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Abstract

Ti andits alloys have shown aexcellent combination of biocompatibility and mechanical
properties to become the first choice for orthopaedic impleiotvever, one perennial problem

is the high stiffness of these alloys which creates a large mismatch between the implant and
bone.In this thesis, the author firstly designed a new group ofdost biomedical FMo-Fe-

Sn alloys: Ti-4Mo-Fe-3Sn, Ti5Mo-Fe3Sn and Ti5Mo-Fe-4Sn (at.%) on the basis of
electron, averagevalence electron concentration and Mo equivalent number designing
stratgies In addition a new surface modification strategy via selective laser melting (SLM)
was proposed for the currentnomercialized Ti6AI-4V ELI (Extra Low Interstitial) The
characteristics of their mechanical properties and microstructure evaodtitesrthe uniaxial

tensile and tribocorrosion tests were studied using scanning and transmission electron
microscopy (SEMad TEM).

All developed alloys exhibited similar equiaxed microstructure in the annealedstétese

alloys, the main deformation masleerethe formation of stressiduced martensite, multiple
twinning anddislocationslip. The balance of these defation mode cor r el at ed wi
phase stability but not with the prediction of thelectronmethod. An excellent combination

of low elastic modulus (52 GPa) and high yield strength (740 MPa) was achieveBMoTi

Fe3, leading to the highest elastdmissibé strain (1.42%) in comparison with reported
biomedical Ti alloys. It was found that the combined addition of Sn and Fpeesspd the
formation of athermal omega phase and introduced solid solution strengthening. Transmission

electron microscopyesults evealed that with an increase in tensile strain, the {332}<113>



twin system was initiated first, and then secondary {332}<113> twinning and ternary
{112}<111> twinning was also observed. The evolutiontled multi-twin system during
deformation vas resporible for the enhanced strain hardening rate and plasticity (elongation
~30%).

Tribocorrosiorntestswere carried ouh new-born calf serum solutioreg open circuit potential.
The specimen was rubbed at reciprocating frequencies of 5 Hz ahtt.2The presence of
grooves and retained wear debris suggested thatdairewear mechanism in all sampleas
abrasve wear Ti-5Mo-Fe-3Sn and TH6AI-4V ELI were found to have the abjlito regain
passive state in the wear track when testing at 2.9 hig slower sliding speed was better for
protein aggregation at the tribological interface, which further interacted with oxide particles
contributing to the compact tribofilm similar to passive film.

SLM of Ti-6Al-4V ELI was undertaken using laser textigrio develop aiblet-like texture.
Micropillars were FIB machined from the high points on the surfacaitinmicropillar
compression tests of SLM-BAI-4V ELI showed that the strength of ttextureincreased by
74%. It was mainly attributed to theffdisionless martensite transformation, resulting in grain
refinementthat contributel to enhanced mechanical properties. Moreover sgeific wear

rate of SLMTi-6Al-4V ELI was three orders of magnitude lower in comparisthegantreated
sample for artbocorrosion test carried at 2.5 Hze worn surface characterisatisimowed it

to be ultrasmooth, far smoother than the equivalent test onSidvi material. In the SLM
alloy, wear debris was removed from the tribocontact in the recesses on the sufebe,

appears to be a key aspect of generating the-arti@th worn surface, whereby the laser



texture had prevente®f body wear. Additionallythe structural and chemical evolution of the
subsurface region was examined after the weabygstecessio electron diffraction using the
Nanomegas system to generate nanoscale orientation imaguahglectron energy loss
spectroscopfEELS) mapping inthe TEM. The smooth topography corresponded to a thin
tribofilm with metallic characteristi@ndthesubstructuredisplayed aolumnar microstructure
with negligible plastic deformatigmdicating a betteresistance tsheardeformation
Thereforethe results in this thesshowthatthe newly developed T6Mo-Fe-3Sn alloyis a
promising candidate materiar support components ofthopaedic implast such as stem or
tibial part. It was also shown that SLM could play a significant molenproving the wear
resistance of theurrent commercialized I8AI-4V ELI alloy, resulting in a huge reduction in
debrs formation and a removal oF®ody wearThis technique should work for any titanium

alloy.

Keywords:Biomedical Ti alloysStrain hardeningDeformation mechanisnTribocorrosion

Tribofilm; Laser surface texture
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Chapterl Introduction

Chapter 1 Introd uction

1.1 Background and M otivation

Recently, biomedical implants have received much more attention due to the unprecedented
trend of population ageirgroundtheworld. According to the newest projection from 2020 to
2040, the number of primary totiaip andkneearthroplasty (THA and TKA) in the USA will
increase by 284% and 401% respectively, which toggtherresult in ovefour million cases
annually[1]. The lifetime of current implants is limitegd around 15 years, which means that
younger adults (<55 years old) having higher mobility demands during daily life would
experience at least one revision after fing fmplant[2]. The optimized design amplant,

such as through the use of modular hip systafiers a more patiefthilored solution: not

only providing flexibility which is beneficial to individual joints balkso reducing pain during

the revision procedureHowever, implant loosening and adverse reaction to metal debris
(ARMD), the two mod commonfailure reasons, still keep playing negative effectshie
human body and lead to the product degradation eMgn{@# [5].

Thanks to a combination of excellent mechanical and biocompatible properties, Ti and its
alloys are generally acpted as the best choice for implant biomaterials. One issue with
biomedical implants is the mismatch in stiffndsstweenthe bone and the implant. For
traditional alloys such as -BAI-4V ELI, this mismatch is large and can lead to problems
associated wit stress shielding. Therefore, there is a drive to develop biomedical materials
with lower stiffness closer to thaf bone.To date, the lowest elastic modulus reported for

metastable beta biomedical Ti alloys is around 40 [BR47]. However, there still remains

1
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some shortcomings limitintdpeir application in the field of orthopaedics. It is reported the lack
of strain hardening in beta Ti alloys may leadie generation of severe wear debris in human
body fluid[8]. Moreover, poor tribological performance coming from low shear resistance and
weak protection of oxide layer also gamse to concerif9], [10]. Thus,given the difficulty in
performingrevision replacement (especially for THA), ahdgrowing shift ofthe distribution

of patient age distribution to younger groups, eceimes extremely urgent to develop and

improve the properties of biomedical Ti alloys.

1.2 Aimsand Objectives

The current projeaims to develomewTi alloys forbiomedical applicationsnvestigate and

compare their tribocorrosion behaviour in proteomaining solutions, andimprove

tribocorrosion performancasingrecent cuttingedge selective laser meltingchnology The

detailedobjectivesof the proposed program are outlined as foltows

1. Todesignnewme t ast ab | dasdd onfempirecdl desigystrategies, such as the
Aeel ectrond approach and av e meagwile aolredaeceé r o n
the alloy cost usingheap alloying elements, such as Fe

2. To understand the micrand nanescale microstructure evolution of the materialsiry
thermomechanical treatment and plastic deformahoough SEM and TEM

3. To investigatethe correlation between the formation of tribofilm and repassivation in
designed Ti alloys during tribocorrosion téstsed on the SEM observation of the worn

surface and the composition analysis from surface to subsurface.
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4. Investigate the effect of selective laser melting on surface topography and microstructure
using optical profilometry and -Xay diffraction, thereby based dn-situ micropillar
compression antiereafter TEM observation of deformed microstructure, to gémex
comprehensive understanding of tbiéference of mechanical properties between the
primary and treated surface.

5. To investigate the effect of surface textr on tribocorrosion behavioun protein
containng simulated human body fluid (SBEgsingball-on-disc reciprocating apparatus.

To evaluatelaser texturing b Ti-6Al-4V alloy for biomedical applicationshrough

comparing the worn surface and material loss to untreated samples.

1.3 Thess Outline

Chapter 2 firstly gives a review of biomedidalalloys for orthopaedic applicatioriacluding
basic theories, recent understanding of microstructure, desigtiatggies and deformation
mechanism. Tribocorroison behaviour and laser surfacficettion of biomedical Ti alloys

are also presented.

Following the liteature revigv, Chapter 3 describethe methalology and experimental
procedures, containsgletailed information about sample preparation, thermomechanical
processing, surface treatmentechanical property analysis, tribocorrosion tests and various

characterisation techniques applied in this study.
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Chapter4 describes a new group of designedVio-Fe-Sn alloys with corresponding phase
analysis. Mechanical properties based on tensiletesdeformation mechanism are reported.
Also, the potential for biomedical application is discussed in detail.

In Chaptelb, furtherinvestigation of the tribogoosion behaviour is provided. Comparison of
specific wear rate, worn surface, structural letton of subsurface and electrochemical
behaviour between IMo-Fe-Sn alloys and commercialised-8Al-4V ELI are summarised
and discussed.

Chapter6 and7 introduce a new routine to optimise negéneration Ti alloys via advanced
additive manufacturingethnique: surface modification via selective laser melting, which
includes desigrstrateges and microstructure resultsmechanical properties, tribocorrosion

behaviour and structural evolution of subsurface.



Chapter2 Literature Review

Chapter 2 Literature Review

2.1 Titanium Alloys for Biomedical Applications

2.1.1 Fundamentals oftitanium and its alloys

Titanium was first discovered by William Gregor in 1791. As the rapid development of
metallurgyoccurredafter World Warll(ie.af t er t he creation of the
and its alloys tarted to be give great attention. Pure titanium has two main crystal structures:
hexagonal closedacked licp at ambient condition and bodgntred cubic k{cc above

882 , named U,respedivelfllpAs dlusteatedn Fig.2.1, the roortemperature

|l attice constants for U phase are a = 0.295

which is smaller thatheidealhcpstructure (1.633).

0.468 nm

a

Fig.2. 1. Two basic crystal structure of titaniufbl].
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Alloying elements in titanium alloys can be summarised intoeghe gr oup s : U st a
stabilisers and neutral el ements. |etc)canan be
increase the b transus t e meprdittafilingriadticesitea ei t F
Accordingly,theb p h a kedullyaetaimed at room temperaturg adding a certain amount

of b stabil i ser setc).k shgud be ndMed ,thabN bs, t aFbei,| i Grer s arr
divided into isomorphousnd eutectoidype of elementdepending on their solubilitynlike
isomorphous elements with complete solubilitiesh@b  p htlesnermetallic compound

would be formed during sdlification when eutectoid elements excéwelritical point Other
elements€.g, Zr, Sn and Hf) that have a weak effect on the formatn of U and b p

often termed as neutral elements.

A 5
B
I “
Ti TR
o stabilizer [} stabilizer neutral
[} isomorphous |3 eutectoid
(ALO,N,C) (V,Mo,Nb, Ta) (Fe,Mn,Cr,Ni,Cu,Si,H) (Zr,Sn)

Fig.2. 2. Schematic plot illustrating phase transformation of titanium allgse:

on various alloying elemenf&1].
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2.1.2 Metastabletransformation in titanium alloys

Titanium alloys are classified i ntamoufof al | oy ¢
retained equilibriunphases (i.el) a nafiroon)emperature The transfor mati o
and b is a diff usi onmndprgodongmsge mdavamenvdnd wobld ket o ms
strongly affected by external circumstagicesuch as cooling rate and heat treatment
temperatureGenerallytheb p h aasl eo weears Youngés modthelJuphias ecor
Thus, d e v e | dipdllaysyy hasteeeaived fronsiderable attention for orthopaedic
application.However, there are two kinds of metastable transformation due to displacive
transformationthe formationof martensite and omega phase, which play a significant role in

the evolution of microsticture as well as mechanical performandéamiumalloys[11], [12].

A '4 >«
1155K B metastable: stable
® | M <—>§mechanically instable
é —-\\‘s\ B i
©
®
Q
5
—_
R.T
Beta stabilizing elements (%)
Fig.2. 3. Schematic of classification dfi alloys based
(amount of [18]. stabilisers)
As illustrated in Fig.2.3, the staityl of theb phase is directly | inke

stabilisers It is found that martensite with orthorhombic crystalline structilireould be
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formed when theraount ofb p has e

stabil

i ser s

S

k)eahd w

hexagonal closed packdp martensitdlowould appear witta further reduced amount. Such

transformation is attributed to the elastic instability of bcc lattice similar to #réensitic

transformation widely reported in irgh3].

(112}<111> shear {110}<110> shear
e AT XTI
i i /// i i \ 4 i E \
o 00 emmd oW de mbd | w |
<1705 g | % i i / \ é é /
e, 7 N\ L/ \] L/
Xy 8
<001> 110} in bec {0001} in HCP {0001} in HCP
b 2/3 <111> phonon wave
| e 9.
o oD o =me P 0
<1104 g
<001> L - 0
(110} in bee {1120} in w phase

Fig.2. 4. Schematic illustration of (ajnartensitic transformation and (b) 1

formation of omega phase [17].

From a thermodynamic vigaint, moltentitanium alloysattempt to achieve the lowest Gibbs

energy state during cooling from high temperatuMartensitic transformation can

accommodatehe insufficient dropin free energy during rapid cooling, leadi to atomic

shuffle compared to the parent lattj@é8]. As the amount dj stabilisers decreases, the starting

temperature for martensite transformatior)(Vepresentinghe stability of martensite would

a

increase as well. Thus, theenched microstructure is supposed to be dominated by martensite

when the Mis above room teperature. As shown in Fig.2.4a, {£}<111> shear strain and

8

c
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resulting {110} plane shuffle along the D> direction together contribute to the lattice
distortion, in which larger magnitude correspondtthorhombicUtandless displacement
representicp{14]. They sati sfied the Bur gegl/$000i}egl at i on
<111>p // <1120>yand habit plane is close to {334Jor {344}s; {110}s // {001}, <111> //
<110>yand habit plane is {133]13]i [17]. For dfferent compositions, the boundary between

Uba n diis different and themorphology of martensite is usually acicular or kit plates
(Fig.2.5)[18], [19]. It is worth noting that the activation dfeinternal twinnirg structure is

widely observedresulting fromthe transformation strain accommodation. Additionally,
martensite can be stresgluced during deformation because stored energy from deformation

decreases the phase transformation resistance and providesitiggforce[20].

Fig.2. 5. SEM imags of quenched #4Mo and Ti7.5Mo displayin

fine arrangement of acicular martensjts], [19] .

In comparison to the martensitic transformatiorwo t ypes of ¥ phase: ath
¥ p hlegedeen observed in mametastable Ti alloywith hi g h @hase [&bility. The
transformation from bcc to hexagonal lattice (not clgsaded) is derived from a longitudinal

2/3 <111> phonon wave, which resultstive collapse of {111} planein pairs and shuffleto
9
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become a new plane (Fig.2.4i¥], [21]. The transformation satisfies the Burgers relationship
with b {1@Get/t{lil-R0My; <1X1% // [0001}y, and t he remayoeigti on

diffusionless and usually occurs instantaneously.

Fig.2. 6. Dark-field TEM image of omega phase irIBV (at.%) along [110] zone axis: <

annealing condition (a) and ageirgt 3 ©1064h (b) respectively.

Microscopically,theat h er ma l ¥ phase has wihektemetydireneous
nanostructure in thguenchedstate (Fig.2.6a). On the other hatidei s ot her mal ¥ p
usually growsfromat h e r ma | viasoletendtamydiéfusion during ageing at 280

or slow cooling from high tempexae[22], [23]. As shown in Fig.2.6b, the morphology thie

isothermal¥y phase can be divided into cuboidal and ellipsoidal depending on the misfit of
alloying system$13], [24], [25]. Isothermaly phase is cuboid in higmisfit system, such as

Ti-V, while ellipsoidal shape in low misfit stem, such as Mo . Recent |, ¥ a
precipitation attracted intensive attention. Extremely fine precipitation structures can be
achieved to realize super strength through apppoate ageing in some metastable Ti alloys

[25]i [27]. However, it should be noted that enhanced strength often comes at the expense of
10
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ductility, which may reducehe formability of alloys via the initiation of defects during
thermonechanical processing.

The Young6és modul us of Tincrysal structyrelt isnganerally y d e p
accepted b phase has t he thesequensetf vYad wnreg Gasmomogd 1
among differentepbalddphies matr x> Phas€e for med
has the highestecY¥auwrg otsh emodautltusceb mi sf it bet
higher strain at the coherent interfa¢¢éexagonal closd-packed Kcp) U phawpe and
ma r t e nds éxhibit a (igher Yon g 6 s mo d u | ucentred {bea) phaése @and
orthor hombi @ [28]aAdditienally,imetastalfldd alloys also hee the risk of
embrittlement due to room temperature ageing even though the ameuntibfe r malis ¥ pha
very low, which is a challenge for practical applicatifi2@]. Therefore, extensive work has
focwsed on the devel opment of metastempkeeabuie
o r dioratmbent temperature, such as24Nb-4Zr-8Sn (Ti2448) and T29Nb-13Ta4.6Zr

(TNTZ) presenting vegoy3sl ow Youngds modul us

2.1.3 Design strategesfor biomedical titanium alloys

Ideal metallic alloy$or biomedical applicationequirethatcandidate composition should have
superior mechanical performanaad excellent biocompatibility as well as wear resistance.
Currently, there are several empirical and theoretical strategies developed to design metastable
Ti alloys. It is thus necessary to propose a considerable evaluation to avoid extra experimental

works. The folowing summarises their advantages and limitations in detail.

11
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2.1.3.1 Element selection

As mentioned above, alloying elements in Ti can be divideddntos t abi | i ser s, b s
neutral elementdn orderto avoid side effects from potential toxicity, some elements such as

Co, Crand V should be removed fromthetsk h. Representative b statl
and Mn are preferred. The firstrée of them are isomorphous elementsile Fe and Mn are

eutectoid elements which means the addition should be linotaectertain amount to avoid
segregation. Additionally, Zr and Sn are usually added to enhance mechanical properties and
corrosion restance.From recent investigations, Zr and &ould berecoqized to decrease
martensite transformation start temperature) @hd behasa s weak b wdeTabi | i s e
Mo system, Mdecreased by 80 and 90K when the addition of Zr and Sn increasedosagh at

The quenched microstructure could transform ftdmb t o f u | ,landfheathérmalict ur e
¥ phase was s (36]i38]e Thgseitsvould beeffeaive lto applyZr or Sn in

designing biomedical Ti alloysvhich may tune microstructure and realise lattice softening

i.e., a lower Youngd6s modul us

2132 el ectrono approach

For a multielementTi-basedsystem, predictig the interaction between various elements and
evertual microstructure is much more complicated. Since the 1990s, a theory batted on
molecular orbit calculation of electronic structure was developed, naimefRd-e | ect r on 0
approach32], [39]. This method estimates the bond strength between Ti and alloying elements

through two electronic parameteBs (bond order) andVlq (the metal ebrbital level). The

12
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average values @&, andMg in Ti alloysare denoted a® and 0 which arecalculated as

following formulas:

©f
e

O
Q

P

“
s
c:
Q

cE

Where @, 6 "Qand 0 "Qis atomic percentageB, and My of alloying eement Q
respectively On t he basis of this, Niiénanhd 6cf gr oup
various reported Ti alloys and plotted wietliown & 0  diagram (Fig.2.7) [28]. This map

can provide information abouhe resuling microstructure as well athe corresponding

def ormati on mechani sm. Taki ng oiHi2MoGZfFF2Fet he c o
alloy as an example, the diagram reveals the location within the slip regianthmespect to

b Ti al | oy s ggestw the aghencheld all®y hasually bcc structure and the
deformation is dominated by dislocation slip. Additidpaivhen & ranges from 2.75~2.85

and 0 ranges from 2.35~2.45, metastable Ti alloys can be formed, and increasing falues o

0 and 0 are also consistent with a theawt Noudg?o:e

viewpoint, this diagram just introdesa general framework in designing new biomedical Ti

alloys accurate range composition still needs more experirhegdidation.

13
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Fig.2.7. . T mdiagram showing the position of some recent developed tit;

alloys[32].

2.1.3.3 Average electron concentration method

Average &ctron concentration (e/a) is defined as the average number of valence glestron

atom. lkehatg40] calculaed critical e/a concentration of-TiM (transition metal element)

binary system and proposed a critical e/a of 4.20, wtocifidp r omi se r et ained fu
room temperatur e. It was also found tahat Yo

ranged from 4.20~4.24. However, this calculation does not consider the effects of metastable

phases in Ti alloys.

14
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Young's modulus

an®

40 41 42 43 34 45
electron/atom (e/a) ratio

Fig2.8 Ef fects of e/ a on Youngos +Ndoohary

systeni31].

Fig.28 showsthe or r el ati on bet ween YoTlMnbnénssysiemd ul us

Whene/ a i s around 4.10 and 4.20, Youngdés modu
martensite and suppression of ¥ phase. The
condition that composition can reach ttemal | est Youngo6s imwdul us

formationisc o mp | et el y &+u pbpotueesThus,dhe proposed value of e/a should
be controlled from 4.10 to 4.25 to design new composition with-ultokaw Youngsdos mod

[31].

15
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2.1.3.4 Coefficientofb st ab i k. &Mvm equicatent gumber (I = )
From Fig.2.3, the critical concentration fktabilisers fic) represents the smallest amount of

element needed to retain a fully beta structure at room temperature in a binary system. Thus,

the coefficientofb st a b iUl) bese orbc isdevdloped tevaluate welt he B phase

stability inthe multi-elementsystem which is defined athefollowing formula [29]:
0 0 &
5 C

Where 6 and 6 is actual and critical concentration of the elemarthe alloy. Table 2.1
lists thecritical concentration of commdnstabilisers in Ti alloysWang et al[41] suggested
that thecritical 0 betweenU+ b al | oys and met asOtwhile that ofb al |
st abl eiséabove 2.3. Bhgrsfore, in order to design metastable Ti alloysf proposed

composition are controlled from 1.0 to 2.5.
Another similar strategy is caleMo equivalen{d € ), taking critical concentration of Mo as

areference and denoted as following form4ia]:

O ¢ D¢ TMYO MYWo Mo Tyxo pgudi pg v Q

P 0 &€ pgO€ ¢c®0Q 0OVaQd Wi aP 8

0 ¢ of metastable Ti alloys range from 8 to[R2. It should be noted that both methods do

not consider the effects of neutral elements during alloy design, such as Sn and Zr, which are
16
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repoted to suppress the martensitic transforamatduring quenching, indicatig weak b
stabilising effectd43]i [45]. Additionally, the reported coefficients for these elements are
differentfrom those inotherpublications depending on thatical concentration measurement
Therefore, it is challenging to obtain a predictable range of value andian accurate value

of specific composition still needs further experimental confirmation.

Table 2.1 The citicalconcentat i on of [4].st abil i sers
Element Concentration (wt.%) Concentration (at.%

Mo 10.0 5.2

Ta 45.0 17.8

Nb 36.0 22.5

W 22.5 7.0

\% 15.0 14.2

Ni 9.0 7.5

Co 7.0 5.8

Fe 3.5 24

2.1.4 Review of recently developed Ti alloys for orthopaediapplications
Deaeasi ng Youngo6s modul pessistent challengeattvéldpiognewmp | an't
biomedical Ti alloys. Although a series of new metastable Ti alloys were developed with

Youngods modulGPkPs[6]aheir hechanica grop@&ssstill cannomeetlong-time
17
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implantation requirement$n 201Q a number of modular hip components mad&ief2Mo-
6Zr-2Fe (TMZF) from Stryker were recalled by the US Food & Drug Administration due to
the occurrence of unacceptably high levels of weelrts in usg46]. After a comparison
between TMZF and T6AI-4V in corrosionawear condition, it was found the strain softening
could be the dominant reagsowhich meant strain hardeningas not only important to the
improvement of mechanical properties but also may enhance tnbs@or behaviour of Ti
alloys[8]. The lack of strain hardening in Ti alloys is the main reason for the poor ductility,
especially ingma bl e b With agrowing gumber of active patients who have more
physical activities than elderly patients, a bettenlbmation of strength and ductility, as well

as decreasing Youngb6s modu4dd.s, should be giwv

Table 2.2 Mechanical properties of some recently developed biomedical Ti alloys, including
aloy type, yield strength (YS), Youngds modul

elongation (tEL).

Alloy Alloy type E (GPa YS (MPa) EAS tEL (%)
Ti-6Al-4V ELI [2] U+ b 110 900 0.82 1015
Ti-34Nb-25Zr [48] b 62 810 131 14.8
Ti-31.7Nb6.2Zr1.4Fe0.160[49] b 62 1038 1.67 9
Ti-13Nb-13Zr (aged]50] b 81 872 1.08 13
Ti-35.3Nb5.1Ta7.1Zr[50] b 55 547 0.99 19

18



Chapter2 Literature Review

Ti-19Nb-2.5Fe6Sn (aged}45] b a 98 1261 129 6
Ti-19Nb-2.5Fe10Zr[45] b 69 1027 149 31
Ti-12Nb-5Fe (at. %]51] b 90 740 0.82 42
Ti-29Nb-13Ta4.6Zr (aged)[50] b 80 864 1.08 13
Ti-23Nb-0.7Ta22r-1.20 (at. %) b 65 850 1.31 19
[52]

Ti-33Nb-4Sn (cold rolled]35] b+ad 44 665 151 -4
Ti-15Mo (annealed)50] b 78 544 0.70 21
Ti-12Mo-6Zr-2Fe (annealedp0] b 80 1030 129 20
Ti-7.5Mo0[18] b+ad 55 386 0.70 29
Ti-7.5M0-0.30[18] b+ad 67 711 1.06 17
Ti-15M0-0.20[53] b 83 680 0.82 42
Ti-15M0-0.50 [53] b 87 1180 1.36 10
Ti-3Mo-0.5Fe t. %) [54] b+a 82 ~600 0.73 18
Ti-25Ta[55] ad 64 480 0.75 20
Ti-50Ta @ged [56] b+a 77 612 079 12
Ti-10Ta4Fe (at. %]51] b 121 1360 1.12 14
Ti-25Ta25Nb[57] b 55 530 096 20
Ti-OMn [58] b A 1023 1.09 19
Ti-5Mn-4Mo [59] b 91 815 090 34
Ti-6Mn-3Mo [59] b 89 1200 135 15

19
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Table 2.2 lists recently developed Ti alloy and corresponding mechanical properties. It has

beenobsered t hat metastable and stable b alloys

high symmetry ofthebcc structure, in which #re exists a largarumber of slip systems than

the hcp structure.For instance, fulb Ti-15Mo-0.20 presents a ductilitgf 42% which is
almost four times larger than the value of6Ril-4 V  E L | W structure.(Moreover, it
suggests that ultdaigh yield strength would be achieved through heat or mechanical
processing rout e. forAR hoars, H®HNbL. bFRe@SNn praésentd & Much
higher yield strengthincreasng from 765 to 1261 MP@5]. However, it is also worth noting

that the transition of microstructure resultdime i ncrease of Youngos
GPa), as well as poor ductilityeducedfrom 31 to 6%). Therefore, especially for iviedical

Ti alloys, a new parameter termed as elastic admissible strain (EAS) is deviapeditor

their mechanical pragties whi ch i s defined as the ratio
[48]. A higher value of EAS with enhanced ductility is supposed to be an appropriate indicator
of Ti alloy for orthopaedic applicans.

Additionally, mechanical properties of martensite are still in dispsdene groups recently
found quenched structure containidgxy  a fmad a Idwé@r modulus and higher strenigthy],

[16], [60], [61] Recent research about the investigation aftiauous changing of lattice
parameter ratio of metagia Ti alloysat different temperature usimysitu synchrotrorbased

X-ray diffraction (SXRD) techniquenay have helpeth revealing the correlation between
Youngds modul usandométx dandhdevelopanew nearessitgbecbiomedical Ti
alloys[62], [63].

20
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2.1.5 Twinning induced plasticity (TWIP) and transformation induced

plasticity (TRIP)
In Ti alloys, there are various deformation mechanjsnetuding conventional dislocation slip,
twinning, stress nduced martensi t &onothedy Op hliagsam (Figor mat i
2.7), it is found that activation of these deformation modes is strongly associatethavith
met astabi | ity chemicaltcdmposifiorDefarmatian madesdwillltange from
slip to stressnduced transformation and twinning when the stabilitthe phase decreases
{332}<113> or {112}<111> twinning or both {332}<113> twinning often appears in
metastabld® Ti alloys, while {112}<111> twinning is usually obserdean stableb alloys[25],
[64].
The approach to overcong the strengthductility tradeoff of metals is to introduce
dislocation obstacles during plastic deformation, such as precipitation hardening and
refinement of crystal grainf65]. Considering the generation of massive twin and phase
boundaries and their potential to prevent dislocation glide, a designing strateggly
twinning induced plasticity (TWIP) and traformation induced plasticiff RIP), is proposed
in Ti alloys[66]i [70]. The stability otheb phase is controlled with

by adjustinghe chemical composition.
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Fig.2. 9. (a) Tensile true stresgue stain and working hardening rate curve ofT2Mo. (b

EBSD image of T12Mo at a strain of 5%; (c) Schematic evolution of deformation mech

in Ti-12Mo alloys[71], [72].

Sunds gr daheevoluidn ofdefanded structure of-TIRMo, a metastable Ti alloy

[71], [72]. It was found thathe deformation process could be divided into three stages based

onthestrain hardening curv@gig.2.9a): conventional elastic to plastic region (stagerapid

increase of strain hardening rate ¢st&a )

and

strai

n

softeni

and TEM observation confirmed the presencd332}<113> twinning and stressnduced

martensite (1. The activation ofhevarious varianof the primary{332}<113> twirs, as well
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as needldike martensite precipatesthus generateanintragranular network (Fig.2.9from

a classic view, networking of deformation products could redbheemean free path of
dislocation slip and perform as dislocation obstacles, leading to high strain rate, aksb term
dynamic hardening73]. As further illustrated in Fig.2.9c, the prima§$32}<113> twins
would be strengthened by secondanternal {332}<113> twins a n d degending on the
crystalline orientation of matrix, suggesting a strong capacity of strain accommodation.
Throughthein-situ electron backscattered diffractieechnique(EBSD), more details ahe
correlation between TWIP and TRIP are recendyealed Lai et al.[17] found that he
{332}<113> twin was actually coupled with streissn d u ¢ ardl initiation of twinning
usually occurred ahegrain boundaryMore recently, Lilensten et dl4] investigated thén-
situ deformation behaviour of metastable-I0V-4Cr-1Al alloy. It was foundthat the
formation of twinning and martensite essentiallgis preferred in certain grain orientations,

which suggestida heterogeneous deformation behaviour in metastable Ti alloys.

2.1.6 The cost factor

Also indicated from Table 2.2, Nb or Ta based biomedical Ti alloys have very low modulus.
Due to their relativel low beta stabilising effects, large addition is usually required teaser
the stability of the b phase, which may lead to an increasebulk density. Additionally,
considering their supply disruption, such as fluctuating price and low, dteeladdition of

these rare elements will resultthre accelerating price growth of raw materials. Thusems
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not sustainable faxlong period in the field of bulk implasisuch as hip and knee replacement,
whereincreasing demand is predicted tbe future.

Recently, a series of Ti alloys containing Mn and Fe were devel]bpgd54],[58] Ni i nomi 6 s
group found that the amoun tperoehtaga of Meincreaséd ¥ ph
in Ti-Mn binary system. Among several developed composition®MK had the lowest
Youngo6s mGRauaks wed as@&@ellent mechanical propeciespared to FT6AI-4V

ELI [58]. Soon after, to reduce the potential risks of Mn toxicity during tribocorrosion, they
also optimized FMn binary systemwith theaddition of Mo, and it revealed that-{5-6)Mn-

(3-4)Mo had compardb electrochemical properties toTR Additionally, they also exhibited

TWIP and TRIP effectavhich led to better ductility and larger strengfi]. Howeverdue to

the differencen vapour pressure between Mn and Ti, usharcmelting method is difficult

to promotethe nominal content of Mn in composition. Instedde cold crucible levitation

melting technique (CCLM) was applied to melt-Minh based alloysand the measured
difference between nominal and actual Mn content was control under 10%.

Fe is another cheap elementwéts t r ong b s t kibliedently ddded ithe Trf e c t
Nb(Ta) system to realize both superior mechanical properties andedostion in new
biomedical Ti alloys. It is attractive that the yield strength el0Ta4Fe (at%) can reach
1360 MPa while maintaining Yo thepptendial forthel ul us
development o&low-cost, porous biomedical implajl]. Meanwhile, melting compositions

that do not have Mn avoid evaporation issues. ThugaReberegarded as a more suitable
alloying element than Mn to be used irsgming lowcost biomedical Ti alloys. However,
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although they showed comparable corrosion rate and biological propertiesTioaGe Ti-
6Al-4V, strain softening problem still exssin these developed alloyhich may cause the
formation of wear debrisimilar to TMZF [75]. Therefore, it is suggested that tribocoroosi
properties of these developed alloys should be investigatedntorm their suitability for

eventuakpplicationin nextgeneration orthopaedic biomaterials

2.2 Tribology and Corrosion in Implant

Tribology can be simply defined as a subject focusedhenrelative motion between two

contacting solid surfaces, including three main characteristics: friction, wedulkanzition.

From the sle of shoes to gearboxes in spacecratft, it covers all fields around the world and

accounts for almosta quarter of ttal energy consumption annually6]i[78]. In-vivo

tribological performance o&n implant directly determines postoperative feeling and the

lifetime of the product.

small amplitude
<100 pm
fretting corrosion

large amplitude
~40 mm
sliding tribocorrosion

//ﬁ

\
TFemur

Femoral stem

Acetabular cup

A\®
small amplitudeX

<100 pm

fretting corrosion
(
\
\

\

Fig.2. 10. lllustration of tribological contact in aartificial hip configuration [77].
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As illustrated in Fig.2.10a conventional configuration odn artificial hip consists of three
main contacting surfaces: femoral heag, neckhead and steroement79]. Fortherecent
developed modular design wiém exchangeable neck, there is the additional interface of the
stemneck[80]. According tathe previous analysis, thetontactingmodes are directly related

to their functiors andtherelative distance of motion normally ranged from tens of micrometres
to millimetres[81]. Additionally, it should be noted that the lubricating condition of an implant
is much more complicated due ttee eledrochemically active environment in human body.
Implant undergoes both mecheal and corrosive damage, together presenting a synergistic
effect on material degradation. Thtisetribological performance of an implant in the human
body is often categorizeas tribocorrosion. More details and corresponding fundamentals are

reviewal and discussed the followingsection.

2.2.1 Fundamentals of friction
Cl assical friction theory der i vedhred moonm Amor
characteristics of fritcon [82]:

1. The frictional force "O between contacting surface is proportional to the normal force

w, and theelationship can be expressed as foltlow

Wherethe ratio* of "Oand w is known as the coefficient of friction.

26



Chapter2 Literature Review

2. The frictional force is independent of tapparentarea.

3. The frictional forcds independent of the sliding velocity.
Note that these laws provide a fundamental frame to undersiatidnf under unlubricated
condtion, and they are applicable to most materials. However, how to explain the otiigéen of
frictional force is a challenging task because ethenwell-polished surface still presents a
distribution of asperities, i.e., surface roughness. It could ngtiotitbduce material transfer
due to strong adhesion effects alahgshear direction buiso deformation of asperitiestlie
material has a weak ability of strain accommodation. Thus, recent viewpoints attribute
tribological energy dissipation to therdribution of both adhesion and deformatj88]. For
passive metals, deformatiof asperity plays a more significant role during sliding because the
oxide film on the surface would weak#re ductility of asperities and decrease adhesivesforc

upon the initiation of shearif§3].

2.2.2 Archard wear equation

During rubbing tribological pairs, it is inevitable that hard asperities will compress and plough
the soft asperity, introducing damage such as cracksnohelion and debris on the surface.
Thus, this progressive material degradatisrtearmed & wear and responsible for the main
tribological energy dissipation alongside friction in industrial applications cldssictheory

to describe wear i&rchardwea equation, which is given as follo&2], [84]:

. 0 W
o C®
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WhereQ is thetotal volume of material los8Yis the normal loadandH is the hardness difie

worn surface. The dimensionless constartan directly reflect the attrdn of tribological

pairs and usuly known as the wear coefficient. However, it should be notedllediardness

of a surface may be affected by an acceleration of dynamical events in the subsurface, e.g.
dislocation slip, deformation twinning and martésmgormation, which can contritbe to the
hardness gradient from the surfacehtesubstratd85], [86]. Thus K/H is termed as specific

wear ratek for simplicity in a unit of mn?® m?* N1 This expression is favourable to make
comparison between various materials and initially determine their wear resistance.

Wear can be classified into mild and severe wesse onthe worn surface topography.
Material undergoing mild wear often presents a smooth region, shallow delamination and very
fine wear debris (< 100 nm), while a severe worn surface exhibits rougher region and larger
wear debrig84], [87]. The initial stage of wear is often termed runringcorresponding to

the continuous growth of asperity junctions and enhancement of frictional compatibility. At
this stag, wear rate will rapidly increase but stabilise after certain cycles when contacting area
and stress condition reach equilibrium, i.e.;caled steady wear. Investigation of their
mechanism is the key #void component failure arfths recently drawn éangve attention
[88]1[90]. Additionally, the wear coefficienK can also exhibit transitions, inasrg by
severalordersof magnitude when tribological pairs operateaapecific sliding velocity or
normal load conditiong=or ductile metal under unlubricated condition, this critical valuk of

for themild regime is below 16~10° [84].

28



Chapter2 Literature Review

2.2.3 Adhesive and abrasivevear

Given a lot of experimental and modelling work, various wear mechanisms leave b
identified, depending otihe circumstance and properties of the sliding pair. Hergia,mhain
mechanical wear processes: adhesive wear and abrasive wear are reviewdd in deta
Adhesive wear is identified according to the adhesive force betweetogital pairs with
comparable mechanical properties, in which localised failure and adhesion of contacting
asperities under shear resulamaterial transfer from the soft the hard surfacg82], [84].
From Archardds model , santha softemsinfate, acefresponsible d
for the generation of wear debris arahtribute to the continuous material remoWdile recent
molecular dynamic simulation further reveals that the condition of detachment is associated
with thecritical touchinglength ofthe asperityunction. The larger value representing higher
elasticenergy is favourable to the formation of depatherwise the smaller length retains

plastic deformation locallj91], [92].

(a) Relative motion (b) (©) Relative motion

Body 3

m
Strong adhesion Body 2 Body 2

Grooves

Grooves

Body 1 Body 1
S A RS AT
Body 2: abrasive particle Body 2: abrasive particles Body 3: abrasive particles

and protuberance

Fig.2. 11. Schematic illustrations of wear mechanismsbja’'webody wear; (c) Thredody

wear[93].
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Abrasive wear occurs when mateniamovalresults froma hard asperity or particles within
the contact regime, which includes micromachining, ploughing and localized plastic
deformation. It can be classified into thody and thredody depending onhe actual
contacting situation. Fig.21 shavs a schematic illustration ofariousabrasionrmechanism
[93]. In the first twebody modethe mixture of broken asperities or free particles similar to
the hard protuberancessstrong adhesion tthe counterface, which could embed into the
surface and cut deeply during rubhifdhus, the surface after this tbody abrasion always
presents groges and a very high wear rgtgg.2.11a) In anothercase erosion, a second body
from gas, liquid or solid impact on the surfacan also resulin wear (Fig.2.11b)[82].
Moreover thethreebody mode presentseke particles fromsurface detachment or exteigal
introducedactingas abrasive particlgfig.2.11c) The normal loading would introduce very
high contact stress between particle and surface, often exceeding shmgrsirength and
result in plastic/brittle deformatioof asperities. It should be noted that in erosion andthree
body abrasion, the motion of free particles could either be sliding or rolling depending on the
particle shape, size, as well as attacklarapainstthe surface. Sliding corresponds to
micromachining and ploughingeading toa higher wear ratewvhile abrasive effects of rolling
aremuch weaker.

It is also worth noting that the actual boundary between-ltedy and thredody in
tribological pairs is indistinguishable becaube generation of fre particles is also related to
the rigidity ofthe surface. Thus, higktress and lovetress abrasion on the basis of crushing
strength have been introduced to explain the abrasive processstHggabrasion results in
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severe weawhile low-stress abiaon exhibits relatively fine scratchg?]. Lastly, although
abrasion is not xperienced in bearing components, the understanding of mechanical and
chemical interaction between particlesd surface plays a significant roled@veloping a new
suspension for improving polishing technology.

Currently, the femoral head is usually made of fogeheration ceramic, zircontaughened
alumina, or the more traditional CoCrMo allgggl]. The acetabular cup, femoral neck and
stem are made from Ti alloys. Thus, there are three patsghifor the main contacting
surfaces inan implant: ceramiceramic, metaimetal and ceramimetal. Especially for
ceramiemetal contact, the harder ceramic asperities may introduce plastic deformation on the
softer metallic surface and further generated particles, which may accelerate mate
degradation and havbe potential to cause inflammation after implantatj®B]. Therefore,

how to avoid harmful wear products and further enhance the lifetithe imhplant becomes a

considerable challenge for current researchers.

2.2.4 Fundamentals of lubrication

As an integral part of tribology, the purpose of lubrication is to reduce the friction force and
avoid mechanical interaction of asperities via the formation of lubrication film between the
contact surfaces. The form of lubricanhst limited to liquid,as solid and gas lubricants are
also widely used in industry, such as graphite and hg¢B@m[84]. According to the thickness

of lubricant film and surface contact mode, lubrication can be classified into hydrodynamic,

elastohydrodynamic and boundary conditions.
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In hydrodynamic lubrication, the lubricantrfi is thick enough (ranged from 1 ~ 100 pm) to
separate asperities (Fig.2.12%]. Thisoccurswhen tribological pairare inconformal contact

with a small clerance becausehe interfacial pressurés keptbelow a critical level and
deformation ofthe surface is thus regarded negligible. In comgmarj elastohydrodynamic
often occurs in ne-conformal contact geometry, such as opposing gear surfaces, which often
have localised point or line contact. The elastohydrodynamic pressure would increase in
response to the decreased area, which consequedtiges the thickness of lubricant film to
below 1 pm, much thinner than that of hydrodynamic lubrication, and introduces elastic
deformation of the softer surface. The distribution of pressure in these two conditions can be

described byreynoldequations ad is strongly linked to the working cotidn [82].

A

Hydrodynamic lubrication

Boundary lubrication

Elastohydrodynamic
lubrication

Mixed
lubrication
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Fig.2.12. Stribeck curve and coesponding illustration of various lubrication conditiof®6] .
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As the lubricant thickness further decreases to less than the roughness (average height of
asperities) Jubrication becomes boundary lubrication, where asperities mechanically touch
each other and very thin lubricant film covershé surface recessels this case, the real
contact areacontributes much higher pressure and results in plastic deformation on the
opposing surfaces.

Although the transition between lubrication regimes can be determined by the thickness of the
lubricantfilm, it is difficult to carry outin-situ measurements. Therefore, the coefficient of
friction pis usually regarded as a crucial parameter to confirm the lubrication state. The
evolution of p depending orthe bearingnumber: —, also known as Heey number,a
dimensionless quantity including viscosdysliding velocityU and load per unit are, can

be illustrated via theStribeckcurve (Fig.212). High load, low viscosity and slow sliding
velocity can break and reduce the fahnt film, leadiig to boundary lubricatio[84], [96]. It

is also worth noting that there is a mixed lubrication regime between boundary and
elastohydrodynamic lubrication Under this condition, a@xistence of boundary,
elastohydrodynamic and hydrodynamic lubrication occur, and the frictional force is mainly
attributed to the combination of lubricant and plastic deformation, which explains why pis

sensitive to th&mmerfeldnumber.

2.2.4.1 Lubrication of metallic implants
In terms of lubrication in human jointspplants are surrounded by synovial fluid which is rich

in albumin and various globulins, whitbgeher contribute to a concentration of protein in the
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range from 10~30 ¢/[97]. It is widely recognize that protein content is strongly linked to
age and health conditiothe elderly and people witlthe joint disease often have higher
concentration becauskefiltration efficiency of protein via synovial membrane is decreasing
[98]. Another important component of synovial fluid is hyaluronic acid, which has the
disaccharide structure constructed eadktylglucosamine and glucuronic acid. These large
molecules could inteca with protein andsignficantly affect the viscosity,shaving non
Newtonian fluid behaviouf98]. In other words, there is a positive correlation between shear
rate and viscosityhat also indicas the localised viscdgi at the interface would largely
change if undergoes any mechanical disruption

The early investigations suggest thialubrication mechanism in joints is dominated by fluid
film lubrication because it well explains the superior lubricating propesfigise joint[99].
However, this assumption ignores tiual loading condition during human body movement.
Normal walking contains heel strike, toe off, leg flexion and extengmowhich the variation

of loading is consistentith the sine function. Thus, lubrication would change from fluid film
to bounday lubrication due to the reduced lubricant film, and describing joint lubrication using

the assumption of mixed lubricatiGmmore reasonabld.00].

2.2.5 Corrosion of biomedical Ti alloys inthe human body
Corrosion is a significant issue metallic implants in addition to thementionedorganic
compounds, synovial fluid could also be regarded kmd of electrolyte solidn consising

of alkali ions and chloride ions. Metallic implant would release metallic ions t&ndlate
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surrounding issue after a long timg3]. Furthermore, it results ithe failure of the metallic
implant and increases the pain of the patients.

Basically, metalic corrosion describes chemical/electrochemical actions between metal and
the surrounding medium, which would introduce damage or deterioration to the components
[83], [101]. For active metals, the nature of corrosion can be directly evaluated by the

dissolution of metallic atoms:

For passive metal, the active anodic dissoluitoaften accompand by the formation ofa
metallic oxidefilm covering the surface of the metallicel®de(so-called passivationwhich

can be expressed as the following equation:

0 €00 °00 CC0 ¢ Q &)

In Ti alloys,whenthe surface is exposed to an aqueous environnteatamorphoustanium
dioxide (TiQ) with a thickness around 1-50 nmcan be formegdwhichcan be regarded as an
electronic transfer barrigareverning further anodic reactiofit02]. Thus, the dissolidn rate
of the substratéself in manycorrosive mediscanbeverylow. This iswhy Ti alloysusually

have excellent corrosion resistance compéverther metallic materials
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Additionally, in order to satisftheequilibrium state, transferred electrons would be consumed

via the following reactionglepending orthe surroundingenvironmental condions

¢O QO O &)
0 c¢O0 1QO° 100 ¢P T
the generation of hydrogen ith respect to equation 2.9 is usually observed in an acid
environment, and oxygeneductionoften occurs in aerated solutions. Considetivgneutral
and oxygercontaining environment ithe human body, equation 2.10 is the main cathodic
reaction othemetallic implantFig.2.13schematically illustrates these interfacial evédig.
The formation ofanelectrical double layer due to released positive and negative ions are also

highlighted.

Electrical double layer

Fig.2. 13. The interfacial circumstance passive metal in human bof84].
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2.2.6 Synergistic effects of mechanical and chemical contributions to the

total materials degradation in implant

Obviously, the total wear loss should teescribedvith respect to the mechanical and chemical
damage. However, the straightforward sum of them is not enough to quantitatively represent
the nature of materials degradation. Agstrated in Fig.2.14, mechanic material remiowt

only generatesvear debris but also exposes the fresh surface of the substrate to the aqueous
environment, leading to their secondary corrodib®3]. In 1994, the first standard guide
(ASTM G119) was proposed by Madsen to determine the wweaosion synergisnil04],

[105].

21d hody Wear particles
Wear accelerated ’

corrosion '
ion 8 4_\ 2
4 ;\3“’body \ 9

7 A= o 1

Wear accelerated
corrosion

Wear
particles

Fig.2. 14. Schematic illustition of synergistic relationship in tribocorrosigh03].

The total volume of materials degradatio¥ is sepaated into three parts: material loss due to
pure mechanical disruptiom( ), chemical materials degradatian ) individually and synergy

between wear and corrosion(

Y 0 Y <P p
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The synergistic factoi'Y can be further described as the sum of wear accelerated corrosive

degradation¥6 ) and corrosion accelerated mechanical degradation )

Y Yo Yo P q

Then, equation 2.11 can be rewritten as:

Therefore, the total chemical degationé is attributed to6 Y6 , and total mechanical
degradationw is attributed tow Yo .

This method describes the synergistic interaction between wear and corrosion. Current
experimental limitations mean that datamy collected individually, Wich meanshat at least

extra three measurements are required to understand the systend fulpd 6 can be
determined via electrochemical tests without and with wear respectively. Furthermore, wear
under cathodi protection suppresses oxidatiand the resulting material loss can be regarded

as w .

However, it was reported that cathodic potential M@mbrittle 304 stainless steel surface due

to the absorption of hydrogen, deteriorating abrasive wearesudt in accelerated material
loss[106]. Bidiville [107] also compared the initial structural evolution of 316 steel surface
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under cathodic and anodic potential. TEM results confirmed that the formation of dislocation
cell stucture underneatiesurface enhanced the wear resistance. On the contrary, theepassiv
film is responsible for the stregsduced martensite armocking of dislocatiors. Thus, it still
remains challenging to increase confidence in the data when h&rgymergistic method.
Additionally, another mechanistic model developed by Uhlig imaglgied total materials loss

(w ) into two components: mechanical wear () and wear accelerated corrosion ( )

[108]:
W [ W P T
Heran, w can be determined through optical or mechanical roftry © IS
calcul ated using Faradayos | aw:
W 6 9 v
£ 0 ° @

Where 0 is electric charge flowing through the electrode consistent to the area of measured
current versus time, which can be given by theégration, 0 is the equialent weight othe

metal ina unit of g/mol, ¢ is the number of valence electrons for metallic idD|s the
Faraday constant (96490 | ” is the bulk density. Foro  , the current experimental

technique cannot measure and usually givesutyracting thew from @
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As previously suggested, the ratio @f Fw could be performed as a benchmark to

determine the dominant mechanism of materialsatgion during tribocorrosion, in which

w T 0.1 corresponds to wear mechanism, 0.lv 7w 1 corresponds to
wearcorrosion mechanism, 1 w 7fw 10 corresponds to corroskvear
mechanism andv 7w p Tcorresponds to corrosionechanism109]i [111].

2.2.7 Electrochemical techniques for investigatingribocorrosion of Ti

alloys
Currently, one of the widelysed electrochemical techniques to characterise the tribocorrosion
process of Ti alloys is open circuit potential (OCO ) measurementQ , also termed the
free potentiabr spontaneoupgotential, is essentially a mixed potential representing the kinetics
of anodic and cathodic reactions without any applied potential or cutéaj. After
immerson in an aqueous solution, monitorindpe evolution of ©  versus time at static
conditionscould provide information abothe thermodynamic tendency of surface oxidation.
As previouslysuggested’O  of Ti alloyswould firstly shift toward the positive regime,
corresponding to the spontaneous formation and growth of the passive layer. AftO at,
stabilises around a constant and a more positive value represents a better ability of passivation
[113]i [115].
Additionally, for passive metal<O  measurements dag mechanical disruption are also
widely performed to investigate weaorrosion evolution because it is regarded as the closest

to the actual conditiof81]. A standard experimental procedure consists of three sO i:
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stabilization prior to loading, loading and unloadifigl6]. Upon initial disruption, the
stabilised potential would rapidly drop, consistent with the breakdown of theiyealayer.
During sliding, removal of the passive layer exposes the substrate to thewiediegenerates
galvanic coupling between the worn and unworn regions. Thus, fluctudtioa potential can
reflect the dynamic depassivation and repassivatfpocess. It should be noted that this
depassivation can be partial or complete dependinth®@magnitude of normal force and
sliding speed. In general, the evolution © can ke determined by the following four
parameter§l16]i [119]:

1 TheintrinsicO  of worn and unworn regions.

1 The contact area, in other words, the ratio of worn and unworn regions-tmreal

1 The relative posibn of worn and unworn regions.

1 The kinetics of anodic and cathodic reactions.
After sliding, the surface will tehto recover to the static condition and potential shifta to
positive regime close to the stabiliziQ
Another common electrochemical techniquedagentiodynamigolarisation which is often
used to examinthepassive behaviour of metalsstatic conditionFig.2.15 presents a typical
scanned curve of passive metals, within the anodic 8wmgtallic electrode firstly undergoes
anactive region, where the log current densstyproportional to the potential, followiripe
well-known TafelEquation[120]. Combined with the cathodic part, the current den™® )
and corrosion potentia® ) can be obtained via thiafel extrapolation method@he next
thing that happens is that the surface starts to initializevaaiesi, but it takes place in the
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form of an antiproportionality relation between potential and current denSitg starting
marking point is defined as the primary passivation potefO | (@nd critical current density
(™). Then, a steadpassive currenf?) can be obtained not affected by increasing potential,
indicating the formation of impact anémke passive layer. Furthermore, this protection would

be invalid ifthe potential reaches the breakdown level.

Oxygen evolution

Secondary passivity

Noble (+)

*Ip = Passive C.D.
Transpassive region

Passive region

I = Critical C.D. *

Electrode potential (Vgcg)
Electrode potential (Vgyg)

<—E|Op = Primary_
passivation

wcor, = Corrosion C.D.
potential

“-.._ Active region

T Anodic current
l Cathodic current

(-) Active

Ecorr= Corro_sno
potential

Log current density (C.D.), mA/cm?
Fig.2. 15. Tpical regions and parameters in polarisation curve (from ASTM G3) [11

2.2.8 Critical evaluation of current tribocorrosion of biomedical Ti alloys

To establish the actual physiological surrounding, investigations of corrosion resistance or
tribocorrosion behaviours of biomedical Ti alloys are always conducted in simulated human
body fluid (SBF), sucla s R i and ghosphste buffered solutidPBS. Considering only

5-6 mL synovial fluid in the human body, it is unrealistic for tribocorrosion testequirea
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hundredmilli litresof lubricant. Thus, the addition of animal serusspecially bovine sam
albumin (BSA), including calf and newborn calf serum in SB& widely used to achieve
similar protein concentratioid21].

Contu et al.[112], [122] comparel tribocorrosion response of -BAI-4V alloy in buffer
solution and buffer solution witBSA at different pH, under OCP potential. It was found that
the presence of protein dhanegligible effects on the rubbing potential but performed as a
corrosion inhibior, in which the bsaption of BSA on the surface slowed down both cathodic
and anodic reaction, resulting in a lowO and repassivation rate. Similar results were
also observed irK a r i mi 0[¥23]. sTheuirgngasing concentration of BSdwered the
stability of passive film near the surface, leading weakpolarisationresistancenda more
negative©  at static condition.

Another interesting phenomenon is the formation of a tribofilm. Yazdi gt2d] investigated

the tribocorrosion of Ti6Al-4V after oxidation treatment. The tribofilm with a thickness of
200 nm was observed on the surface.rgyn®ispersive Spectroscopy anerXy Photoelectron
Spectroscopy confirmed the film consisted of oxide frtora alumina countegsts and
substrate, i.e., ADs and TiQ, indicating a synergistic reaction between contact surfaces and
lubricant. A hardTiN coating has also been demonstrated to provide superior wear
performance comparetb the metallic substratg125]. However,they have a risk of de
adhesion, which may result in unacceptable failutheimplant.

Currently, more information about factors affecting the formation of tribofilm in Ti ai®ys
rarely reported and still unclear. But according to previous similaiest onCoCrMo alloy,
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the formation of this organic layer is strongéfated to surfacénish. Zenget al.[126] found
CoCrMo surface after mechanical polistppresented much thicker tribofilcompared tahe
electropolished surface. It also revealed that the mechanically polished sample had a larger
specific wear rate, suggesting weak protection of tribofilm.

Also, quantitatively determining synergism of trilmomsion under OCP is challenging
because the integration of current flow is zero, and rubbing potdepainds on the kinetics

of the active worn surface aiige passive unworn surface, i.e., mixed po&nfiensen et al.

[127] used epoxy coating to cover the unworn part when testing stainless steel at OCP. It had
been observed thatpotential drop of the coated surface shifted to a more negatjian. To

further examine current flowing inside worn surface, Espallargas [@28] proposed a new
experimental setip on the basis of zemesistance ammetry (ZRA), in which two working
electrodest(vo sample) were prepared. One electrode readysfating was covered with an
insulating coating performing as taeode while another electrodasthe cathode. Thus, the
galvanic current could be measured to calculate geal during tribocorrosior129].

It is worth noting that most reported tribocorrosion experiments of biomedical Ti alloys fall
into the region of severe wear, presenting classic feature of abrasion and adhesion:
inhomogeneous distribution ofear debris, delamination and abrasive grooMesanwhile,

there are still some factolimiting the outcomes of the experimental works. Firgtig, bovine

serum does not follow neNewtonian behaviour, which means the viscosity of the lubricant
has the ptential to rapidly decrease during slidingadiéng to the reduced lubricant film, as

well asthetransition of lubrication mode. And, the adtpaotein concentration dhetesting
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solution is not constant due tioe batch problem, affecting the experintgepeatability{98].
Secondlythedegradation of the protein limits the testingeionly within a few hours, which
cannot validate the loatgrm capacityLastly, Ti alloys arevery easy to catchydrogerin an
agueous solutigrespecially for open bcc structuseich as beta Ti alloy3herefore, tests at
cathodic potential can introdeicerror into the synergistic calculation due to surface
embrittlementand it is still uncleawhetherASTM G119is suitable fora proteincontainirg

system[105].

2.3 Improved Tribocorrosion Performance vialL aser Surface

Texturing
2.3.1 Introduction
Nature has alwgs been the source of various scientific principles and major inventions of
mankindsince ancient times. The delopment of aircraft is perhaps the most representative
exampleof biomimicry. Traceback to 400 BC, Archytas of Tarentum, a nmastieian and
philosopher firstly invented a mechanical pigeon, which establishes the milestone of humans
to conquer the skyThenn f r om Da Vinci 6s aircraft design
flight, although it takes almost 500 years, there is nibtithat 12 sesnd and 36.6 meters have
an extraordinary significance and would be one of the most remarkable achievememntann h

history.
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Fig.2. 16. Surface texture found from rice leaf, butterfly wings and shark skin.

corresponding SEM images undéffdrent magnifications are also presen{éd1], [132].

Learning living nature haalsoattracted extensive attentionmaterials sciencespecialy in
modifying surface structure. 8@ natureinspired textures are widely used to introduce a
revolutionary solution to industries, whidncreasesthe multifunctional integration and
reduces energy consumptifitB0]. Herein, three typical cases are demonstrated in.Egy.2

[131], [132] Rice leaf and butterfly wing can realize superhydrophobicity seltcleaning
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(also termed as lotus effect) through the periodic arrangement of-stial®papillae and
grooves, which could decrease contact angle resulting in a lower surface adhesion force. The
formation of smaller riblelike feature in sharkskinan block fluid vortex translation, which
reduces the probability of vortex ejection and transin the boundaryleading to drag
reduction.

Currently, methods to realize texturing includes lithography, etching,
electrochemical/mechanical micromachiningn milling, laser ablation and remelting.
Compared to other techniques, precise and -bBpgel energy beams cll realize
nanofabrication and promise both high precision and output efficigr&8ji [136]. In this
section, two mairlaser methods to manufacture surface texturing as well as their effects on

tribological perfomance are reviewd in detail.

2.3.2 Laser texturing via material ablation

A laser can be emitted eitherapulsed or continuous beaihis apparent that wettontolled

pulsed radiation would lead to the instantaneous accumulation of high energy. For metallic
material, it slbuld be noted that relatively high thermal conductivity in contrast to ceramic and
composite brings challenges tafeem surface modification ith high precision. This process

is firstly accompanied bthe absorption of electrons leading to lattice heat®enerally the
electron cooling time is in the order of 1, pad heat transfer in the lattice usually needs 20~1

ps. Thusthematerial wauld directly evaporate without melting if the pulse time is shorter than

thecooling time (Fig.2.Ta).
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Fig.2. 17. (a) Schematic illustration of laser ablation processddterent wavelength; o)
Magnified SEMmicrographs of textured steel after femtosecond and nanosecond laser :
respectively; SEM micrographs exhibiting recent developed dimple (d) and linear te:

Ti64 alloy[134] [135].
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On the other hand, the thermal process occurs if the putseis longer (usually of the order

of ns), in which the formation of thermal crackinglaa heatffected zone (HAZ) would be
observed[134]. As illustrated in Fig.2.I7b-c, steel after 3.3 ns laser process has a much
rougher surface finish than the same sample textured20idhfs lase135]. Additionally,
recoil pressure mainly driven by the combinatorial effects of thieemphase and evaporation
can result in liquid ejectiothat carfavour debrisformationon the surfacaftersolidification
Thus, to achieve high precisicamultrashort pulse laser is preferred.

Currently, a dimple geometry is widely used in metathateials for tribological application
[137]. It was reported that dimple textured Ti64 skovibetter wear resistance compared to the
untextured sample under dslyding condition[138], [139] The decreased friction coefficients
were observed in textured samplggh higher dimple density. ivasmainly attributed tdhe
dynamic entrapped process of weabds in dimples, which acted as a disincentivabrasive
wear. Additionally, it should be pointed out that the differeinceear rate between textured
and wntextured samples was not obvipasd the reasofor this will be discussed later. In
terms ofbiocompatibility, polarisationtests of textured i 6 4 sampl es i n Hank
revealed a decreased corrosion raterasider electrochemical behaviour, whindicated an
enhanced corrosion resistanganmersiorexperiments suggested that textured topography had
no toxic effects in comparison witmtextured sampleld.38]. When siding under lubricated
conditions, Dipankar et aJ140] comparedn-situ tribological performance between ditap
textured and apolished CrCoMo alloy in a hip simulatdt.was observed the squariengle
wasfavourable to increase the thickness of the lubricant film to as high as 795 nm. Therefore,
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it could beconcluded that ik laser texture plays a significant effect in alteringtribological

properties of metallic materials. The recesses mbagsaaulbricant and debris reservoir during

tribological contact.

v EB EB ‘V EB'
- v . Protrusion —
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Workpiece Workpicce Workpiece
(a) Heat (b) Cool (c) Reheat
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LB Protrusion — Protrusion
H J J
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(d) Pile (e) Repeat (f) Form

Fig.2. 18. (a-f) Schematics illustrating the formation of protrusion in S&dulpt process; (g

h) Optical images of Ti64 after Suiculpt treatmenitL41] [142].

2.3.3 Laser texturing via material remelting

Continuous laser wave is another tool to modify surfaces. Different to the material removal

realiang texture in laser ablation, there is no material loss in this process, and the materials
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always at thermal equilibrium. Currentlyyo remelting techniques based on this mechanism
are widely used and reported. Ondhe Surfi-Sculpt© process developed by The Welding
Institute (TWI, GB)[141], [142] In this methoda laser or electron beam is scanned over the
surface at high speed, repeating the same scanning route, which leads to the redistribution and
the acceleration of material flow at the beginning oftteek (Fgs.2.18af). The size can be

tuned from the micro to millimetre scale by changing processing parameters or the number of
scansAs illustrated in Figs.2.18f, a high aspect ratio spike is the most popular example and

a very good candidate for jung apgication, such as bonding of polymer to the metal
componentAnother method is termed WaveShape, in which a modulated laser beam is used
to redistribute the molten materiddig.2.19a)[143]. More specifically, the resultant textuse

mainly attributed to the deformation tfie molten pool, also known as the Marangoni effects
[144]. Tension variation igwerselyproportional to the temperature gradient derived from the
interaction between laser and material surface, which can result in thermal Marangoni
convection/vortex promotintpe fluid movement to form a protruding structure. In other words,
this tedinique @ables a decreased roughness, but at the samartoreases waviness of the
surface by generating periodic features. As shown in Figh2,1the wellcontrolled laser

beam and scanning route generate annular textutikeeori64 surface. When eoparingthe
efficiency of laser ablation and laser remelting, the building efficiency of remelting for metallic
materials (17.6 mAmin) is much higher than ablation (10 minfRnwhich is believed to be

more economical in actual applicatif® 3], [145], [146]
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Fig.2. 19. (a) Schenatic diagram of WaveShapeocess; laser processing

(b) and optical image of received texture on Ti64 surfad8].
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2.3.4 Critical evaluation of laser texturing on Ti alloys for orthopaedic
applications
To sum up, current laser texturing on metallic componentsrfbopaedicapplications still
remains difficult and challenging. For ablated geometries they cannot promote ketetynp
smooth surface finish, which may introduoealized highstress concentration due to ron
conformal contact, leading ttebris formatiorj147]. As mentioned above, although dimple or
channel textureanlower friction coefficient, the formation of wear debris and corresponding
mechanical accelerated wear still occurs. The texture has the possibility to be exbausted
worn awayafter a certainie. Thus, the ablated texture is still unacceptable in the field of
implants requiring superior tribocorrosion performance. In contrast, it seems that laser
remeltingcanprovide a much better surface finishore importantly, the rapid solidification
is favourableto the refinement of microstructure, which gives a salatito the possible
increasing stress in tribological contact. However, it can be foundhdhatrrent design of
geometry is very largsubject tahelaser beandiameter (>200 pm)And, there are no related
articles concerning their effectson triboaos i on behavi our. Therefor e,
of view, it would be an interesting story to design texture with improved mechanical properties
using a refined laser beamhich maychange the wear mechanism from thrbedy to twoe
body abrasionand hasunusual significancdor substantially increasthe service life of

implants.
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2.4 Summary of the Literature Review

Developing new Ti alloys for orthopaedic applications requires a comprehensive understanding
of several crosslisciplinary subjects Recent invetigations on designing new composition,
deformation behaviour, tribocorrosion performance and surface modifichive been
reviewed and discussed in detddleta Ti alloys present lower stiffness amckhibit novel
deformation the extent of which depesdon theb-phase stability However two main
challenging questionsemainfor researchersrhe first is how to design new Ti alloys with
both | ow Youngds molThasdcandis howtinprovethetribosarresiem gt h .
performanceof Ti alloys and further enhance the lifespan tbe implant. The majority of
currentstudies have justeen on CoCrMo alloydn contrastthebio-tribofilm formationon Ti

alloys and the evolution of the subsurface during tribocorrosion are not fully understood.

Studies are thn needed to contribute to these topics.
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Chapter 3 Methodology and Experimental Procedures

3.1 Introduction

Three metastable o based alloys: F4Mo-Fe-3Sn, Ti5SMo-Fe-3Sn and TH5Mo-Fe-4Sn
(at.%) were developed based oretirctron, averagealenceelectran concentration and Mo
equivalent numbeiThese alloysre hereafter denoted 413, Ti513 and Ti514respectively
Details of composition degig alloy preparation and subsequecharacterisationare

summarsed as follows.

3.2 Composition design

The majorityof alloying elements used in biomedicaldased alloys are Al and V, which are
considered highly cytotoxic and can increase the failure risknpfants. Especially for
orthopaedic implants requirirlonger lifespan,hie materiatissue interaction caimtroduce
material degradation depending on environmesaatitions and contacting madeherefore,

it is important to selealements with low metal sensitivityhen designing new composition.
This is why nortoxic elementssuch adNb, TaandMo, are wdely used in biomedical titanium
alloy design[148]. Herein, we aimtedt o desi gn an all oy with both
superior mechanical properties with relativeheapalloying elements. Compared to Ta and
Nb, the stronger beta staldlng effect of Mo ould result in a lower cost in terms of raw
materials Howeve, consideringtheir little effects on mechanical performance,,iygeld and

tensile strengththe eutectoidpromotingelement Favas chosen anelxpected to activatéhe
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solid solution strengthening effees well asenhancedvear resistanceMeanwhile neutral

elementZr, Hfand Snc oul d al s o de cr ebysugressimguha fPringtionmo d u | |
of at her MA@ l37],4149 Oratsedasis of these conceptgroup ofTi-Mo-Fe-Sn
alloysweredevelopedandtheir electronic parameters are shown in Table 3.1.

Table 3.1 Designel compositions of calculated parameters.

Composition (at.%) ¢ ¢ DQ ela 0 O €

Ti-4Mo-Fe-3Sn 2.402 2.784 4.12 1.04 10.07
Ti-5Mo-Fe-3Sn 2.398 2.787 4.14 1.21 11.80
Ti-5Mo-Fe-4Sn 2.394 2.782 4.14 1.21 11.65

The upper limit of 1% Fe wa decided to avoid possible elemental segregation dhigig
temperaturemelting. 0 ¢ and 0 were maintainecaround1.00 and 10.00respectively,

which corresponded to th@oundary between metastable ahd tructure Average electron
concentations(e/a)were calculated to be arange from 4.12 to 4.14, which corresponded to

the theoretical mi ni mum 2A8amMhareetheorhetastabla phgséss mo d
were completely suppressd@1]. Thus in all designed alloys, a fullp microstructurewith

|l ow Youngos expectdudongsienchiagl50]. The location of calculated &

(mean bond order) and Q (mean molecular -@rbital energy level) inthe 8 ¢ 0 Q
diagram (Fig.3.1)also indicatel that Ms (martensite start temperatura)as above room

temperature (RT) while Mmarensite finish temperaturgjasobserved below RTimplying
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thatthe deformation mechanism of all allogbiould bedominated bya combined TRIP and

TWIP effecs.

2.80

2.78

Bo

2.76

2.74
2,32 2.34 2.36 2.38 2.40 2.42 244

Md
Fig.3. 1. The position of Ti413, Ti513, Ti514 and Ti64 ELI ieldctron design maj

3.3 Alloy preparation

3.3.1 Arc melting

All designed metastable Ti alloys were prepared threugin-consumable arc melt(Arc200,
USA) in a highpurity argonatmosphereRaw materials were putéanium plate (Ti 99.6
wt.%), molybdenumplate (Mo 99.8 wt.%)iron chips (Fe 99.9 wt.%)andtin rod (Sn 99.8
wt.%). Prior to melting the oxide layer on theraw materials was gently removed using 800
grit SiC ginding papers and theautrasonicallycleanedin isopropanoffor 10 minutes. The
total weight of each composition w86 g and accurate to 0.0QL The copper mould was
connected to a wat@hilled systen which provided a high cooling rate during solidition.

The chamber wathenevacuatedo 3 x10° Torr andbackfilled witharound 2/3 atmosphere
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of pure argon gas. Consideritigelarge differencen melting point between Mo and $8396

K and 505K, respectively) the small Sn pieces wereplacedat the bottom of the mould
completely covered by the Ti sliceghich prevented weight lostue to evaporation of Sn
During melting,in order to realize elemental homogenizatidr ingots were flipped anme-
melted at least five timasder amagnetic stirring systemlhe weight loss of each specimen

during preparation was contledi less than 0.1 wib.

3.3.2 Thermal-mechanicalprocessng

The asmelted ingots werérstly homogersedat 1373K for 2 hours undeflowing argonand
hot rolled into a 4nm-thick platewith areduction of per pass ~ 50% at 1K 3followed by
water quenching. Subsequently, the received plates were furtheotettlinto a 2nm-thick

plate with a reduction of 50%. A®lled specimeswereannealed at 117R for 10 minutes

. 1373K
I Arc Melting I 7.2ks Rolling ~50%

1273K

waQ

Temperature

wa

Cold Rolling
~50%

Time

Fig.3. 2. Schematic ofite thermaimechanical process.
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followed by water quenchingFig 32 briefly illustrates the above therramechanical
processing route.

3.3.3 Benchmark material

A plate of annealed T6AI-4V ELI (ASTM F136, Grade 23)ought from Tishop (UK)with

a dimersion of 250mm x 250mm x 4 mm was employed asbenchmark materiaHereaftey

denoted Ti64 ELI.

3.3.4 Mechanical polishing

In this study all flat samples withdifferent dimensions wereold mounted into epoxy resin

and followed bythreestepmetallurgical plishing procedures:

1. Firstly, planegrinding using400 grit SiC paper® achieveaflat surface

2. Then, fne polishing on MD-Largo cloth (Struers, USAyith 9 ¢ ndiamond suspensidn
ensurescratches get rid of completelit wasnoted thathe MD-Largo cloth shoulde
lubricated with watein advancepreventingagglomeration of suspension during polish.

3. Lasty, amirror-like surface can bacquired though pdishing on MD-Chem (Struers, USA)
with afinal 0.5e m col | oi dal comtdining 20 vad.% $(.eTo avoid n
suspension residues on the surfadeich may affect further characterisation resualisas
polished specimenwerewater polished using new MBChem plate for Sninutesand

subsequentlgleaned in isopropanol by ultrasonic wave for 10 minutes.
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3.3.5 Surfacemodification via selectivelasermelting (SLM)

Laser modification was carried oah a mechanicalpolished surfaceghrough a continuous
laserin a highpurity Ar atmospheret a power of 130N (Aconity Mini, USA). Gaussian

refined laser beam hadfocused spot sizef around65 & mand scan speed wast$o 3 m/s

The scanning pattern was established in a basic grid (the angle between X and Y directions was
90 degrees)in which hatching spacing distance was controlled ~ 20@along both scan

directions.

3.4 Phaseand compositioncharacterisation

3.4.1 X-ray analysis(XRD)

Phase constitution analysis was conducted on D2 Phaser (Bruker Corporation) using average
Cu-Kgradiation a2 dangle rangg from 30°to 80? The operating voltage and current were

30 kV and 10mA, respectively.Note hat standard pdf cards ohetastable Ipeses such as
martensite and omega phasesi alloys arestill underdevelopnent Meanwhile, theletection

limit of the phase amount in XRD is around 2Mdicating thatsomediffraction peakgnay

not or fully appeaon the paern. Therefore, XRD analysis wasnducted for brief phase

determinationn this study.

3.4.2 Composition measurement
The composition vas determined using an inductively coupled plasma method-QEB

instrumen}, andO contentwas analysed viafrared absorption (Leco ONH836 instrument).
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3.5 Mechanical characterisation

3.5.1 Nanoindentation

Hardness nd r educed Ymoapimgodtisecrosssectiohallasertreatedsurface
were performedon a Hysitron nanoindentg(Tl Premier Hysitron, USA) equipp® with a
Berkovich diamond tip. Thewadwas set as 1fhg, and dwell time was 15. Eachmap was

composed ot leasBB0indentationsand measured three timgsgpromotedata accuracy

3.5.2 Tensiletest

As shown in Fig.3.3, flat degoneshaped tensile specime with a gauge dimension of 15

mm x 3 mm were prepared via Electrical Discharge Maclgr(iEDM). Room temperature

tensile tests were performed on a Zwick universal testing machine (Germany) at an initial strain
rate of 3.3 x10* s. A laser extensometavas used to measure the straimdthecorresponding
Youngbés modulus Wassical elobaeéd bhwpwecat t he
deformation. Each composition was tested at least three tindesntonstratéhe repeatability

of thedata.

15 mm

-

B 30 .

Fig.3. 3. The dimension of a tensile sample.
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3.5.3 In-situ micro-pillar compressiontest

In order to investigate the difference of mechanical properties between the prim#agend

treated surface, micropillarswithZ5m i n t op di a motheghtradoot-1:a2a di am
were fabricated throughfocusedon beam to condudn-situ micropillar compression tests in

an FEI Nova NanoSEM 450 scanning electron microscope. An Alemrsgu indenter with

alle m di dlahpuncth was use@nd all tests were performed at an axial strain rate of 1
x1073s. Prior to measurementé average drift rate was stabilized below 0.1 rrarsd the

total displacement of punch was 1£5m, equi val e nstrainofocomarbssivet 20 %

deformation.

3.6 Tribocorrosion behaviour characterisation

3.6.1 Lubricant (Electrolytes)

All tribocorrosion tests were carried out phosphatébuffered saline(PBS) solution
containng 25 vol.% of newborn calf serumBECS, supplied by Fisher Scientific, UKDne
PBS tablet(1814.52005.5 mg)was firstly dissolvedin 200 ml ultra-pure water Kligh-
Performance Liquid Chromatography, HPLC, Sigaldrich, UK) that yields 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.0133otMum chloride at room
temperatureAfter that, the received solution was mixed wsth ml BCS andollowed bythe
addition of0.4 g sodium azideo preventprotein degenerain. PBS solutionwith BCS can
maintainthe bioactivity of biomolecules and is more similartte actualhuman bodythan

Ringerds solutiooilland Hanko6s solution
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3.6.2 Experimental procedures

Square tcs with a dimension of 25 x25 mm were cut framasannealed plate arfdllowed

by mechanical polistBall-onflat reciprocatingsliding testswerecarried out in a Universal
Mechanical Tester (Tribolab, Bruker, US&)a temperature of 371 . As shown in Fig.3.4
thesample was fied intoa threeelectrode cell connected to a potentiasthe sample,a pure
platinum rod andin Ag/AgCIl electrode perfored asa working electrode, counter electrode
and reference electrodespectivelyA GradelOpolycrystallinealumina ball with a diameter

of 4 mm waschosen as counterface The stroke length was setn2m (imposed sliding
amplitude) and a normal load of 018 was applied. The specimen was rubbed at reciprocating
frequencesof 2.5Hz and 5Hz. The total sliding distance was 2fr§ corresponding t64000

cycles.All tests were conducted under open circuit potential (OCP) mode.

Reference electrode

Temperature sensor

Counter electrode

J

jejsonuayod

[

Alumina ball

PBS solution Working electrode

Fig.3. 4. Schematic illustration of setp of tribocorrosion experiment.
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Each experimertonsisedof the followingstages:

1. OCP stabilization fol 800 sbefore rubbing

2. Rubbing experimerfior 1080021600s

3. Subsequent potential measurement for 18®hen rubbing stopped

4. Repeated at least three time®tsurehe repeatability of data.

3.7 Electrochemicalcharacterisation

Electrochemical properties were evaluated by the open circuit potantigdlotentiodynamic

polarisation Each composition was repeated at least three times to promise data repeatability.

3.7.1 Opencircuit potential measuremat (OCP)

OCP (O ) measurements of fresh samples were performed 860 sin the same cell

(Fig.3.4), followed bypotentiodynamigolarisation

3.7.2 Potentiodynamicpolarisation

Potentiodynamigolarisationwas carried out at a scan speed of hV/s from-500 mV to
+3000mV vs. O . According tothe Tafel extrapolation method, corrosion potenfO

and current®  weredetermined athe intersecdon of cathodic and anodic current curves
extrapolated from th&afel region, andhe corroson ratewasc al cul at ed based

law:
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Where'Y s corrosion rate) istheatomic weight othesample ¢ is chargenumber that
indicates electrons exchanged within dissolution react’Onis Faraday constant (96.485

C/moal), " is bulk density and’® is corrosion current.

3.8 Structural characterisation

3.8.1 Optical microscopy

Investigations ofheworn surface othealumina ball after tribocorrosion test aofithe alloy
surface after laser treatment were carried oltikon Eclipse LV 150(Nikon, Japaj with

differential interference contrast (DIC).

3.8.2 3D optical microscopy

Morphology of wear tracknd SLM surfacevereevaluated through 3D optical microscopy
(Contour GT Veeco InstrumentsYo minimize the number of rmmeasurement points (main
error in noncontact techniqueas received data wasodified througha postprocess software:
Mountains MagDigital Suf, France)The surface was firstly relevelednd nommeasurement
points were filledbasedon infinitesimal calculus After that,the wear \wolume wasestimated
and the correspondingspeific wear rate could be calculated. Similar tioe above

measuremds, each compositionvastested at least three times to ensure data repeatability.

65



Chapter3 Methodology and Experimental Procedures

3.8.3 Scanningelectron microscopy (SEM)

Samples afteheattreatmenttensile deformatioand tribocorrosion tests weirevestigatedn

an SEM (Inspect F50, FEI company) with aperating voltage of 1RV (secondary electron

mode) and 2V (backscattered electron modegspectively.lt should be noted that as
annealed and deformed samples were prepared via the above mechanical polish procedures.
On the contrary, the morphologyf the worn surface was directly examined after the

experiment in order to avoid any influence of the exiezngironment.

3.8.4 Electron backscatter diffraction (EBSD)and transmissionKikuchi
diffraction (TKD) in SEM
The deformation mechanismvasinvestigate throughEBSDand TKD, whichwere conducted
in a field emissiongun SEM (Jeol 790B, Japan).As shown inFig.3.5, ompared tothe
conventional EBSD technique, TKD has the same hardexaeptfor the ample sie. Bulk
samples aftemechanical polisihg could directly be observed the SEM (Fig3.5a) whilghe
TKD sample should basthin asbelow100nm. The thickness reduction could be realized
the focused ion beam(FIB) machining In this work, compressed micropillars wehenned
along the compressn direction (normal directigrand then transferred to a copper grideT
thin foil sample wadixed in aspecificsample holder, ivhichtheEBSD detector could collect
enough transmission signatkiring mapping Step size ranged fromd m t 68e¢n O

dependhg on thearea of interest.
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a EBSD TKD

Electron beam Foil sample

Bulk sample

EBSD detector

Fig.3. 5. Schematic of EBSDnd TKDprocess.

3.8.5 Transmissionelectron microscopy (TEM)

3.8.5.1 Preparation of samples fromthe worn surface viafocusdion beam (FIB)

To investigate the struatal evolution oftheworn suface. FIB samples were prepared using

FEI Helios (SEMFIB the Netherlands Herein, we aimed to obsertiee subsurface. Thus,

prior to etching, a rectanglda@num (Pt)/Carbon (C3 oat i ng wi th a thickn:
patterned to preverthe surfacefrom ion damageThe area othe FIB sample was selected

alongthe direction of reciprocation. Then the slice was transferred to the copper grid and it was
milled as thin as belo@w00 mm using Gallium ions (Ga)Details of this procesareillustrated

in Fig.3.6
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Fig.3. 6. Schematic illustration of FIB process on worn surface.

3.8.5.2 Preparation of samplesvia electropolishing

In terms of preparing TEM foil from the deformed sample, suchthastensile bar,
electropolising was chosen to avoid subsequedeformation, which may cause
misunderstanding in observatid®rior to the electropolisisliced samples weffestly ground

to & thin as 12@ mandpunchedinto adiscwith a diameterof 3 mm using adisc puncher

(Gatan, USA) After that, the foils were genthgroundto a finalethicknessof around80& m

by 2400 grit grinding SiC paperthen ultrasonically cleaned tleréimes inmethanol. Twin

jet electropolishingvas conducted oifenupot5 (Struers Ltd.) at3 5 i n an el ec

consising of 60 vol.% methanol, 5 vol.% perchloric acid and 35 vol:4ufbxyethanolThe
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workingvoltageand flow rate were controlled 20 5 V and 12 +2 to ersure polishnitialized
fromthecentral area.astly, thepolished fois werecleaned by iomilling (Gatan Model 600)
for 1 min in order to remove contaminations completBgam energy and angheere set as

05keV and 6.

3.8.5.3 Warm-up analysis

Warmup TEM investigations were performeaxh Tecnai T20 (FEI, Netherlandshd EM420

operated at 20RV and 120kV, respectively The main pysosewasto check the quality of
foils quickly and confirm thearea of interestsuch asleformation twinsand $ressinduced

martensitein prepaationfor the subsequerdanalysis

3.8.5.4 High-resolution transmission electron microscopyHRTEM ) and scanning
transmission electron microscopy (STEM)

Most TEM investigation including HRTEM and STEM, were performed ima coldfield

emissim transmission electron microscope HEROO (JEOL, Japan) operating at 280 This

advanced microscope could provigigatial resolutioras hgh as 0.1%m, which promised

direct observation aditomic structure
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3.8.5.5 Electron energy loss spectrscopy(EELS)
EELS mapping was carried out d&=M-F200to investiga¢ the elemental disibution of the
tribofilm. Core loss edgesC-K, O-K and TiL23, andcorresponding zertoss peak were

recorded.

3.8.5.6 TEM Orientation Imaging

Unlike conventional EBSD tecliques, the newly develoged ASTAR detector (Nanomegas,
France)can colled information ofdiffraction patters from the TEM sample automatically
matchng themwith thetarget phasewhich provides anorientationphasemapwith excellent
resolution as higlasl nm (minmum step sizeJFormapping, the TEM spot sizenas selected

with a 10mm condenser aperture, a precession angle of 0.7 degrees and a step sti@ of 2.5
nm, depending on the scan area. Diffraction patterns were recorded using the earaaral, c
with anexposure time of @ms.Precession electron diffraction (PED) is a technique to collect
guastkinematical diffraction patterns which are suitable for crystal structure determination

using direct methods algorithms.
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Chapter 4 Mechanical Properties ar Deformation

Behaviour of Ti-Mo-Fe-Sn Alloys

4.1 Introduction

Thanks to a combination gfood excellent mechanical and biocompatible properties, Ti and

its alloys are generally accepted as the best choice for implantdigrials. Haever, due to

the mismath of stiffnes between the metallic implant andman corticabone (1620 GPa),

governed by stress shielding, fheorboneremoddling process can result in loosening shortly

after implantatior{2]. Currently, Ti6Al-4V ELI (Ti64 ELI) and Ti12Mo-6Zr-2Fe (TMZF)

are the two most popular Ti all oys for ortho
modulus (~110 GPa and &bPa, respeoctely), poor ductility (i.e., associated with limited

working hardening), and potential risk deriviedm therelease of toxic metal ior{such as Al

and Vin Ti64) limit their further application$148]. Therefore, tk development of new Ti

all oys with | ow eNhancedgutiditysmedui uedandhe Youngo
Ti alloys mainly depends on their crystal structév¢é. her mal Yy phase for med
has the highesteca¥Ysethalgtgb s e mmdsf us bet ween ¥ a
higher strain athe coherent interfacddexagonal closed packedhcp) U phhpe and
marten)si eghi(lit a higher Y-centanegl Gbec) phasd arldu s t
orthor hombi ([28haherefere sextensige workl has focused on the development

of metastable b dnghightl ¢ my sr & h utoanpitnt tentperdiurel) i

such as T24Nb-4Zr-8Sn (Ti2448) and FRONb-13Ta4.6Zr (TNTZ) presenting very low
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Youngo6s [30p[8SpHuwever, on the basi ssngéffectsel at i v
most developed compositions rely on significant additions of Nb and Ta, not only contributing

to the accelerating price growth of raw materials, dlgb to increase the bulk density of
implant.

Recently, enhanced plasticity in metastable beta Ti alloys has been realized via transformation
induced plasticity (TRIP) and twinning induced plasticity (TWIP) efléés [152]
{332}<113> or/and {112}<111> twinning systemaastressnduced martensite (SIM) can be
activated individually or simultaneously. With further deformation, the extent of twinning
and/or SIM increases, which decreases the mean free path of dislocationangvesulting

in a dynamic strengthening efte This dynamic strain hardening behaviour is well known as

t he dynalme tcc Mdaok Hdwevert the enhard ductility often comes at the
expense of lowyield strength (below 508Pa) [152], which is ascribed to the lowitical

resolved shear stress (CRSS) for martensiansformation andr promotion oftwinning.

More recently, it was found that initial deformation by primary twinning combined with the
formation of martenge at a higher strain can effectively tunethé¢ r e ngt h of b Ti
adjusting the beta phase stabi[i®g], leading to an excellent combination of yield strength and
ductility.

Consideing the biocompatibility requirements of metallic impkand the synergistic effects

in multicomponent all oys, it is an arduous ¢
modulus and ductility. In this chaptehe mechanical propertie novelthree TiMo-Fe-Sn

(at%) alloysdesignswvere evaluated vithe uniaxial tensile test. Effects of Sn sappressing
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resolution transmission electron microscopy (HRTEM)ectron backscatter diffraction

(EBSD), Badkscattered electron (BSHhagingand TEM analysiswere also performed to

investigate the deformation mechanism.

4.2 Results

4.2.1 Phase and microstructure analysis

Table 4.1 lists measured compositions of Ti413, Ti513 and Ti514 in at.%. It was found that

actual concentrations of alloying elements were close to nominal values. Thetelthe

melting procedure detailed in the experimental section, which succgssfallented both

elemental segregation and evaporatioming melting. In addition, the oxygen content was

measured, and the effects of it are discussed later.

Table 4.1 Measured composition of preparedNlb-Fe-Sn alloys imat.%.

Alloy Ti Mo Fe Sn O

Ti413 Bal. 4.1 1.0 3.0 0.2
Ti513 Bal. 4.6 1.0 3.3 0.4
Ti514 Bal. 4.9 1.0 3.9 0.4
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Ti 64 EL

The XRD spectra of asnnealed samples are plotted inFiggd,1 i n whi ch

b di f fr act btleenthree elesigned allogsnedhibit similar diffraction peaikb

(110), b (200) and b (211). The correspondi

a
s _ —Ti514
= g 5 —Ti513

\ 2 2 T3
A —Tie4

Normalized intensity (a.u.)
——
>

"
g8 |s g g g ¥
A= b 5, T 5 BF
Sy ° L 2k K]

T T T T
30 40 50 60 70 80

2theta (°)

Fig.4. 1. Microstructural analysis of benchmark and designed alloys. (a) XRD diffr:

pattens. (bc) The correspondig BSE images of Ti64 ELI, Ti413, Ti513 and T

respectively.
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imaging. As shown in Fig.4.16, Ti64 ELIexhibits anU b equiaxed microstructure and
transformedb phase (bright) homogenously dispersed between priraagyrains (dark).
MeanwhileTi 413, Ti 513 and Ti 514 al l di spl ay
grain size of d8velyy59 and 61 e€m resp

It should be noted that athermal p h a s e wa seither¥RD off B&k resdlts benaas
the detection limit of phase amount in XRD was around, 2%ichis insufficientto detect

sucha small amount afianoprecipitation

Fig.4. 2. TEM analysis of omega phase in Ti514, Ti413 and Ti51&) @elected are
diffraction patterns (SAED) of Ti514, Ti413 and Ti518ng <113> zone axis respeeely.

(d-f) Corresponding dark field images taken from red circles.
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In order to givemore comprehensive evidentlee selected area electron diffraction (SAED)

patterns of developed alloys were taken along [113] zone axis. In the SAED of Ti514 (Fig.4.2a),
apparenty r ef | ect i on the MBeanc 2/3flogcatian dbetweeen (000) and {112}
reflection of b pl aiekl$DF) insagedrontredrcircle sepealeddhatn g d ¢
¥ phase on the order o0 $dmmogeneoasly intha lveta matrixr e s v
Il n comp ar ctisnsin SAED patteen$ df E413 became weakesylting in a reduced

number ofnanoprecipitatiomn DF image (Fig.4.2e). Contrary to the existence of the athermal

¥ phase in Ti413 and Tib514, there wasnno ind
the SAED and nmanoprecipitationnvas observeth the DF image of Ti513, which indicated

that the formation of ¥ plpaoressed was expected t

Fig.4.3.(a) HRTEM image from Ti513 and corresponding FFT pa

(inset of (a)). (bMagnified IFFT image from (a).

To further confirm this beliekn HRTEM image was obtainatbng the {311] zone axisFast
Fourier transformation (FFT) pattern (insetyadl as inverse FFT (IFFT) image in Figs.4.3a

b, confirms that Ti513 has the ideal bcc structure at the atomic scale, without any spinodal
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decomposition and lattice modulation. It has been reported thatthe mat i on of at h
phase is associated withe commutative collapse of {222planes in quenched metastable
beta Ti all oys, and the <coherent i nterface

relationship of <111g/<0001>, {1-10}s//{11-20}y [21], [43], [44], [153] Generally, the

at her mal ¥ phase has a dispersi vantefecsanr i but i
the Youngds modulus of the materi al. Theref c
Ti 513, the |l ow Youngdés modulus is retained.

4.2.2 Mechanical performance of alloys

Figs.4.4ab show the true stresdrain curves and corresponding strain hardening rate curves
of Ti413, Ti513, Ti514 and Ti64 ELI respectively. It colld seen that Ti64 ELI exhibited a
hi gher vyi el d2 asound8nhMPa, howevErSplasticity was reduced because the

strain hardening rate of the Ti64 ELI decreased monotonically upon yielding (Fig4.4b). This

a b
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Fig.4. 4. (a) True stressstrain tensile curves of designed alloys and Ti64 EL
Corresponding strain hardening rates.
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limitation is attributed tothesilhpe def or mati on mechani sms invol
Tialloys,thesr ain i s accommodated by dislocation s
the glide direction in both prism and basal planes guarantees the activation of tkaigross

thus leading to the low strain hardening rate and reduced pla$tis#y, [155] In comparison,

my Ti413, Ti513 and Ti514 alloys all presented a good combination of strength and enhanced
plasticity. Much stronger strain hardenindhbeiour was observed in Ti413 (Fig.4.4b). At the

early stage of uniaxial teile deformation, the decreasing strain hardening rate of Ti413
reached a maximum value of 2300 MPa at a true strain of 5%. Then, the rate continued
decreasing and stalsid at 120 MPa between 10% and 25 % strain. Beyond 25% strain, it
decreased gradugliand reached zero at 28%. Similarly, Ti513 and Ti514 also displayed a
plateau around 1300 MPa~(B6%) and 600 MPa (5~18%) respectively, but the sudden increase

of strain hardeningate at the early stage was not observed. According to the previous studies

of metastable Ti alloys, the peak and plateau of strain hardening rate during deformation could
be ascribed to the synergistic effects of SIM and deformation twifir8jg[74], [152]

The nmechanical poperties of the investigated alloys are summarised in Table wasfbund

thatthec al cul at ed Youngods muaslasd thas halbthe valie BfITi®4 ( 5 2
ELI (110 GPa). The Youn gwese65nondd’t GRa gespedtivelyi 4 1 3
still lower than Ti64 EL Meanwhile, the YS, tEL (total elongation) and uEL (uniform
elongation) of Ti413 were measurasb85 MPa, 40% and 31%&spectivelywhich indicated
significant strain hardening effects as well as enhanced plasticity. On tiargomi514 had

the highest YS (852 MPa) and still good ductility (tEL: 29%)dnégigible strain hardening
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effect (UEL: 2.4%). It should be noted that Ti513 seemed to maintain a good balance between
all the parameters in comparison to Ti413 and Tisd¥ere YS, tE and uEL were measured

as 740MPa, 30% and 15%. To describe their poteftiabiomedical applications, a new index

has been defined, namely, the elastic admissible strain, defined as the ratio of yield strength to
Youngds modu lracently comdiderednto be ansimportant factor of materials for
orthopaedic applicatiorj48]. A higher value gives the induction of a good balance between
yield strengt h [348]d156] dhe elagtic admissiblgratn otiT$513 (1.42%)

was the highest among all the alloys, indicating a significant promise as a metallic implant. To
give a better understanding, the general trendlastic admissible strain versus ductility for
recent developed biomedical Ti alloysismmarised in Fig.4.5. Clearly, Ti513 stands out from

the general trend, where a high elastic admissible strain is dsesowith a low total elongation

and visa vers§9,21i 34].

Table 4.2 Mechanical properties of Io-Fe-Sn alloys and Ti64 ELI, including yield strength
(YSQ,ultimat e tensile strength (UTS), Young6s moc

total elongation (tEL. and uniform elongation (uBL

Alloy  YS(MPa) UTS(MPa) E (GPa) tEL (%) uEL (%) EAS
Ti413  585+13 778+22  65+8  40+5 3116 0.92
Ti513 ~ 740+8  844+10  52#5  30+2  15#3 1.42
Ti514 85222 91718  75%5  29%3  2.40.2 1.14
Ti64 ELI 8446 910 5 110+3  20+3  8%2 0.77

79



Chapter 4 Mechanical Properties and Deformation
Behaviour of iMo-Fe-Sn Alloys

18 .

X A

-~ \

c \ .

® 159 © \ Ti513 O Ti-Nb-based alloys
® B Q@ ' *x ® Ti-Mo-based alloys
L o » _ A Ti-Ta-based alloys
g 1.2 a \\* Ti514 ® Ti-Mn-based alloys
€ =2 o : A Gum metals

5 A o -~K413 m Tigs ELI

© 0.9 n o 0 = o I

L & g,g &~

@ B

2 06-

0 10 20 30 40 50
Total elongation (%)

Fig.4. 5. Comparison of elastic admissible strain and elongation in va

established Ti allay.

4.2.3 Micro structural analysis of Ti413 strained to 5% and 15%

EBSD mapping was carried out at a strain of 5% and 15% to investigate the deformation
mechanism of Ti413yhich corresponddto the regions of peak and plateau observed on the
curve of strain hardening ragig.4.4b). As shown in Fig.4.6a, 58trained Ti413 displays a
heterogeneous distribution of balike deformation products. Some grains are free of
microscopic bandswvhile others show a parallel pattern. The phase map (Fig.dodiiyms

that the nature ofhe bands ighe martensite. In aelectedinverse pole figurelPF) map
(Fig.4.6¢) with higher magnification, together with phase laswad contrast§C) map, it has

been found {332}<113> twins are also formed within martensitic deformation bands, im whic
the twinning boundaries are higgtited in red lines (Fig.4.6e). Besides, Fig.4.6f further gives

a closeup view of another individual deformation produlttcan be noted that there are two
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martensite variants insidéne band, resulting in a triple jumen between martensite and
{332}<113> twin. Corresponding {111} pole figure shown in Fig.4.6g reveals martensite
variants fulfil the Burgers relationship showing {111} type | martensite twinning plane,

indicatedby the solid black circle.

U .

1um N
—_ (332)<113>

twinning boundary

Fig.4. 6. (a) EBSD IPFand phase map (b) of 5% strained Ti413. (c) (d) The enlarge
and phase maps from dashed black rectangle indicated in (a). (e) Corresp&ling)
and{332}<113> twinning boundaries are highlightede@ lines). (f The furtherenlarge«
IPF map from shd black rectangle indicated in (c). (g) {111} pole figure illustrating
Burges relationship between two martensite variants with dashed black circle in (f).

81



Chapter 4 Mechanical Properties and Deformation
Behaviour of HMo-Fe-Sn Alloys

{332}<113>
twinning boundary

Fig.4. 7. (a) (b) IPF and phase map of 15% strained Ti413. (c) Corresponding&tand
{332}<113> twinning boundaries are highlighted in red lines. (d) The enlarged IPF map from
the dashed black rectangle indicated in (a). (e) {111} polaurkgillustrating the Buges

relationship between two martensite variants waittashed black circle in (d).

Figs.4.7ae presenthe structural evolution of another sample deformed to 15%. Apparently,
the IPFand phase maipdicate the fraction of intragratar deformation produst(martensite
and {333 type twin) increases significantly.ubsequeninartensite variants weextensively
activated and started networking in grairesulting fromthe higher criticaresolvedshear
stress (CRSS) during defornati Similarly, the {111}type | martensite twinning structure
was identified again in an enlarged IPF map with {111} pole figure (Figs#).7th addition,

the width of these primary combined deformation bands also grew fromisudn to several

micro s@les, which was believad be a result of strain accommodation. Therefore, it could
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be concluded thaat both early and later deformation stages, Ti413 was dominated by
martensite transformation, including {111} martensite twinning and {332} twinningléensf

the primary martensitic band.

4.2.4 Micro structural analysis of Ti513 after straining to 10%

In order to investigate the deformation mechanism during the plateau region, a 10% strained
Ti513 sample was chosen and well prepared for EBSD mapping. Figrd\Bdes the IPF map

of the deformed Ti513 microstructure at a strain of 10%. In comparisorev@ps results,

there was no martensite detected in the deformed microstructure. The misorientation angles
between matrix and deformation baridghlighted bythe solid red lineswere determined to

be around 50;5corresponding to{332}<113>twinning systems.

Fig.4. 8. EBSD maping of Ti513 deformed at strain of 10% (a) IPF + 1Q. (b) BS
image. {332} twin boundaries are marked by red solid lines in (a) and theItka
structures inside primary twin are marked by dashed red circle in (b).
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Generally, the networking of {332} type twins is denser at higher strains, leading to stable
strain hardening and thus the large uniform elongation. dMere it can be fouh from the

BSE image in Fig.4.8b that there is a high density of secondary deformation products inside of
the coarse twinsvhich also contributes to the enhanced strain hardening rate and plasticity.
As these fine secondary producte deyond the resoion of EBSD, TEM was employed to

investigate these fine structures further

{112}twining

{332}twining

Fig.4. 9. (a) Brightfield image of aprimary deformation twin. (b) Corresponding SA
pattern inside the band along [110] zone axisf)(©ark-field images taken from the sc
circles indicated in(b). (g-k) The schematic illustration of relationships betweewmehtior

bands.
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Figs.4.9ak give TEM micrographs of internal deformation bands in the 10% strained sample.
Within the primary {332}<113> twin, the brigHteld TEM image (Figd4a) clearly reveals the
existence of secondary deformation bands inside. The SAED patterndrdBiondicates four

sets of diffraction patterns alonige <110> zone axisand they are highlighted in red, blue,
green and yellow solid rectangjesspectiely. The corresponding DF images taken from the
solid circles confirm the formation of three @ifént deformation products (Figs.4Hc
According to the key diagrams in Figs.4i9ghese deformation products are defined as
{112}<111> twin and two diffeent variants of {332}<113> twinwith respect to the primary
deformation band. Interestingly glschematic diagrams shown in Fig.4.9j and Fig.4.9k reveal
that one of secondary {332}<113> twin shown in Fig.4.9f also fulfils the relationship of
{112}<111> and {332}<113> twinning system with two other twins. Considering the
geometric relationship betwra these band structures, the sequence of activation can be
concluded as follows: primary {332}<113> twins were activated first during the early stage of
the pastic deformation. An increase of strain resulted in the growth of primary {332}<113>
twins andthe activation secondary {332}<113> twins in coarse primary {332}<113> twins.
With a further increase of stain, ternary {112}<111> twins were nucleated indago{332}

type twins.
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4.2.5 Micro structural analysis of Ti514 after straining to 10%

Fig.4.10a provides the IPF map of the deformed microstructure of Ti514 at a strain of 10%. It
has been found that there were not any visible deformation products, whgdsted neither
twinning nor SIM formed during deformation. However, the BC map ig4Fi0b displays
bands with distinct contrast, and they are widely distributed in most of the grains. The
corresponding special grain boundary map in Fig.4.10c reveals thea localsed
misorientations ofthese bandsare all less than about 15 degrees thave a similar
characteristic tdow angle grain boundarieghis finding was in agreement with previous work
that the nature of the bands wagectedo be slip bandsttributed to massive dislocation
events insid¢158]. Therefore, further TEMraalysis was carried out to give more detalil.

TEM foil was firstly tilted to obtain-fL11] zone axis under TEM modEig.4.11a), and then
switched to $EM mode.Fig.4.11b presents an overview of the observed band near the grain
boundary (indicated by thehite dashed line), whereas planar dislocations glide in (211) plane,

corresponding to the {112}<111> slip system. Additionally, it should be notedehsity of

Fig.4. 10. (a) (b) IPF and BC map of 10% strained Ti514. (c) Corresponding grain bou

map andow angle (<15)grain boundaries are highlighted in red lines.
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dislocations at the grain boundary was not concentrated, which indicated that current slip
dislocation motion vas suppressed. As seen frahre ernlarged view, dislocation loops with
respect to {110} cross slip eve found (marked by arrow). It waalso observed that the
multiplication of dislocations also contributed to the dynamicpiémarked byvhite dashed

lines), which was in agreement with the previous reports that mobility of screw dislocation in

Gum metal and some beta Ti alloys could be imp¢tigd], [160]

o ‘¢\'_v"". AU\
CARE TR

i A

~u GB

;;_;A‘.v.-_%g;;@f‘ﬁ--’4";“'
Fig.4. 11. (a) SAED of 10%strained Ti514 taken along-111] zone axis. (I
Corresponding STEM image indicating deformation band observed in BC
consisting of extensive dislocation events, grain boundary is highlighted in white
line. (c) Enlarged microgneh from (b), délocation crossslip and pie-up are indicate
by white arrow and dashed lines respectively.
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4.3 Disaussion

4.3.1 Effects of oxygen

It is worth noting that b Ti al | gemperattre u |l d a
processing, including melting, hot rolling and annealing (even at high vacuum). According to
previous work, the oxygen would affect ttieformation mechanism in teeTi alloys through

the formation ¥ phase and martensite suppre
yield strength and poor plasticiy8], [53], [161] In my designed alloys, the maximum content

of O (0.4 at.% ) equked around 0.12 mass%, which was usually recognized as a very low level

of oxygen in many reported Ti aile. Thus, its effects on mechanicaérformance could be

considered negligible in this work.

4.3.2 The reduction of cost

It is known that the composition of the implant should consist oftoric elementsThat is
why many serb sushtas Mbi Ta, Mo are widelged in biomedical Ti allogesign.
Table 4.3 illustrates the price of several metals used for producing Tiadldyt is found that
all these rare metal elemerte very expensive compared to Al and && mentioned lbove,
recenly developed Ti allog for biomedical applicatiaalways contain a large amount of Nb
and Ta due to theirrelatively low b stabilising potency Thus, when designing a new
composition based on these two elemantsjll remainschallengingto achieve a reasonable
cost By contrastthe strongeb s tsirgleffe¢t of Mo is more favourable to industrgation.

Although anther potential alloying element Mn is much cheaper than Mbiatompatibility
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effectsstill need furtheinvestigation Furthermorethe raw material @ of Ti413, Ti513 and
Ti514 were compared to commercial biomedical Ti allas shown in Table 4.4 can be
observed thahe raw material cost dfi-Mo-Fe-Sn alloysis lower thanthe majority ofcurrent

optionsand very close to the lowest one, i.e-6Al-7NDb.

Table 4. 3The price of several commbn used metals usedor

biomedicalTi alloys[162].

Material Price(USD/kQ)
Aluminium 19

Iron 0.12
Molybderum 26

Vanadium 320

Tin 18.5

Niobium 42.3

Titanium 4.8

Tantalum 151.8
Zirconium 22
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Table 4.4 Comparison of the cosf the new alloys and commercial

biomedical Ti alloys.

Alloy Price(USD/kQ)
Ti413 7.3

Ti513 7.6

Ti514 7.9

Ti64 ELI 17.2
Ti-6Al-7Nb 7.3
Ti-13Nb-13zZr 11.9

Ti-15Mo 8.0
Ti-12Mo-6Zr-2Fe 8.3
Ti-35Nb-7Zr-5Ta (TNZT) 26.5

4.3.3 Ontheoriginofthelow Youngdés modulus in Ti 51
Previous work has suggested that Sn and Zr can effectively facilitgiestrentionof omega
phaseformation bysuppressing the collapse of {222planes.Especially, the appropriate

addition of Sn was also proved fawable toreducephase instability, which could introduce

lattice expansion via increasing lattice parameters, thus leading to elastic moduli spdt&ning
Furthermore, theutxl ow Youngdés modul us can al so be at:
(e/a, average valence electron per atom) of ~ 4.14. Decreasing e/a is favourable to get a low

YoungoOs doeota thd corselated lattice softening effect of metastable beta titaniu
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alloys but negativel yd aafhfde c¥t erde | bayt etdh et of otrhnea ti
instability [31], [163] Th u s, with a |l ow e/a value, a mini
achieved when these metastable phases are completely suppressed. Lasthenite atbs
athermal ¥ phase not only de alsoaninsnzal th&rskin g 6 s
of embrittlement due to roomegng of b Ti all oys, which is s

term implantatiorj29], [148].

4.3.4 Contribution of Fe to the high yield strength in Ti513 and Ti514

The high yield strength of Ti513 and Ti514 were believed to be associated with the solid
solution hardening effects of Fe. In alliMoalloy, theaddition of 2 wt.% of Fe increased the

yield strength from 572 to 902 MPa hycreasingthe CRSS for twinning164]. It is well
known that the de or mati on mechani sms of met astabl e
twinning to slip as the b phase stabingity 1is
elementsaddi ti on is required becaussreDurihgrapds a e
solidification or heat treatment at high temperature, too much addition has tbéfosking

Abeta fl ecko, whi ch I s oasuanckan facyitatestieegerackg at i C
nucleation during deformation, deteriorating mechanical propgtites, [166] The amaint

of Fe was chosen to be 1% to avoid the segregation and consequent poor plasticity in the current
work. However, it was the synergy of the combined addition of Sn andlfieh gave the
excellent | ow Youngo6s modul uasticity. Ahisgthategyalsol d st

has the potential to be introduced to other binary metastable Ti alloysjieNdp and TiTa.
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Fig.4. 12. Schematic illustration of deformation mechanism of Ti413, Ti513 and Ti514

respectively.

4.3.5 Effects of TWIP, TRIP and dislocation slip on mechanical behaviour
in Ti413, Ti513 and Ti514.
Fig.4.12 displays schematic diagram of the microstructural evolution of Ti413, Ti513 and
Ti514 with different deformation stages. Their various deforméztostructure represented
three main defor mat i :6SiM, twmentd andslips consistent wither i al |

variation of b phase stability. I n Ti 413, TEF
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deformation stages. These combined effeetse shown to result in the strongest strain
hardening behaviour in comparison to the other two alloys. The formafigrimary
martensite mainly contributed to the observed peak in the strain hardening curve. The
continuous activation of secondary masic variants, as well aeegrowth of primary bands,

were responsible for the stabilizing plateau during- 28% strain (Fig.4.4h

In Ti513, the deformation mechanism was dominated by multiple twinning, i.e., primary
{332}<113> twin, secondary {332}13> twin and ternary {112}<111> twin. The primary
twins had relatively | ar ge wwasdilkessubpgnainththh bet w
recrystallized grains. The formation of secondary and tertiary twins efficiently subdivided the
micro twins down to the nanoscale (Fig.4.9c). Thus, the continuous activation of subsequent
deformation poducts could strengthen the primary twins and together contributpéosistent
dynamic HallPetch effect, which was responsible for the high and stable workinagdates
observed between 5% and 12% strain (Fig.4.4b). Howeber,formation of primary
{332}<113> twins in metastable Ti alloys is quite complicated and is still not fully understood.
As previously reported, the nucleation and propagation of twinsadenction of grain
orientation as well as other deformation products, such as SIM and {112}<111>[6&]ns

[74], [167] The suktwins appear to be agelt of enhanced local stress condition and strain
accommodation. Besides, the {112}<111> twin is known to have higher CRSS than that of
{332}<113> twin [168]. Thus, the formatiowf ternary {112}<111> twin is atibuted tothe
synergistic effect of enhanced local stress and higher Schmid factor (SF) due to local plastic
deformationinducedgrain reorientations. This explains why {112}<111> always nucleate
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inside secondary twin§l69]. Therefore the in-situ evolution of SF inside the primary
deformation bands should be investigated using precession diffraction in the TEM.

In comparison to TRIP and TWIP effects, simple dislocation in Ti alloys is usually not
recoquized as an effective way to rea& enhanced plasticity. Dislocation can start to glide and
concentrate upon yielding, resulting in the formation of microscopic slip bands. Recent studies
found that the motion of s crlieated, thiwlidh mggedt i on s
dislocaton could glide in a jerky fashion. The main reason for the low mobility was attributed

to the extensive cross slip and mimg effects from the atomic clustg59], [170] Herein,

similar multiplication of dislocations was alstservedand the contribution oflislocation

slip to the dictility could be explained as Ifows. Dislocation crosslip and glide were
favourable to the formationof@ di sl ocati on core condgliigdedat i
of dislocations requires more energy compared to conventional slip, which thus mesult
enhanced ductility159], [171], [172] However, itshould also be noted that lanobility has

a negligible effect on hardeningdause the multiplication of dislocations is not applicable to

reducingthe dislocation mean free path.

4.3.6 Discrepancy in = T ™ diagram

Thed-electron theory is the most poputarrrent approach to designdiloy compositionThe

A

¢ 0 Qdiagmam derived from the cluster DX U  m e [28], [82] clearly demonstrates the

transition of deformation mechanism inem ast abl e Db Ti all oys, [

dislocation slip. Notably, as seen in fiveviouschapter, the calculated ¢ and 0 ‘Q of Ti413,
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Ti513 and Ti514 indicated their positions fing.3.1 were located in the martensite region,
suggesting thdeformation mechanisms should all be dominated by Sidvever EBSD and

TEM results showed that deformation mechanisms of Ti513 and Ti514 were dominated
through twinning and dislocation glidespectively. There was no evidence of the formation

of SIM. As previously suggested, it was found that the pad & 0 ‘Q diagram with low
values, especially the martensite zone, still sekd investigation ofnore compositions to
perfect the boundanyositiors [173]. It wasalso reported that Sn could decrease the martensite
staringt emper ature ( Ms) den it soaeccased@8], §43]. Tlaus, bne st a b i
explanations believed thatheaddition of Sn in HMo based alloypreventgheSIM initiation

when phase ability overcomesritical level, which carbe sketched througb ¢ (>10).
Another possibility is expected to be associated with the reversion of martensite that transfers
to {332}<113> twin when the stress is released, which has been demonstrated by in situ

synchraron xray diffraction[174].

4.4 Summary
Il n summary, a new series of metastable b Ti
exhibited very landattradticeplasyoitys resoiting in ¢comnpetitive elastic
admissible strain compared to recent established biomedical Ti allegmain findingscan
be summaesed as follove:

1. Al | desi gned al | oywaxed misrgstruetyree after the theariol vy b

mechanical process route.
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2. The enhanced plasticitf Ti513was attributed to the network of primary {332} twins
as well as thactivation of various sutwins, i.e, {332}<113> and {112}<111> twins.
This was the firstime to report the primary {332} twin consisted of two secondary
{332} twins and {112} twins, which provided a new strain mediation strategy in

met astablse b Ti all oy

3. Dislocation multiplication decreased the mobility of screw dislocatamd improved

plasticity. However, their effects on strain hardening behaviour could be negligibl

4. Thecombinedaddition of Sn and Feasfound to completely suppress the formation
oftheat her mal ¥ phase and i mprove yield st
highest elastic admissible strain (1.%3). Therefore, Ti513 was regarded as a

competitive candidate for biomedical applications.
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Chapter 5 Tribocorrosion Behaviour of Ti-Mo-Fe-Sn

Alloys

5.1 Intr oduction

Il n recent years, b type Ti alloys with |l ow Y

emphasis on their corrosion and tribocorrosion perform§i€sdi [178]. However, the poor
wear resistance of Ti alloys compared to ceramic and CoCrMo makes it difficult for them to
be used as bearirsyrface material§9]. Nevertheless, they are important components of the
joint implant because of the superior corrosion resistance and specific strength.

Currently, the widespread adoption of modular design in hip psestipeovides flexible neek

stem combinations, which meets the growing demand for joint arthroplasty in various age
levels [1], [179], [180] However the extra contact area, as well as the differences in
mechanical propertiesould lead to irreversible material degradatithereby increasing the
amount of wear particles, which raises more clinical issues after implar{tii¢].

In this Chapter, the tribocorrosion behaviourTa413, Ti513and Ti64 ELI were examined
using a balondisc reciprocating apparatus. The worn surface, the formatiwibofilm and

the subsurface structerwere also investigated in a specific samiplis.worth noting that the
main factor that makes Ti514 unacceptable for further testing is attributedweafkestrain
hardening ability (UEL~2.4%). Singledislocation deformation mechanism without
concomitant obstacles, such as twinning and sirekged martensite, would easily initiate

the surfacecracking and lead to the accelerated material loss.
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5.2 Results

5.2.1 Electrochemical behaviour

5.2.1.1 Open circuit potential (OCP)

Fig.51 shovs the evolution of OCP versus time for Ti413, Ti513 and Ti64 ELI, respectively.
Note that all alloys exhiked similar behaviour in whiclthe potentias slightly changd in the
positive direction upon immersion in t#BS solution containing proteinsAs previously
suggested181], [182] this pathway invdves the spontaneous formation of TiO op(3,
anodic transformation to TiOand corresponding oxide growth. Table 5.1 summarises the
mean OCP values obtained for alloys after three tests. It is seen that Ti513 has th©aiblest
(-162+£17 mV) comparedo Ti413 and Ti64 ELI, indicating a better protection characteristic

of the passive film.

-0.10 :
_ ——Ti413
o 1 ——Ti513
< 0154 ——TiB4ELl
< -0
< ~
o
>
> -0.20
5
5 -0.25
2 e
-
-0.30 . . . , .
0 600 1200 1800

Time (s)

Fig.5. 1 OCP curves for the Ti413, Ti513 and Ti64 ELI samples.
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Table 5.1 OCP values for the Ti413,513 and 4 ELI samples.

Sample o (mV)
Ti413 -252 41
Ti513 -162 +£17
T164 ELI -230 £32

5.2.1.2 Potentiodynamic polarisation

Fig.5.2 shows the potentiodynamic padation forTi413, Ti513 and Ti64 ELIAIl samples

displayed a similar activepassive transition and sgiassivatio behaviour.There was no

observed breakdown potential or pitting until the upper limit of scanning potential, suggesting
the formation of a stable and compedawidepassi v
passive region (0.28 ~8V) comparedo Ti513 (0.56 ~ 1.5/) and Ti413 (0.59 ~ 1.%).

However, Ti513 and Ti64 ELI posseska more positiveO (-0.50 V for Ti513 and0.66

V for Ti64 ELI) and notably lowel®  (0.052¢ A/ dmr Ti 513 affarTi®4 033 ¢
ELI). The mean values of their corrasi parameters with standard deviation are shown in

Table 7.2.0 of Ti413, Ti513 and Ti64ELI ared.957 £0.036 V,-0.493 £0.023V and-

0.632 +0.045 respectively. Wwasalso found that Ti513 lsithe lowest™ implying faster
repassivation kinetiogithout mechanical disruptioifhus, given these observations, it can be

concluded that th&i513 sample presesd a bettercorrosion resistance.
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Fig.5. 2. Potentiodynamic polasation cuwes for the Ti413, Ti513 and Ti64 ELI samples.

Table 5.2 Corrosion parameters of the Ti413, Ti513 and Ti64 ELI samplpstantiodynamic

polarisation.
Sample Q N (e ADCOE A/ m
Ti413 -0.957 +0.036 0.105 +0.010 12.285+0.552
Ti513 -0.493 £0.023 0.057 £0.006 3.223+0.114
Ti64 ELI -0.632 £0.045 0.035 +0.008 3.485%0.089
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5.2.2 Tribocorrosion behaviour

5.2.2.1 -Tribocorrosion under OCP condition

Tribocorrosion behaviour of Ti413, Ti513 and Ti64 ELI were examined under the OCP

condition at reciprocatingliding frequencies of 5 Hz and 2.5 Hz, which corresponded to

sliding velocities of 10 mm/s and 5 mm/s respectively.

04 4
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-1.2 4
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—Ti513
——Tie4 ELI

Coefficient of friction
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1
4.0k

T T T
8.0k 12.0k

Time (s)

b [——Ti413

d|——Tie4 ELI
04 F

- T ——

L | L | L | L | L |
0.0 20k 4.0k 6.0k 8.0k 10.0k

Time (s)

Fig.5. 3. The evolution of the OCP (a) and the COFd{lduring the tribocorrosion test at 5

Hz.

Fig.5.3 shows the time dependence of the OCP and COF variation during reciprocating motion

at 5 Hz. At the start of the mechanical disruption, ploéential inshntaneously moved to

negative values in all alloys, corresponding to the breakdown of the passive film, i.e.,

depassivation (Fig.5.3a). Then, spontaneous repassivation was observed, as expected for

passive metallic materials such as Ti alloyee potentiawas observed to oscillate, i.e., the
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actual surface degradation could be described as a dynamic depassivation and repassivation
[79], [129], [183] The potential oscillation for Ti513 and Ti413 was larger than Ti64 ELI.
Similarly, the oscillation in the COF curves for the Ti513 &l 3, Fig5.3b and ¢ was larger

than in the Ti64 ELI curve, Fig.5.3d, which appeared to mirror the changes in the potential.
The average COF for the Ti513 and Ti413 remained approximately constant throughout the

test (~0.2), while there was a slight dexse from B to 0.2 for Ti64 ELI.

b |—Ti413
a
Py ——Ti413 c
::.)u 0.0 - ——Ti513 %
5 021" ———Ti64 ELI £
: 1 (@]
g 0.4 =
S 061 ©
§ 081 o
0‘3 1.0 - (@) 1 ; ] ; 1 ; |
1.2 : , : , d [ Tie4 ELI
0 10k 20k 0.4 \
Time (s)
0.3
0.2
01 " 1 N 1 L 1 L 1
0.0 50k  10.0k 15.0k  20.0k

Time (s)

Fig.5. 4. The evolution of th®CP (a) and the COF () during the tribocorrosion test at 2.5
Hz.

Furthermore, OCP and COF results at 2.5 Hz are shown in Fig.5.4. As with the 5 Hz test, the

patential dopped at the initial point of testing, after which there wasmpetition between
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depassivation and repassivation. The oscillations in the potential were greater at 2.5 Hz than at
5 Hz. This is not surprisingpecausea slower reciprocating speeglves moe time for
repassivation. For the Ti64 ELI, the repassivation was much stronger at 2.5 Hz than 5 Hz and
much greater than for the Ti513 and Ti413. Moreover, the repassivation events lasted much
longer for this alloy, Fig.5.4a. The correspondinQFCcurvesFig.5.4b), the resulting COF
(indicated by arrows) respondccordingly, being smoother with reduced signal noise,
supporting the assumption that the formation of debris @adghing effects from hard
asperities are suppressed. As with the %ddr, theCOFs of Ti413, Ti513 and Ti64 ELI tested

at 2.5 Hz exhibited oscillations that tended to mirror the potential behaviour, Fig.5T4e
averageCOF valuesre summarized in Table 5.3, which shows that speed did not significantly
alter the averaggCOF. Thdowest average COF wé@s23 +£0.03 for Ti513 tested at 5 Hz, and

the highest value was 0.34 £0.11 for Ti413 tested atHz.5

Table 5.3 Average COF values for the Ti413, Ti513 and Ti64 ELI samples.

Sample 5Hz 2.5 Hz

Ti413 0.29 +0.06 0.34 +0.11

Ti513 0.23 +0.03 0.25 +£0.01
TI64 ELI 0.28 +0.07 0.26 £0.03

The specific wear rates are presented in Figls9.3 exhibited the lowest wear rat€£ 1.80
x104+0.28 mm?® N m?) when tested at Bz. Decreasing the slidg speed to 2.5 Hz led to

a lower total material loss for all samples. A significant reduction in wear rate was observed
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for Ti513 (0.77 x10* +0.03 mn® N m™) and Ti64 EIL (0.31 x10%+0.05 mm? Nt m?), and
this was mainly attributed tthe recovey of the passive state during tribocorrosion, which

could play an important role in enhancing resistance to mechanical, as well as corrosive damage.
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Fig.5. 5. Comparison of spedd wear rate betweethe Ti413, Ti513 and Ti64LE samples

tested at 5 Hz and 2.5 Hz.

5.2.2.2 Morphologies of the worn surface

In order to gain a better understanding of the wear mechanism, the morphologies of the worn
surfaces were investigated ussgcondary electron imaging in the SEM. FetIB samples,

there were visible grooves along the sliding direction under both test conditions (Fig.5.6).
However, the worn surface tested at 2.5 Hz displayed more pronounced abrasive features than
the 5 Hz testincluding grooves and the flaki&e debris near the edgd the grooves. It is

clear that the formation of wear debris can act as third body particles and eventually accelerates
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material loss in simulated body fluid (SBE)84]. Additionally, a region exhibiting dark
contrast was heterogeneously distributed on both worn surfaces, the extent of which was larger
at the slower sliding speed. It is known thia organic matter has poor conductivity and so
would appear dark in theEBA. Previous studies suggested that the dark region on the worn
surface could be attributed to the formation of pre@inched tribofilm[118], [185], [186]
Similarly, the oxide layer also exhibited dark contrast in SE imagésch cannot be
differentiated from the proteinaceous matefib87], [188] Therefore, it is necessary to
investigate the tribofilm using FIB, which can provide direct cisesgional observation at

high magnification.
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é'_‘ﬁf
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bii

Fig.5.6. SE images of worn surfaéer Ti413 testd at (a) 5 Hzand (b) 2.5 Hzrespectively.

The wear tracks of Ti513 and Ti64 ELI are shown in Fig.5.7 and Fig.5.8, with similar abrasion

dominated morphologies also observed. Asetoexamination athe Ti513 wear track at 2.5
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Hz showed that the region with dark contrast was rdrsed the surfacand generally had a

much smoother surface.

X
P

Abrasive grooves

Fig.5. 7. SE images of worn surfaer Ti513 tested at 5 (a) Hand (b) 2.5 Hz, respectively,

(c) Enlarged SE image selected from the dashed box in (b).
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Fig.5. 8. SE images of worn surfater Ti64 ELI tested at (a) 5 Hand (b) 2.5 Hz, respectively.

5.2.2.3 The formation of tribofilm

To further invetigate thetribofilm and surface oxide structyra FIB sample for TEM as
prepared from the Ti513 tested at 2.5 Hz. As shown in Fig.5.9, a smooth region exhibiting
darker contrast and raised up from the surface was located frowethretrack centreThe
surface was then covered by a protective cadmating, and a lamella perpendicular to the
worn surface along the sliding direction was milled by the ion beam. The polishing current was
decreased step by step from 200 t@B) which promoted the final itkness of ~50 nm and

avoided the ion damage amich as possible.

Fig.5. 9. SE images illustrating the location of the FIB sample.
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Fig.5.10. (a), (b) Brightfield TEM micrograph taken from longitudinadosssectionshowng

surface and subsurfaceicrostructure of Ti513 tested at 2.5 Hz. (c) EELS spectra taken from

marked regions in (b).

Fig.5.10a and b show the brigfild TEM image of the crossectional surface. It can be seen
that a tribofilm witha thickness of ~200 nm was formed on the topraostice and a high
density of nanesized particles embedded inside. These smooth and oval particles were found
to have a homogeneous distribution in the tribofilm with a diameter ranging from a few to tens
of nanometres. Underneath the tribofilm, a napsiiline layer was present, with the

corresponding selected area electron diffraction (SAED) pattern showing a wide range of
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crystal orientations within the crystallites. Nanocrystalline layers form in neso the shear
loading during reciprocating atact[90], [189].

In order to understand the material constituents comprisagibofilm, EELS point analysis

was performedrom the deposition through to the substrate. Fig.5.10c displays the normalized
EEL spectra obtained from three sites of interest marked in black, red and blue circles
(Fig.5.10Db). It should be noted that tieel circle was selected to cover an embeddetit|e

but the collected information also contained the inelastic scattering electrons from the
surrounding matrixOnly the GK characteristic edge was present in the carbon cqatimd)

there was no evidee of other metallic componentsamtygen. For the target particle, the-Ca

L3 Ti-L23and OK edges were seen with a weakk@dge. The sample often drifted a small
amount (few nm) during EELS measurements sathiga€al > 3and CK represented the nrai
constituents of the matrix of thebofilm. The OK edge was only found in this region and was
not associated with titaniynand so did not arise from titanium oxides. Rather it must have
come from the tribofilmin the substrate, only 1> 3 edges wer observed, and there was no
trace of C-K edges, implying that the specimen contamination during FIB thinning was
negligible.

As shown in Fig.5.11, a heterogenous tribofilm with a total thickness around 100 nm was
formed on the worn surface of the Ti64 Bkkted at 2.5 Hz. The tribofilm pworised inner

and outer layers. It was found that the outer part of the tribofilm (region 2) displayed weak
contrast with a small number of nanoparticles within #,CTi-L> 3 edges and a weak-K

edge were observed HEL spectra taken from region 2.8 ktronger strength of theKedge
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suggested that this layer became enriched in absorbed protein from the BCS solution. It is
known that in high angle annular ddr&ld (HAADF) images the contrast is approximately
proportional to the square of atomicmber, i.e., Z contragii90]. Thus, the dark contrast of

this region 2 was consistent with a proteinaceous layer. The inner part of dkeeyit{region

3) had a similar chracteristic to that observed on the surface of the Ti513 (Fig.5.10b), also
with nanoparticles inside. The corresponding EEL spectra exhibited a wieak@€OK edge,

with a clear TiL2zpresent, while the HAADF contrasias similar to the titanium subate.

The weak GK edge was found in various places, including the substrate, indicating it arose
from mild oxidation of the FIB sample and not the formation of titanium oxides. This suggests

that this layer was primarilganocrystalline titanium.

Fig.5. 11. STEMHAADF micrographtaken from longitudinal crossectionshowng surface
microstructure of Ti64 ELI tested at 2.5 Hdsoshown are the corresponding EELS spectrums

taken from depositioto substrate, markediy.
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