.02 109+04

PBS + 0.5gI" BSA 174+06  298+21 102+07  0.82+001 101+07

PBS + 2.0gI" BSA 18110 | 321+29 | 84205 | 080003 892038
PBS + 4.0gI" BSA 19308  342+37 58207  0.83+0.01 7.38+09
Saline + 4.0gI" BSA | 16804 | 22717 | 92211 | 0.80£0.02 11.1+16

The low values of Rout Obtained alongside a high value of CPEout (compared
to OCP/Passive data) indicate that oxide film has been thinned/weakened and
possibly even fully reduced. The presence of diffusion indicates that the
interface is porous, allowing the dissolution of the oxide, which is limited by
the rate of diffusion.
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When phosphates were present in solution, the values of Rout increase,
indicating the alloy is more corrosion resistant, this correlates with the
potentiodynamic data in which a decrease in current density is observed. The
lower value of CPEou Observed indicates an increase in thickness of the
interface, this is further supported by the well-known fact that phosphates
adsorbont he al | o )yl®4109. Thelower level of diffusion from the
alloy also consolidates that the molecules adsorb onto the surface.

From the potentiodynamic data, it was seen that albumin acts as a cathodic
inhibitor due to lower values of current density observed at -1Vre. The EIS
data is in good agreement with this due to the much higher values of Rp
obtained alongside reduced values of CPEouwt and W. This enables us to
conclude that BSA adsorbs onto the alloy, hindering the reduction reaction,
therefore acting as a cathodic inhibitor.

4.2.3.2 OCP

The impedance spectra for alloy at OCP in the various electrolytes are shown
in Figure 4.13, the corresponding electrical circuit is shown in Figure 4.14
alongside the extracted values in Table 4.5.
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Figure 4.13 Nyquist (a) and bode plots (b) of CoCrMo alloys under OCP
conditions in simulated bodily fluids

The data obtained displays typical passive behaviour characterised via high
impedance values whilst also exhibiting capacitive behaviour, this is signalled
due to the semicircle shape. Seeing as there are two points of inflexion within
the Bode plot, it implies that the cell is comprised of two separate time
constants. The first of these relates to the oxide resistance (Rin/Cin), whilst the
second corresponds to the resistance of charge transfer (Rout/Cout).

CP Eout CPEin

Rout Rin

Figure 4.14 Equivalent circuit used to analyse the impedance spectra
obtained under passive conditions. Rs (solution resistance), Rout (outer layer
resistance), CPEout (CPE of the outer layer), Rin (inner layer resistance), CPEin
(CPE of the inner layer)
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Table 4.5 The extracted values obtained from the electrochemical fitted circuit

for OCP conditions
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The high values of Rin obtained alongside the CPEin values indicate that an

oxide layer is present for all conditions examined [100]. As seen previously,

phosphates increase the impedance of CoCrMo, the vales of Rin and Rout are
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both seen to increase, suggesting absorption of an organic layer as well as
affecting the composition of the passive film.

Albumin is seen to reduce the value of Rin and Rout Obtained; this is in
agreement with the slight increases in corrosion current seen from the
potentiodynamic work conducted. This could be due to the albumin molecules
interfering with film growth due to inhibiting of oxidant. The higher the
concentration of albumin in the electrolyte, the greater the effect.

4.2.3.3 Passive Domain

CoCrMo samples were polarized at passive conditions upon submersion
(+0.1Vre) to induce electrochemical passive film formation. This passive
potential was well defined for the conditions investigated. The experimental
data obtained is shown in Figure 4.15. Upon application of the potential, the
current for all conditions is seen to reduce until a steady state is obtained. This
is due to the formation of the electrochemical oxide film, which takes a finite
amount of time to form on the surface of the alloy, depending on the
electrolyte.
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0.0
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Time (s)
Figure 4.15 Current evolution over an hour for CoCrMo alloy in various bodily
conditions under +0.1Vre

When phosphates are present, the current density is reduced, indicating a
more corrosion resistance interface which could be due to adsorption of the
species. BSA had the opposite effect to phosphates increasing the current

108



density and is seen to be the more dominant species when both are present.
This could be due to the size of the molecule, which restricts access of oxidant
to the surface as well as competing to adsorb against phosphates leading to
an un-uniform organic layer that is less protective.

The impedance spectra for the passive potential of +0.1Vre is displayed within
Figure 4.16, with the extracted values in Table 4.6. The spectra possess the
same characteristics (high levels of impedance, two-time constants) as the
ones obtained under OCP conditions. Therefore the data was fitted to the
same equivalent circuit (Figure 4.16).

Saline
PBS
(@) 1ox0°+ PBS + 0.5gI"* BSA
PBS + 2.0gIt BSA
—=— PBS + 4.0gI* BSA

8.0x10° High impedance ) "
Capacitive behaviour = Saline + 4.0gl” BSA
— &

& 6.0x10°

£

G

=

N 4.0x10° -

e By
g} l'
2.0x10°
OO T T T T 1
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°
Z'(Wcm?)

(b) 107
10°
10°

C '
Q@ €
=2} 104 ©
< =
q’ —_—
17} 3 N
g 7E
o |
' 102
g 10°

0.001 0.01 0.1 1 10 100 1000 10000

Frequency (Hz)

Figure 4.16 Nyquist (a) and bode plots (b) of CoCrMo alloys under passive
conditions in simulated bodily fluids. Published previously within [125]
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Table 4.6 The extracted values obtained from the electrochemical fitted circuit
for passive conditions. Published previously within [125]
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From the data obtain, it can be seen that the environment in which passivation
takes place has a clear effect on the properties of CoCrMo. When phosphates
are present in the environment, the resistance of the alloy increases
substantially, as seen by the values of Routand Rin almost doubling compared
to just a saline condition. This effect suggests that as well as adsorbing onto
the surface acting as a barrier to the environment (increasing the charge
resistance), the phosphates must have an interaction with the passive film to
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increase its overall resistance (increase in Rin). The data obtained from both
the potentiostatic and potentiodynamic is in good agreement as the presence
of phosphates lead to the overall lowest values of ip. Alongside, enhancing the
corrosion resistance of the alloy, the thickness of the oxide layer was noted to
increase indicated via to a lower value of CPEin obtained.

Albumin leads to a higher value of Rout and lower CPEout values indicating that
the molecules adsorb on oxide film further shielding the alloy; due to the size
of these molecules, the layer is thicker when also in the presence of
phosphates (lower CPEout for phosphates and BSA than for just BSA). The
presence of BSA also causes differing characteristics to the Bode plot, shifting
the phase angle obtained towards lower frequencies indicating the system is
less likely to corrode [148].

4.2.3.4 Transpassive Domain

A potential of +1Vre was chosen as an upper limit to polarise CoCrMo to mimic
trans-passive conditions. As expected, much higher current densities are
obtained for all of the conditions in comparison to the other domains
investigated; this suggests that transpassive oxidation occurs. The data is
depicted in Figure 4.17.
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Figure 4.17 Current evolution over an hour for CoCrMo alloy in various bodily
conditions under +1Vre
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In a phosphate environment, there is an initial peak before stabilization due to
phosphates activating transpassive oxidation leading to a faster rate of oxide
dissolution accounted for by the current spike. The presence of albumin
seems to slow the oxide film dissolution due to competitive absorption but
leads to an overall greater current detected.

From the current time graphs alongside the impedance spectra (Figure 4.18),
it suggests that the oxide film has been dissolved due to the high values of
current density obtained, which indicate that there is a non-barrier layer as
there is little/no resistance to current.
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Figure 4.18 Nyquist (a) and bode plots (b) of CoCrMo alloys under
transpassive conditions in simulated bodily fluids
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The spectrum obtained under transpassive conditions are characterised by
the high frequency capacitive, which reflects the high field-assisted migration
of defects in the alloy [104]. There is then an inductive loop at the medium
frequency (~1 Hz) due to the relaxation of the corrosion product charge
formed at the interface formed by the quantity of cation vacancies [149]. At
the lowest frequencies (1x102 1 1x103 Hz), Faradaic pseudocapacitance is
detected, indicating the presence of an inner layer that originates due to
electroporation of oxidants present onto the electrode [104,149].

CPEout

CPEin

Figure 4.19 Equivalent circuit used to analyse the impedance spectra
obtained under passive conditions. Rs (solution resistance), Rout (Outer layer
resistance), CPEout (CPE of the outer layer), L (inductance), R (resistance),
Rin (inner layer resistance), CPEin (CPE of the inner layer)
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Table 4.7 The extracted values obtained from the electrochemical fitted

circuit for trans-passive conditions
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The extremely low values of resistance obtained consolidate that the oxide
film has broken down; the high value of CPEin is due to the presence of
vacancies on the surface of the alloy with phosphates leading to higher values
as they activate trans passive dissolution [149]. The presence of albumin
seems to have little effect on this. The values of Rinare seen to increase when
both phosphates and albumin are present as they adsorb onto the electrode
creating a more resistant inner layer.

By looking at the Point defect model, it is determined that the cation vacancies
are formed due to the ejection of cations via oxidative means from the passive
film into the electrolyte/barrier layer [150]. As the oxide film mainly consists of
chromium, then the main product formed is chromic oxide (+6 oxidation state);
this is formed from Equation 4.4. The Kroger-Vink notation is utilised in the
equation, with Crcr signifying a Cr(lll) cation within a normal site of the oxide
film and Vcr being the vacancy in the lattice after oxidation [150]. These
produced ions form a layer close to the alloy; the higher the inductance, the
more ions are present [149]. In the presence of organic species, the values
are higher due to either a higher dissolution or just more of the species
becoming trapped near the interface.

Equation 4.4 The formation of chromium vacancies from the oxide film [150]

61 1000 616 & Yo oo

Under these conditions, the presence of phosphates and albumin adsorbed
onto the surface of the alloy lead to a higher Rout due to these species leading
to a higher defect migration of metal species. The corresponding capacitance
is seen to decrease, indicating a more compact layer is also formed.

4.2.4 Repassivation Kinetics

The kinetics of repassivation were investigated by first polarising the samples
at -1Vre for 30 minutes to strip the alloy of the oxide film before shifting to a
passive potential of +0.1Vge to induce passive film formation. These potentials
were defined from the potentiodynamic data obtained (Section 4.2.2) as well
as the EIS experiments (Section 4.2.3).
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The current transient formed when the potential is shifted from cathodic to
passive conditions is shown in Figure 4.20.
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Figure 4.20 The current transients formed from investigating the repassivation
for CoCrMo in simulated biological environments. Published previously within
[125]

When the sample is initially passivated, the current increases as corrosion is
taking place on the surface in the form of anodic oxidation, producing metal
ions and electrons. The current then decreases rapidly as the passive film is
formed; from the graph it can be seen that the rate of repassivation is
considerably affected by its environment alongside the stability of the overall

passive film produced indicated by the distinct steady-state potentials
achieved.

These current transients can then be modelled on a second-order decay curve
to obtain the kinetics of repassivation (See Section 3.3.3.2). This fitting
enables us to account for both the coverage and growth phases of passive
film formation. Firstly it defines the lateral growth of the oxide to encompass
the surface and then increasing the thickness of the oxide to its maximum
state. Figure 4.20 indicates that the coverage phase (t1) is dominant indicated
by the rapid current drop from the peak towards steady-state. The current is
then observed to gradually descend until the steady-state current has been
achieved, which is indicative of the thickening phase (t2).

116



It
[}

16 T T T T T T T T T T T

- 140

-— 120

-— 100
F80
- 60
40

20

saline PBS PBS +0.5gl-1 PBS +2.0gl-1 PBS +4.0gl-1 Saline + 4.0gl-1
BSA BSA BSA BSA

Conditions

Figure 4.21 Shows the values of the exponential fits for t1and t> determined
from the current transients. Published previously within [125]

Figure 4.21 shows the time constants obtained from the second-order fit. It is
clear to see that repassivation occurs quickest within a phosphate
environment, with alboumin hindering the development of both the growth and
thickening phases.

As t1is shown to be the dominant time constant out of the phases, a longer
t1leads the alloy to undergo a longer period of corrosion as the time for the
alloys protective film to form is increased, which would lead to an increase in
metal ions released into the solution. From the values of t > obtained, it is seen
that the thickening phase of oxide growth occurs fastest in just a saline
environment, with the presence of phosphates and albumin slowing down the
rate. As anticipated, the final steady-state currents achieved are smallest in a
phosphate environment as these molecules adsorb onto the surface of the
film, further protecting the alloy hence the lower current density.

The integrity of the film formed can be obtained from the current transients by
plotting the data onto a Log-Log scale, this enables the repassivation index to
be acquired [122,151]. The empirical form and Log-Log scale equations are
shown below. If the oxide formed is extremely ordered and compact, then n=1
with the porosity of the film increasing the closer n tends to zero [122].
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Equation 4.5 The Log-Log Equation to determine the index of repassivation
[122,150]
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Figure 4.22 Shows the Log-Log plots of the current transients obtained.
Published previously within [125].

Table 4.8 The obtained values of the repassivation Index determined from the
slope of the Log-Log plot. Published previously within [125]

Electrolyte Used Repassivation Index

Saline -0.41+0.01

PBS -0.52 + 0.02

PBS + 0.5gI* BSA -0.50+0.01
PBS + 2.0glt BSA -0.46 + 0.02
PBS + 4.0gl* BSA -0.44 + 0.02
Saline + 4.0gl'* BSA -0.39+0.01
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From Table 4.8, it can be seen that the oxide film established in a phosphate
environment is the most protective, with the presence of BSA slowly
weakening the oxide layer due to increased levels of porosity; the higher the
concentration of BSA, the greater the effect. This is due to competitive binding
with the oxidant to the surface of the alloy.

4.2.4.1 Effect of potential on repassivation rate

The applied potential to carry out repassivation was investigated to determine
the effects on the rate of repassivation. Applied voltages of OVre and +0.2Vre
were undertaken, which are also well defined within the passive region for all
of the different electrolyte compositions. The comparisons of the extracted
t1and t>values are shown in Figure 4.23.
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Figure 4.23 Shows the effects of potential on the exponential fits for t1 (a) and
t2 (b) determined from the current transients

From Figure 4.23, it can be seen that the potential at which repassivation
occurs affects the rate of repassivation. The value t;tends to lower values
when a higher passive potential is applied, characterised via a faster current
drop towards a steady state. The higher reactivity at higher potentials leads to
a faster repassivation rate. In regards to t» it would appear that the potential
has little/no effect on the rate of growth of the film, indicating that it is limited
by just the surrounding environment. However, the conductivity of the media
neither has a strong effect due to diminished currents after the surface of the
alloy is initially covered [123]. The same trends for both t;and t2 are shown
across the potential range for the different compositions the alloy is exposed
to.

The peak currents for the potentials are indicated in Figure 4.24. Observations
indicate that higher potentials also leads to higher peak currents suggesting
that more corrosion occurs on the surface of the alloy. This is due to the higher
reactivity under higher potentials leading to the enhanced reformation of the
film but also enhanced dissolution of the alloy [123]. The lowest peak currents
are seen in albumin containing conditions as they suppress the cathodic

120



reaction as they are a cathodic inhibitor. As expected, the overall steady-state
current achieved is lower with a higher passive potential.
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Figure 4.24 Indicates the peak currents obtained for the repassivation of
CoCrMo under different potentials

4.3 Discussion

From the electrochemical measurements undertaken, it has been indicated
that the composition of the electrolyte and the applied potential play key roles
in determining the metal's resistance to corrosion. This section will give a
detailed explanation and critique of the observations that have been noted
throughout this chapter.

4.3.1 Effect of the electrolyte

The addition of phosphates to the system is shown to enhance the alloy's
resistance to corrosion as indicated by more positive values of OCP, more
noble values of Ecorr and icorr as well as giving lower values of ip. These findings
indicate that the species absorb onto the alloys surface and act as a barrier to
corrosion, restricting the anodic reaction, i.e. acting as an anodic inhibitor.
Results from the cathodic potentiodynamic experiments also consolidate this
as the current is diminished in a phosphate environment. However,
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phosphates have been shown to activate transpassive dissolution, as
indicated in Figure 4.3. A study of the potential on the film composition of
CoCrMo was carried out by Milosev [30]; it was determined that the passive
film of CoCrMo was mainly composed of Cr20s and Cr(OH)s, but the
percentage of CoO within the film increases with potential, and between 0.47-
0.68Vre the ratios are equal. Therefore it can be suggested that the increase
in current from 0.47Vre onwards is due to the formation of phosphate
chromium complexes which alter the composition of the film, making it more
susceptible to corrosion as it consists of more CoO. The point at which
transpassive dissolution occurs for CoCrMo in PBS is from 0.68Vre onwards,
indicated by the start of the second loop (Figure 4.3), which is also in
concordance with the breakdown potential of the alloy in saline environments.
At this potential complete breakdown of the passive film occurs, and corrosion
of the surface readily occurs.

The presence of BSA is seen to have differing effects to phosphates, as they
shift the Ecorr in the cathodic direction. This suggests that BSA inhibits access
of oxidant towards the alloy, weakening the passive film, increasing the rate
of corrosion. The passivation current is seen to increase with BSA, indicating
that its presence can accelerate the anodic reaction leading to further
dissolution of the passive film. These effects indicate that BSA has the
opposite effect to phosphates, adsorbing onto the surface acting as a cathodic
inhibitor [143].

The experiments undertaken have indicated that both phosphates and BSA
adsorb onto the surface of the alloy via chemisorption; this was determined
from substantial decreases to the Ea when these species are present
individually or together. In this process, the phosphate/BSA undergoes charge
sharing/charge transfer with the alloy surface, which forms a co-ordinate type
bond [146]. This process is enabled as a donation of electrons into the
unoccupied d orbitals of the metal is thermodynamically favoured, as
chromium is the main constituent of the film, its vacancies are the dominant
point defects utilised by the species [88,147].

4.3.2 Comparison of the applied domain on the alloy

By undertaking EIS on the four different regions for CoCrMo in a variety of
electrolytes, a complete picture of how the environment acts with the alloy
under the different conditions can be made by comparing the datasets.
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The polarization resistance of the alloy is the sum of all the resistance values
obtained from the resistors within the fitted equivalent circuits determined from
EIS. A comparison of these values is depicted within Figure 4.25; due to the
scale of Rp obtained, these have been grouped into Cathodic-Transpassive

and OCP-Passive.
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Figure 4.25 Shows the overall polarization resistance (Rp) for all of the
different conditions applied to CoCrMo (a) Cathodic/Trans-passive (b)

OCP/Passive.
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The corrosion resistance of the alloy is seen to increase under all of the
potentials in a phosphate environment, depicted by increased polarization
resistances of the different conditions applied. This is achieved via adsorbing
onto the surface of the alloy via chemisorption, protecting the surface from
corrosion. In the cases of the OCP and passive conditions, phosphates were
shown to increase the resistance of the film itself, which could be due to
leading to a differing favoured composition. This will be explored in more detail
within the following chapter.

BSA has different effects on the resistance depending on the electrochemical
conditions; under OCP, it decreases the resistance, whereas for cathodic,
passive and trans-passive, it is enhanced. Therefore adsorption of BSA is
twofold; it can inhibit the access of oxidants to the alloy leading the adsorbed
organic layer/passive film to be weaker, increasing the corrosion rate but can
alter the passive film due to the molecule being a cathodic inhibitor increasing
the resistance of corrosion in the passive domain [100]. These effects were
also noted by Munoz [143]; he suggested that it could be down to the rate of
oxide formation as albumin is a relatively large molecule, so it would interfere
more with the growth process during slow processes such as at OCP. In
conditions where there was little/no oxide film (cathodic/trans-passive), the
effect of cathodic inhibition is the only factor that occurs, being the dominant
force into why albumin presence is beneficial for these conditions.

A part of the difference in polarisation resistance values between the OCP and
passive domain can be explained via the differences in the estimated oxide
thickness produced. This is possible due to the same ECC being used to fit
the data and the clear presence tooHe
cathodic and trans-passive domain. This is determined by utilising the values
of Cin, within Equation 2.16F shown within the Literature review. The obtained
data is shown in Figure 4.26.
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Figure 4.26 Comparison of the oxide thickness between OCP and Passive
conditions

From the data shown, it is clear that the thickness of the passive film is much
greater under passive conditions than OCP. According to extrapolated results
obtained by Milosev [30] and Hodgson [127], it is noted that with an increase
in potential, the thickness of the film increases for potentials between the OCP
and 0.3Vre. There have been reports of an OCP formed film having a
thickness of between 0.8 i 1 nm, which is concordant with the data obtained
[100]. In both conditions, the presence of phosphates leads to a thicker oxide
film formed; this could be due to phosphates being an oxidant themselves
contributing to film formation. Whereas albumin is seen to reduce the
thickness of the film as the large molecule would inhibit access of oxidant to
the surface of the alloy as well as blocking active sites. The formation of film
at OCP is slow in comparison to passive potentials and with albumin being a
relatively large molecule has a higher chance to interfere with film growth.

Another difference noted between OCP, and passive conditions is the effect
of albumin on the Rout. It is seen that under OCP, the presence of BSA causes
values of Rout to decrease both with and without phosphates, whereas under
passive conditions, the values of Rout are seen to increase. Munoz [100] also
noted these different effects on Rout for OCP and Passive conditions,
suggesting that this could be due to the applied conditions having different
effects on both the orientation and conformation of the adsorbed layer.
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The impedance values obtained under passive conditions consist of high
values of 10°Y ¢ Rythisis a typical value for a CoCrMo passive film [100,104].
When contrasted against the data obtained in the cathodic domain, it can be
seen that those under cathodic conditions are highly diminished alongside a
capacitance over a factor of magnitude higher, indicating that oxide film has
greatly been reduced seeing as the cathodic reaction is highly favoured [102].
These findings are in accordance with the literature in that if the potential
becomes sufficiently negative then little/no oxide will form (less than -0.5Vre
vs Ag/AgCl). [127,143,152]

The obtained values of impedance for the transpassive region are lower than
those for the cathodic tests. Under trans-passive conditions, it is well known
that the oxide film breaks down, and localised corrosion occurs. It is hard to
compare the bare surfaces for cathodic and trans-passive conditions due to
the occurrence of vacancies on the surface of the alloy under trans-passive
conditions, which would drastically affect the impedance values by
underestimating the resistance of the non-barrier layer.

4.3.3 Repassivation Process

The kinetics of repassivation was undertaken from investigating the current
transients obtained. The quickest repassivation rate occurred in a phosphate
environment, as they are an oxidising agent that can aid the coverage phase
(t1) of the oxide. However, they are seen to hinder the growth phase (t2) of
the oxide, as the oxidant now needs to also diffuse through the adsorbed layer
alongside the freshly formed passive film to get to the alloys surface and be
reduced, leading to a slower growth rate of the film to its maximum state. The
presence of BSA has been shown to inhibit both the growth and coverage
phases. In regards to the growth phase, the rate is reduced due to the
molecules inhibiting the oxygen reduction reaction by hindering access to
active sites of the surface of the alloy [127,153]. At the same time, the
coverage phase is hindered due to the same reason as for phosphates,
although the rate is even slower due to the size of the BSA molecules in
comparison to phosphate complexes. D.Sun [154] also observed an increased
repassivation time for proteinaceous environments when the oxide was
cleaved via a scratch test. It was indicated that that the gradual re-
establishment of the electrical double layer contributes to the slow recovery of
current [154]. The data obtained from the potentiodynamic tests back up these
theories as BSA was shown to act as a cathodic inhibitor.
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In regards to the effect of applied passive potential on the rate of
repassivation, it was observed that a higher passive potential gives a faster
rate of repassivation as the rate of coverage is increased due to the enhanced
reactivity of the condition. Pyun et al. [155] explored the effect of potential on
the repassivation rate of aluminium, and alongside determining that the speed
of passivation was increased with passive potential, the films become less
porous (higher value of € obtained).

4.3.3.1 Limitations

The methods used to investigate the repassivation kinetics are desirable when
it comes to predicting the behaviour of the CoCrMo under a variety of
conditions, but multiple factors need to be taken into consideration that can
influence/affect the data sets obtained, which range from the response time
of the equipment used to the rate at which the oxide is removed [156].

Specific limitations with this data obtained are due to ohmic limitations
alongside the potentiostat response time, which di dn 6t have

collect data on the nanosecond time scale [156,157]. With response time of
the potentiostat being slow, it fails to substantially increase the current fast
enough to maintain the potential which is essential due to the drastic
difference between the cathodic and passive potentials, this results in a
percentage of the charge being lost within the early transition [156]. This
profound change in conditions causes an ohmic drop which alters the early
form of the current transient [156,157]. These limitations make the data
obtained only instructive with respect to environment analysed.
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Figure 4.27 A close up of the transition time of CoCrMo in PBS, repassivated
at +0.1Vre (Figure 3.6)

4.4 Conclusion

An in-depth study on the electrochemical corrosion behaviour of CoCrMo
alloys in various simulated bodily fluids was undertaken, this enabled the
following conclusions to be reached.

1. The effects and properties of the surface of a CoCrMo alloy are highly
influenced by the composition of the surrounding electrolyte, the
applied potential as well as temperature.

2. Phosphates reduce the rate of corrosion as they adsorb onto the
surface of the alloy via chemisorption acting as a barrier between the
alloy and the environment

3. The effects of albumin are two-fold: it can inhibit the access of oxidants
to the alloy leading the adsorbed organic layer/passive film to be
weaker, increasing the corrosion rate but can alter the passive film due
to the molecule being a cathodic inhibitor increasing the resistance of
corrosion in the passive domain. The molecule also adsorbs onto the
surface via chemisorption

4. The domain to which the alloy is exposed has a drastic effect on the
properties of CoCrMo

1 Cathodic domain (-1.0Vre), the current is determined from the
reduction oxygen reaction, which leads to major/complete
reduction of the oxide film
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5.

6.

1 OCP, there is an oxide film formed that protects the alloy. The
thickness of the film is between 0.5 - 1.0 nm for the
environments analysed

1 Passive domain (+0.1Vre), a thicker oxide film is formed, which
enhances the corrosion resistance of the alloy. The thicknesses
obtained were between 1.0 - 1.8 nm.

1 Transpassive domain (+1.0Vre), there is a presence of a non-
barrier layer, the oxide film is broken down under these
conditions with localised corrosion occurring on the surface

The rate of repassivation has been noted to vary with the environment
in which it occurs, the fastest repassivation rate was observed in a
phosphate-containing environment, whereas the presence of BSA,
leads to slower repassivation rates seeing as the oxidant is being
inhibited due to the proteins size which blocks the active sites on the
surface. Repassivation under a higher passive potential leads to a
higher rate of coverage but has little/no effect on the growth phase.
An increase in temperature increases the rate of the corrosion rate of
CoCrMo alongside increasing the cathodic reaction rates.
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Chapter 5
The Effects of the Environment and Applied Electrochemical
Conditions of the Surface of CoCrMo

5.1 Introduction

The surface chemistry of CoCrMo is affected by the environment it is exposed
to and the applied conditions; these slight changes can lead to changes in the
corrosion resistance of the alloy. By building up a profile of the surface at
different conditions, it enables a deeper insight into any prevailing
mechanisms that occur. Key emphasis was placed upon any changes to the
composition and structure of the passive film, which gives the alloy its
corrosion resistance.

The following chapter aims to explore any chemical or physical changes in the
surface under a range of simulated bodily fluids at specific electrochemical
potentials. To undertake this surface characterisation, tests were conducted
on post-test samples, with a polished CoCrMo sample being used as a control.
The following analysis was undertaken to achieve these aims: Optical
Microscopy (OM), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), X-Ray Photoelectron Spectroscopy (XPS),
Electron Energy Loss Spectroscopy (EELS), Energy-Dispersive X-ray
Spectroscopy (EDX) and Atomic Force Microscopy (AFM).

5.2 CoCrMo Alloy

A polished wrought Low Carbon CoCrMo sample was examined to determine
the surface properties of the alloy when just exposed to air; this then can be
used as a control for comparisons. As stated before, the roughness of each
sample was ~10 nm after the polishing phase discussed in Section 3.2.1. The
surface of the sample as observed by Optical Microscopy is shown in Figure
5.1.
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Figure 5.1 Surface of the polished CoCrMo sample via optical microscopy
5.2.1 SEM/EDX Analysis

The composition of the freshly polished surface was initially analysed by
SEM/EDX; the data obtained is shown in Figure 5.2. The contributions from
the metal elements are as expected (Co 72wt%, Cr 21wt%, Mo 8wt%) and in
concordance with the specifications of the alloy, The SEM/EDX analysis
indicated the presence of carbon-rich areas, the AFM and XPS data shown
later on also consolidates the presence of carbide peaks. The imaging
revealed these carbon-rich areas as dark areas, which are distributed
randomly and are generally around 1 € m.

Eectron Image 1




Figure 5.2 (a) SEM image of the polished CoCrMo surface (b) EDX analysis
of spectrum 1 from the SEM (c) EDX analysis of white circle?, indicating a
high carbon presence

5.2.2 Crystalline Structure Analysis

TEM was utilised to assess the crystalline structure of the alloy. Figure 5.3a
indicates the high angle annular dark field obtained from the surface of Ir-
CoCrMo, with the areas analysed via diffraction analysis indicated. The upper
50 nm of the alloy has indications of deformation due to the crystals in this
region possessing a finer structure compared to the bulk alloy. Individual
grains of the alloy can easily be distinguished, with some segregation of Cr
and Mo being seen in places as indicated within Figure 5.3b. There looks to

be a presence of an interface between the Ir layer and alloy;t hi s coul

identified by the use of EDX at these magnifications but is believed to be an
oxide layer.

132

dn o



Figure 5.3 High angle annular dark field TEM image of a polished CoCrMo
cross section (b) Elemental X-Ray map of the TEM image (c) SAED of the
upper region (1) within the TEM image (d) SAED of bulk material (2) within the
TEM image

Selected Area Electron Diffraction (SAED) patterns were acquired from the
finer crystals near the surface as well as the bulk material. These obtained
images further support and consolidate that the upper region has a finer
structure as Figure 5.3c, possessing a ringed diffraction pattern. This pattern
is nano-crystalline due to a large number of crystals that are orientated in
different ways induced by strain from the polishing procedure [158]. This

133



structure demonstrates hexagonal structure d-spacing, which is a
char act er icabaltil69]. Bhis is different to the bulk material, which
appears to have a rigid linear structure. These findings are in correlation with
the structure expected for a polished CoCrMo sample, with high levels of
strain being able to convert the metastable FCC structure into an HCP phase
[158].

5.2.3 Surface Chemistry Analysis

The composition of the surface of a polished CoCrMo sample in the absence
of etching was investigated by the use of X-Ray Photoelectron Spectroscopy,
with an overall survey spectrum being shown in Figure 5.4. Analysis of the
surface revealed the following elements: Carbon (C 1s), Oxygen (O 1s),
Chromium (Cr 2p), Cobalt (Co 2p), Molybdenum (Mo 3d).
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Figure 5.4 XPS survey spectrum of the polished CoCrMo surface
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Table 5.1 Data extracted from the spectrum depicting peak position and
atomic percentage

Elemental Binding Energy Atomic Percentage

Species (ev) %

Mo 3d 231.38 0.56

Cls 285.38 56.22

N 1s 398.38 0.19

O1s 531.38 34.38

Cr2p 575.38 4.72

Co2p 780.38 3.37

The deconvoluted elements detected from the spectra are shown in Figure
5.5. Elemental carbon is shown (Figure 5.5a), the peak typically consists of C-
C at 285 eV, C-O at 287 eV and C=0 at 289 eV, but there is also evidence for
metal carbides due to the presence of a peak at around ~283 eV. The oxygen
peak (Figure 5.5b) is characterised via a peak around 533 eV. The metal oxide
peak appears at significantly lower binding energy enabling it to easily be
differentiated from the species; in this case, ~530 eV accounts for the oxides
that make up the passive film. This peak is dwarfed by the quantity of oxygen
that exists as hydroxide, possibly due to the surface being hydrated from the
polishing process.

The metal peaks are characterized by a well-defined peak with the level of
oxidation leading to increases to the binding energy slightly. The cobalt and
chromium peaks are formed of two states (- spin, - spin) as the atoms contain

unpaired electrons, coupling between the unpaired electrons in the core and
outer layer leads to the production of another state [155]. For both of the
deconvolutions involving Co and Cr, only the peak corresponding to the - spin-

state is analysed this is due to this spin state producing satellite features that
overlap the - spin-state [160,162].

The cobalt peak (Figure 5.5c) is seen to primarily exist in the hydroxide form
with a small contribution for cobalt oxide. The chromium peak (Figure 5.5d)
primarily exists as Cr(lll) oxide and hydroxide, with the Cr(lll) oxide peak
having many multiplet-split components. By fitting each component, it
prevents false identification of any of the chemical states [162]. Molybdenum
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(Figure 5.5e) is known to be able to adopt multiple oxidation states (IV, V, VI).
It is seen that molybdenum VI is favoured out of the states available, with the
element preferring to exist as an oxide within the surface over its elemental
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Figure 5.5 Fitting of XPS peaks on a polished CoCrMo surface: (a) Carbon,
(b) Oxygen, (c) Cobalt, (d) Chromium and (e) Molybdenum
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5.2.4 Morphology of the Surface

The morphology of the sample was further examined by the use of AFM;
Figure 5.6a shows the surface of a polished CoCrMo sample. The surface is
seen to be relatively smooth except for a few trenches. These can stem from
polishing, and even though they are easily visible, the maximum depth they
exist at is ~30 nm. Some carbides (lighter regions) are distributed randomly
over the surface, being around 20 nm higher than the substrate. Overall the
roughness of the samples is concordant with the NPFlex measurements of
around ~10 = 2 nm.

A dissipation profile of the same area (Figure 5.6b) shows more detail about
the surface energy of the CoCrMo sample. Upon closer inspection of some of
the deformities (peaks and valleys), it is seen that they are due to carbide
formation as they readily form at grain boundaries when the energy free
barrier is low enough [134]. The surface energy of these carbides is much
higher than that of the alloy matrix (white regions); this indicates that carbides
have a higher resistance to corrosion than the bulk alloy [101].

28.1nm 10. 5 KeV

-6.5 KeV

1
0.0 10.0 m T 1
00 10.0 ym

Figure 5.6 AFM images taken from a polished CoCrMo sample (a) Height
profile (b) Dissipation profile (surface energy)
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5.3 Effects of simulated bodily fluids on the surface of
CoCrMo

The addition of inorganic salts and organic molecules has been shown to have
drastic effects on the corrosion behaviour of CoCrMo; the use of surface
analysis was used to further understand the electrochemical observations. All
samples within this section were passivated at +0.1Vre within the selected
electrolyte upon submersion. This corresponds to the electrochemical data
obtained within Section 4.2.3.3.

5.3.1 Observable effects on the surface

Figure 5.7 depicts a CoCrMo surface passivated (+0.1Vre) within a PBS
solution. By comparing the image with Figure 5.2a, it appears that there is a
deposition of inorganic salts due to the surface appearing smoother. The use
of C  K(Elgure 5.7b) indicates the presence of carbides on the surface, with
other species on the surface assumed to be salts (white circles). The use of
EDX to determine these species was, however, not possible; this could be due
to the area of the sample that was investigated. The (Bgurk &l7c)
indicates that oxygen is consistently present on the surface of the alloy, which
would correlate with the formation of a passive film.

Q)
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10um

Figure 5.7 SEM image taken of a passivated (+0.1Vre) CoCrMo sample within
a PBS solution (b) Elemental X-Ray mapo f C KHéémental X-)Ray map
ofO KU

Figure 5.8a depicts a cross-sectional view of the same sample with the use of
TEM. Just as seen previously, there appears to be an interface present at the
surface of the alloy; an EDX profile of this region (Figure 5.8b) enables the
thin oxide film (~2 nm) to be visible. This film is uniformly present across the
surface of the alloy. The bulk alloy is a combination of all the metallic elements
present, consolidating that the previously seen Cr/Mo affinity occurs only in
localised sites.
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Figure 5.8 TEM side view of a passivated (+0.1Vre) CoCrMo sample within
a PBS solution (b) Elemental X-Ray map

Figure 5.9a depicts CoCrMo passivated within PBS and 4gl* BSA solution;
this leads to a build-up of BSA on the surface, which seems to build up as

aggregates. C KU akilll &re used to determine the

the surface of the alloy as these are the two main elements that BSA is
composed of. The C KUKBndp®ctra depict
concentration in random areas on the surface. The overall surface of the alloy
seems to have inorganic deposition, too, due to the less visible presence of
the surface structure, as seen before with a polished sample in Figure 5.2a.
From these images, we can conclude that both the inorganic and organic
species can adsorb onto the surface of the alloy.

a)
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Figure 5.9 SEM image taken of a passivated (0.1Vre) CoCrMo sample within
a PBS and 4gl* BSA solution (b) Elemental X-Ray map of C KU(c) Elemental
X-Raymapof O KU

By utilising FIB alongside TEM, it was possible to observe a side view of the
passivated CoCrMo sample. An example of the CoCrMo passivated with PBS,
and 4glt BSA is shown in Figure 5.10a, with the EDX image in Figure 5.10b.
The oxide film (blue) and protein layer (yellow) on the surface are easily
distinguishable by the use of EDX; for ease of viewing the adsorbed layers,
only cobalt out of the metal elements is shown. This oxide film had a varying
thickness of between 1.5 7 2 nm, with the protein layer being slightly thicker
at around 4 nm.
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Figure 5.10 TEM side view of a passivated (+0.1Vre) CoCrMo sample within
a PBS and 4gl** BSA solution (b) Elemental X-Ray map

5.3.2 Effects of electrolyte on passive film composition
5.3.2.1 EELS Analysis

The use of EELS was undertaken alongside TEM imaging to determine
changes within the interfaces from the cross-sections investigated. EELS
possesses a much higher energy resolution than EDX, enabling different
forms of the same element to be identified. The assignment of EELS peaks
was done by contrasting against EELS databases [136,137].

The image of a CoCrMo sample passivated (+0.1Vre) within PBS and the
spectrum obtained is shown in Figure 5.11. From the analysis of the oxide film
(~2 nm), it can be seen that there is a slight presence of C K, which occurs at
300 eV; this is most likely due to contamination on the surface [136,137]. The
presence of O K at 540 eV confirms that this is an oxide layer which is
comprised of both Cr L 3,2 (600 eV) and Co L 3,2 (780 eV), the quantities of
these elements within the oxide film appear to be similar from the data
obtained [136,137]. When comparing to the bulk layer, there are just the metal
elements present. The ratio of Co L 3,2: Cr L 3,2 has increased as expected
due to the stoichiometry of the alloy. Molybdenum edges are not seen due to
it having high binding energy (2520 eV) on the EELS spectra [136].
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Figure 5.11 EELS of CoCrMo passivated (+0.1Vre) within PBS covering the
areas of interest (a) TEM image of area taken (b) EELS spectra of the oxide
film (c) EELS spectra of the bulk alloy
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The image of a CoCrMo sample passivated at 0.1Vre in PBS, and 4gl! BSA
and the spectrum obtained is shown in Figure 5.12. Due to the presence of
BSA within the electrolyte, an outer carbonaceous layer (~ 4 nm) on the
surface was observed. EELS analysis confirms this due to the strong C K
peak; this possesses a very similar fine structure to that of amorphous carbon
(Figure 5.12b). This presence of carbon is not seen within the oxide film or
bulk alloy, possessing similar characteristics to a purely PBS environment. As
seen previously, the oxide film is comprised of both Cr L 3,2 and Co L 3,2.
However, the ratio seems to shift in favour of Cr L 3,2 now. As expected, the
bulk alloy is just comprised of identifiable metal elements.
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Figure 5.12 EELS of CoCrMo passivated (+0.1Vge) within PBS and 4gl* BSA
covering the areas of interest (a) TEM image of area taken (b) EELS spectra
of the protein layer (c) EELS spectra of the oxide film (d) EELS spectra of the
bulk alloy

5.3.2.2 XPS Analysis

XPS analysis of the CoCrMo samples after passivation (+0.1Vre) under
simulated bodily fluids signalled the following elements: carbon (C 1s), oxygen
(O 1s), chromium (Cr 2p), cobalt (Co 2p), molybdenum (Mo 3d). When
immersed in a PBS environment, phosphorous (P 2p) was also identified , the
presence of BSA lead to the detection of nitrogen (N 1s) and traces of sulfur
(S 2p). For BSA containing environments, etching was done until the metal
peaks became visible, which varied from sample to sample. Deconvolution
was undertaken for all environments; however, just the PBS and PBS with
4.0gl't BSA are depicted in Figure 5.13 for clarity (the peak for sulfur has not
been deconvoluted due to the lack of a clear peak due to its extremely low
guantity within the protein).
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Figure 5.13 Fitting of XPS peaks on passivated (+0.1Vre) CoCrMo in PBS
and PBS with 4.0glt BSA after 1hr: (a) Carbon, (b) Oxygen, (c) Phosphorus
(d) Cobalt, (e) Chromium and (f) Molybdenum

When comparing a polished CoCrMo sample with a passivated one, it can be
seen that the percentage of oxygen that exists as a metal oxide when
passivated has dramatically increased (Figure 5.5b: Figure 5.13b). This is
furtherhi ghl i ghted within the cobalbtbhmnd
Figure 5.13d,5.13e). The peaks representing elemental chromium (Cr 2p 3/2)
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and molybdenum (Mo 3d 5/2 and Mo 3d 3/2) are visibly reduced within the
passivated samples, with more of this metal existing as an oxide or hydroxide.

The phosphorus peaks (Figure 5.13c) indicate that the absorbed layer on the
surface of the alloy is bound to the metal. This is consistent in an environment
with/without the presence of BSA. F

When BSA is present, the carbon spectra (Figure 5.13a) of the alloy is altered,
giving a higher proportion of the carbon being present either in the C-O or
C=0 form. The peak is also observed to be broader; this indicates that BSA
is adsorbs onto the surface of the alloy; this is further consolidated by the
development of a strong N 1s peak seen when BSA is present [100]. The
deconvoluted peak is shown in Figure 5.14. The nitrogen peak is
characterised via a peak corresponding to C-NHz around 400 eV. The
presence of metal nitrates seen at lower binding energies (~ 394 eV) suggests
that bonding of the protein to the alloy can occur through the nitrogen group.

Metal
Nitrates

CPs

85] Satellite

] N |trates
65]
50]

— — — T
420 4 405 400 395 390 385
Binding Energy (eV)

Figure 5.14 Nitrogen (N 1s) XPS peak of a passivated CoCrMo sample in
PBS + 4.0gl'*t BSA

The presence of BSA also leads to changes within the deconvoluted metal
peaks. There are slight increases in the percentage of hydroxide formed within
the Co 2p, although it still mainly exists in the metal form. As expected,
chromium exists mainly as either Cr(lll) oxide and hydroxide, with the
proportions of both Crmetalioxide and Crmetalihydroxide iNCreasing when the protein
was present (Figure 5.13e). Mo(VI) is still the favoured form for molybdenum,
but there is a substantial percentage increase in Mo(lIV) when in the presence
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of albumin, this could be credited to molybdenum being bound to the protein
on the all oyod$13.urface (Figure

The percentage of metallic elements (Co, Cr, Mo) within the oxide layer of the
alloy determined from XPS is depicted in Figure 5.15. This was undertaken
via analysis of the individual spectra obtained and then deducing the
guantities of metal in the oxide state. This enables further understanding
about the composition of the oxide layer under various simulated bodily fluids.

I CoCrMo Polished
[ Saline
80 [ PBS
] [ PBS + 0.5gI"1 BSA
[IPBS +2.0gI-1 BSA
I PBS + 4.0gI"1 BSA
I Saline + 4.Og|‘1 BSA

70

60—-
50—-
40
30—-

20

Percentage in the passive film (%)

10+

0 - T T
Cobalt Chromium Molybdenum

Metal Element

Figure 5.15 Percentage of metallic elements present in the oxide state of
passivated (+0.1Vre) CoCrMo from XPS analysis

From the data within Figure 5.15, it can be seen that the composition of the
passive film is highly affected by its surrounding environment. Cobalt is the
main constituent of the alloy (~66%) but is seen not to be the dominant metallic
element within the film. When the film is electrochemically formed in saline
conditions, the level of cobalt within the film is drastically reduced in
comparison to the oxide film formed in air and this effect is further enhanced
when exposed to phosphates and albumin. Chromium is seen to possess the
highest presence within the passive film, composing of over 65% in all
passivated samples analysed. Even in an air oxide formed film, molybdenum
exceeds its stoichiometry in the alloy, with the content being seen to increase
in the presence of inorganic and organic species, reaching a high of 15%. This
could be due to the supposed high affinity the BSA molecule has with
molybdenum.

149



5.3.3 Effects of Repassivation on the Surface Properties

Analysis of the passive film after an electrochemical repassivation phase was
undertaken to examine if there were any alterations to the film formation
(Section 4.2.4). CoCrMo samples were submerged within the electrolyte and
polarized at cathodic conditions (-1.0Vre) for 30 minutes, followed by passive
conditions for 30 minutes (+0.1VRe).

The  comparison of the TEM/EDX  cross-sections for a
passivated/repassivated CoCrMo sample in a PBS and 4gl* BSA solution was
intriguing (Figure 5.10:Figure 5.16). The upper surface region (Figure 5.16a)
appears to be composed of nano-crystalline material; this seems to delve
deeper into the alloy than previously seen, which could have been due to the
cathodic potential applied to remove the oxide layer and the different reactions
that occur (Oz2 reduction). With regards to the EDX data (Figure 5.16b), the
oxide film (blue) and protein layer (yellow) on the surface are easily
distinguishable, as done previously for ease of viewing the adsorbed layers,
only cobalt out of the metal elements is shown. However, the layer of protein
deposited on the surface is overall thicker under repassivation conditions
when compared to the passivated sample (Figure 5.10b), typically being ~6
nm but as high as 12 nm. The thickness of the oxide is consistent with the
passivated sample being in the region of 2 nm.

Nano-crystalline

material

L 1696
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Figure 5.16 TEM cross-section of a repassivated CoCrMo sample within a
PBS and 4gl* BSA solution (b) Elemental X-Ray map

An EDX line profile through the thickest part of the protein layer is shown in
Figure 5.17a, with its corresponding weight fraction along the line in Figure
5.17b starting from inside the Ir layer to the bulk alloy. As expected, the protein
layer is formed of primarily carbon and oxygen ions; there is the presence of
some metal ions within this film. This phenomenon could be due to protein
molecules complexing with the metal ions lost to the solution when the metal
was active upon the potential change. The oxide film is mainly shown to be
formed of chromium oxide. However, there is a substantial carbon peak within
the film, which could be due to inhibited oxide by the adsorbed protein
molecules.

b)

Protein Layer

/\ Oxide Film

L—1 10 am

Figure 5.17 Close up EDX profile of the TEM side view of a repassivated
CoCrMo sample in PBS and 4.0gl* BSA (b) Weight fraction percentage of the
line profile
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