CoCrMo alloys in hip and knee
replacements application

Submitted for the Degree of Doctor of Philosophy

By
Righdan Mohsen Namus

Supervisor: Professor W. Mark Rainforth
Materials Science and Engineering Department

The University of Sheffield

September 2018



Declaration

This thesis has been composed by myself and has not been submitted or accepted in any
previous degree application. The work has been carried out by myself, except where due

acknowledgement has been given.

Part of the work has been published as a scientific journal paper:

R. Namus, P. Zeng, and W. M. Rainforth, “Correlation of the wear transition in CoCrMo alloys
with the formation of a nanocrystalline surface layer and a proteinaceous surface film,” Wear,

vol. 376-377, pp. 223-231, 2017.

Conferences

e Student conference 2016, Sheffield, UK, May 2016. Oral presentation.

e Nanobriicken 2017, Manchester, UK, April 2017. Oral presentation.

e EUROCORR 2017, Prague/Czech Republic, September 2017. Poster
presentation.

e 2018 Scotland and North of England Electrochemistry Symposium (RSC Butler
Meeting), Aberdeen, UK, April 2018. Poster presentation.

e FElectrochemical method in corrosion research EMCR international conference,
Cambridge, UK, Juley 2018. Oral presentation.

e International corrosion symposium, Leeds, UK, September 2018. Oral

presentation.




Acknowledgements

Firstly, I would like to express my sincere gratitude to my supervisor Professor W Mark
Rainforth for the continuous support of my Ph.D study and related research, for his
patience, motivation, and immense knowledge. His guidance helped me in all the time of
research and writing of this thesis. I could not have imagined having a better advisor and
mentor for my Ph.D study. Besides my supervisor, I would like to thank all the people
and technitions in Material science and engineering department in Sheffield university
for their insightful comments and encouragement, but also for the hard question which
incented me to widen my research from various perspectives.

I would like to give my biggest thank to The Higher Committee for Education
Development in Iraq HCED for their funding my Ph.D and unlimited support throughout
my studying. The thank is given to Waset university for all the support that I got from
them in my Ph.D.

Last but not the least, I would like to thank my family: my parents and to my brothers and
sister for supporting me spiritually throughout writing this thesis and my my life in

general.




Abstract

CoCrMo alloys have been widely used in hip replacements. On the one hand, they
have exhibited excellent long-term survival rates, but recently high failure rates have
been observed, associated with adverse local tissue reactions. It is still a puzzle why
CoCrMo alloys sometimes work very well, while at the other times the wear rate is
unacceptably high. There have been several reports that the formation of a surface
carbonaceous layer appears to reduce the wear rate. Equally, the formation of surface
deformations and nanocrystalline layer has been observed, but it remains unclear
whether this is a beneficial or detrimental phenomenon. The application of CoCrMo
in hip joints results in mechanical aspects in term of wear and electrochemical aspects
in term of corrosion in what is called tribocorrosion. Therefore, the current work was
designed to carefully cover some factors that have not been well investigated in the
literature using different approaches for data analysis. The study was divided into two
major parts; tribological study and tribocorrosion study.

In the tribological study, a directly correlation was found between the surface
deformation and the presence of a carbonaceous layer with the wear behaviour. The
lowest specific wear rate was associated with the formation of a carbonaceous layer.
A wear transition was observed at higher load, related to the loss of the carbonaceous
layer and the formation of a thick subsurface nanocrystalline layer. The formation of
the carbonaceous layer appeared to be associated with the removal of the surface
protective oxide film. Additionally, it was shown that superior mechanical properties
of a thick nanocrystalline sub-surface layer could not protect the surface from a high
wear rate. Although the formation of a thick nanocrystalline subsurface layer resulted
in the highest surface mechanical properties, it also coincided with the highest wear
rate.

In tribocorrosion part of the study, the mechanical and electrochemical contributions
in tribocorrosion were separated using synergistic and mechanistic approaches. The
influence of load, load-potential dual effect and sliding speed-potential dual effect
were all studied. The results showed a significant effect of repassivating the worn
surfaces on the wear behaviour of the material. At low loads and slow sliding speed,

the worn surfaces were able to repassivate at OCP which in turn had a significant




effect on the microstructure of these surfaces and consequently on the mechanical
properties and the tribocorrosion behaviour. Furthermore, the results of load-
potential, and sliding speed-potential showed a correlation between the mechanical
contribution of tribocorrosion and the hardness of the worn surfaces that is the harder
worn surfaces wear less mechanically at OCP. Such this correlation was not found at
anodic potentials.

The results also showed that the surface carbonaceous layer did not form on the
surfaces that were covered by an oxide layer and a high cathodic potential was needed
to almost entirely remove the oxide film. This is in good agreement with the results
of the tribological study of the work which pointed out a certain minimum load is
necessary to totally remove the oxide layer and helped in the formation of a
carbonaceous layer on the worn surfaces.

A correlation between the COF and the thermodynamic stability of the surface was
observed. Throughout the whole study, whenever the system was able to establish
new thermodynamic stability (at low load and slow sliding at OCP and at all tested
anodic potentials), COF significantly decreased. The study defined two surface status,
passivating worn surfaces (the surface tries to repassivate) with high COF, and

passivated surfaces (already passivated) with low COF.
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Introduction

1 Introduction

According to the American Academy of Orthopedic Surgeons, the primarily hip
replacements in 2003 were 220000 in the US. It is expected to rise to 572000 in 2030.
With younger patients who need these surgeries, the researches should focus not only
on the longevity of these implants but also on improving the function of them [1].
The high wear rate in the polymer on metal PoM replacement (<500um/a) was
significantly reduced by using hard on hard couples like ceramic on ceramic or metal
on metal MoM joints. It is believed that the later attains the lowest wear rate at steady
state (1-5 pm/a) after intensive running-in wear (35 pm/a) [2].

CoCrMo components have been used as successful MoM replacements for a long
time. They have excellent mechanical properties, biocompatibility and good corrosion
resistance. The second generation of these components was developed in the 1990
with better clearance leading to better lubrication condition in comparison with the
first generation. Interestingly, some of these implants survived up to 15 years while
others failed within the first 5 years of the service. Additionally, the presence of nano-
debris and ion release in both surrounding tissue and remote location in the body of
the patients with the failed implant was reported. It has been pointed out that cobalt
and chromium ions are considered to be toxic or even carcinogenic [3]. Therefore,
agencies in the US (FDI) and the UK (MHRA) recently issued alerts for using MoM
hip replacement leading to significant drop in their use [4]. Nevertheless, there is a
large number of people still have these implants in their body.

Many changes at the surface and in the subsurface of CoCrMo alloys have been
revealed in both in-vivo and in-vitro materials such as forming a carbonaceous layer
on the surface and forming nanocrystalline and strain induced transformation from
FCC to HCP in the subsurface. However, the effect of these phenomena on the wear
behaviour of these alloys is not well understood.

Tribocorrosion is such a complicated phenomenon. It includes many factors like the
worn surface microstructural changes and its effect on mechanical properties and
repassivation process of the worn surfaces which in turn might be extremely important
in the whole wear process. The formation of a carbonaceous layer on the worn
surfaces in the protein content solution, like the one used in this work, adds another
complexity. Throughout many testing procedures, the current work tried to add

valuable knowledge and to improve our understanding of tribocorrosion. It is well
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known that wear is a system property, not a material property, therefore, every effort
was made to simulate the service conditions of the human body by choosing the
protein concentration in the solution (15.5 g/L within the range in the body fluid of
healthy human), the temperature (37°C), the pH (7.4), and wide range of load, sliding
speeds and potentials to cover the variety of human activities.

Thus, the work was designed as a systematic consequence to study CoCrMo
biomedical grade alloy as follow:

1. Tribological study: The work included an extended range of load (5-80 N) to
totally cover the influence of the microstructural changes on the formation of
the nanocrystalline subsurface layer and the formation of the carbonaceous
layer on the worn surfaces. It also aimed to understand the effect of these
events on the wear behaviour of this alloy.

2. Tribocorrosion behaviour: This was done by using synergistic and
mechanistic approaches and subdivided to:

1. Load effect: The work is based on synergistic approach. The material was
subjected to a range of loads (1-16 N) to study the tribocorrosion
behaviour.

2. Load-Potential dual effect: It is based on a hybrid synergistic and
mechanistic approaches. Wide range of cathodic and anodic electrode
potentials were chosen (-0.9, -0.7, -0.5, OCP, -0.1, 0, 0.1 V vs. Ag/AgCl
RE) at three loads (4, 8, 16 N). The work aimed to understand the effect
of the interaction between load and potential on the tribocorrosion
behaviour of the material being studied.

3. Sliding speed-Potential dual effect: Different sliding speeds were chosen
(1, 2.5, 5, 10 Hz reciprocating speed) to be tested at cathodic, OCP and
anodic electrode potentials. The goal was to improve our understanding of
the effect of walking fast, slow, or even running on the behaviour of this
alloy.

In all mentioned above works, the state-of-the-art techniques were successfully employed
to produce accurate data. All wear tests were done on UMT wear rig with high stability
and reproducibility. Optical profilometry was used to accurately calculate the volume of
material loss. SEM and FIB were successfully employed to image the worn surfaces and

subsurfaces. Nanoindentation was extremely useful in determining the mechanical
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properties of the worn surfaces as well as the starting surface. Raman spectroscopy was
also used to detect the carbonaceous layer on the worn surfaces. The figure below shows

the map of the work.
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2 Literature review

2.1 Friction

When two surfaces come into contact and move laterally over each other, there is
resistance to this motion called the friction force. It is essential to spend some work to
initiate and maintain this motion. Some of this work wastes as heat. In some engineering
application when this phenomenon is harmful, the design should be made in such a way
that reduces this energy waste as much as possible.

Friction includes load-controlled contribution and adhesion-controlled contribution. The
first one is determined depending on the topography of the surface and defined by friction
coefficient p. It is assumed to be the same everywhere on the surface. So, for the multiple

contacts:
F=XYnu (ﬁ) = pL

Where F is friction force, L is normal load and n is number of contacts. This means that
this term does not depend on real contact area. On the other hand adhesion-controlled

contribution does depend on real contact area and can be determined as:
F=),04,

Where o is shear stress.

Therefore, the total friction force is:
Ftotal = I.lL + Zn O-An

It is necessary to distinguish between the force needed to initiate the lateral motion and
the one needed to maintain it. Friction coefficient during sliding is called kinetic friction
coefficient. It is generally lower than static coefficient of friction [5].

Dry sliding always gives high friction coefficient and consequently high-energy
dissipation. Inserting a material that has low shear stress (lubricant) between solid

surfaces in contact effectively reduces coefficient of friction to acceptable engineering
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values. Depending on the thickness of lubricant layer compared with surface roughness
there are four different lubrication regimes. In hydrodynamic lubrication the two surfaces
completely separated from each other. Elastohydrodynamic EHL lubrication regime
refers to high local pressure and very thin lubrication film that elastic deformation of the
surfaces cannot be neglected. With thinner lubrication film boundary lubrication is
entered and finally the solid lubrication regime. It has been shown that there is a relation
between applied normal load L, lubricant viscosity n and sliding velocity V on one hand
and friction coefficient on the other hand. Figure 2-1 shows this relation and the Stribeck
curve. Decreasing the term z (nV/L) leads to a decrease in the friction coefficient through
hydrodynamic and EHL regions until it reaches a minimum value in EHL region and then
increases rapidly indicating boundary and solid lubrication regions. The Stribeck curve
has a special importance as it gives a clear idea about friction of certain material in certain

lubricant [6].

Friction coefficient (u)

Fluid-film

Boundary Mixed

Figure 2-1 Stribeck curve

2.2 Wear

Wear can be defined as a removal of material from its surface under mechanical effect of
another surface. Sliding wear therefore is kind of wear when the material is removed
under sliding conditions. Abrasive wear on the other hand is a wear when one surface is
much harder than other (two body abrasion) or when there are hard particles trapped
between the surfaces (three body abrasion). These particles form either by detachment
from the surfaces (debris) or from the presence of a third body. Detachment of particles

from two sliding bodies is most likely to occur. Thus, there is no clear boundary between
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different kinds of wear.
Mathematically wear can be explained by using Archard equation, which presumes a

direct proportionality between wear rate Q and normal load L:
L
Q=K.
Where K is dimensionless coefficient of wear and H is the hardness of the softer surface.
Wear rate Q here is volume of debris per unit distance. In engineering application, it is
more useful to replace the quantity K/H by another one called k. The latter quantity is

known as dimensional wear coefficient and measured in volume of debris (mm?) per unit

load (N) per unit distance (m) [6], [4].

2.3 CoCrMo alloys
2.3.1 Solidification and Phases

Cobalt is a tough metal with an appearance that resembles nickel and iron. Utilizing their
corrosion resistance, wear resistance and biocompatibility, the usage of some Co-based
alloys has prompted in orthopaedic implant applications [8].

Historically, Elwood Haynes was the first person who discovered the high strength and
stainless nature of cobalt-chromium alloys and later he identified both tungsten and
molybdenum as good strengthening agents. The main purpose of having Mo in such these
alloys is to participate in forming carbides and reduces chromium’s consumption in like
this process, which in turn keeps chromium in solid solution and retains high corrosion
resistance [8].

The phase diagram of Co-Cr system is shown in Figure 2-2 [9]. It shows the existence of
three main phases, a-FCC phase, e-HCP phase, and c-intermetallic component with
approximate chemical composition Co>Crs. This phase diagram, as well known, is for the
alloy during extremely slow cooling rate. The real casing, however, does not offer this
kind of cooling. Add to this the sluggish nature of the FCC to HCP phase transformation.
Thus, as cast CoCrMo alloys naturally have a.-FCC phase with a small fraction of e-HCP.
It is also reported that at a temperature below 600°C, the intermetallic component ¢ phase

starts to precipitate.
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Figure 2-2 the phase diagram of Co-Cr system [9]

As cast Co29Cr6Mo alloy has a-FCC, and e-HCP phases The properties of the alloy
strongly depend on the ratio of these phases. The ductility of the alloy increases with more
a-FCC phase fraction [10], [11]. Whereas, corrosion and wear resistance enhance with -
HCP phase fraction increasing [12].

Because of the low workability of CoCrMo alloys, they are often made by using
investment casting (as this method gives nearly final dimensional products). The
solidification of CoCrMo alloys starts with a dendritic growth of a-FCC crystals. With
decreasing temperature precipitates of secondary phases formed in grain boundaries and
interdendritic zones. The first secondary phase to appear is sigma ¢ intermetallic
compound [13]. According to global reaction ¢ + C = M23Cs, carbides form with further
cooling. It has been also reported that there are some metastable carbides form during
solidification process in limited range of temperatures like M7Cs and M2C [13], [14].
M23Cs carbides exist in two different morphologies, a blocky type and pearlite type
(Figure 2-3). The latter one forms at 990°C once the solidification has completed under

slow cooling rate [15].
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Figure 2-3optical microscopic image of as cast CoCrMo alloy (ASTM F 75) [15]

It has been stated that the volume fraction of both the eutectoid phase and blocky carbides
significantly increases with carbon content. However, the cooling rate does not have a

considerable effect on the volume fraction of blocky carbide [16].

2.3.2 Treatments and Enhance Properties of CoCrMo alloys

As is clearly known, the as-cast alloys have many kinds of defects like porosity, large
grain size, inhomogeneous chemical composition and precipitates at the grain boundary
and interdendritic zones [17].

For the sake of removing casting defects and improving mechanical properties, as cast
CoCrMo alloys are subjected to different kinds of treatments.

Forming carbides is the main strengthening mechanism in as-cast alloys. Nevertheless,
precipitation of these carbides at the grain boundary is responsible for the reduction in
mechanical properties. Treatments of these materials include hot isotactic pressing
(hipping), conventional solution or homogenization treatment and carbides refining by
using additives [10]. Clemow et al. [18] studied the solution treatment of CoCrMo alloy
in a range of temperature between 1185-1270°C to improve ductility. This treatment
included incipient melting, the transformation of M23Cs to MeC and c-phase formation.
They found that the optimum treatment temperature is 1220°C. It has been shown that a
fully solution treatment gave a good improvement in ductility at the expense of other
mechanical properties due to the dissolution of precipitates at the grain boundaries [19].
It was also proved that partially solution treated alloys exhibited an excellent combination
of mechanical properties without influencing corrosion resistance [19]. Giacchi et al. [20]

examined the solution treatment of ASTM F-75 alloys for different times. They came to
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find that the most detrimental phases, which are o-phase and lamellar structure, are
dissolved in the earlier stage of treatment. They also reported carbides transformation
according to M23Cs = MgC in some alloys during this treatment.

Mancha et al. [21] suggested a multistage mechanism for M»3Cs dissolution during heat
treatment. According to this mechanism, dissolution occurs in the following
consequence:

1. Solid-state diffusion of the elements forming carbides. It was noted that lamellar
carbides dissolved faster than blocky ones because of better diffusion conditions
provided by these structures.

2. Fusion and complete melting of carbides. After starting fusion serrated interface
forms as it is more thermodynamically favored.

3. The growth of solid internal phase. The growth of the solid phase inside liquid
carbide has been observed (Figure 2-4). Close examination of this phase showed
that it has a dendritic shape and chemical composition similar to that of matrix o-

phase.

Figure 2-4 backscattered electron image of dendritic a-phase inside liquid carbides [21]

CoCrMo alloys include two main different types, cast alloys (ASTM F-75) and wrought
alloys. It has been reported that latter alloys have superior crevice corrosion and better
mechanical properties [22].

According to Liao et al. [23], the structure of carbides is different in these two types
alloys. The carbides in cast alloys are mixed-phase and consist of fine grains of about 100
nm in size. This kind of carbide is found to be a stable phase and formed under low
cooling rate conditions. Furthermore, it comprises of three phases (FCC phase similar to
the matrix phase, Co-rich carbide and Mo-rich carbide). On the other hand, wrought

alloys have single-phase fine carbide, which is a metastable phase and needs a high
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cooling rate to form. Despite the same crystallographic structure, these carbides have a
different chemical composition and mechanical properties. Single-phase carbide is twice
as harder as mixed phase carbide, which directly reflects on the final mechanical
properties of the alloys. The occurrence of fractures in mixed phase carbide (Figure 2-5)

and forming nano-debris (Figure 2-6) have also been reported [22].

surface

Figure 2-5 a and b are SEM image of retrieved cast alloy implant. Fracture occurrence is clear. c is
wrought alloy after 5 million cycles simulator test [23]

mixed hard phase

parﬂc?ﬂ ; ﬁ— O

Figure 2-6 forming nano-debris from mixed phase carbide [23]

It was shown that minimum wear loss could be achieved by self-matting these alloys with

HCP structure. In contrast, maximum wear loss was when self-matting them with FCC
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structure. An intermediate value was found when matting FCC with HCP. This was

attributed to the higher plastic deformation that FCC structure experiences [24].

2.3.3 Martensitic Transformation

Under normal cooling conditions, the structure of CoCrMo alloys at room temperature
mainly includes metastable FCC phase and a few amounts of HCP phase (less than 4%).
The complete extinction of the latter phase has been noticed after 1 h homogenization
[25].

Quenching and ageing are found to promote FCC to HCP martensitic transformation.
Figure 2-7 shows that the nucleation of HCP phase starts as fine plates close to
precipitated carbide while it is long straight intragranular plates across the dendrite arms
[25]. Different behavior has been reported in the case of wrought alloys. HCP starts to

nucleate as pearlite form in the grain boundaries of these alloys [25].

Figure 2-7 formation of isothermal martensite phase at 1150°C for 1h + 850°C for 3h in as caste
CoCrMo alloy, a and b represent different magnifications [25]

Martensitic transformation of FCC to HCP in these alloys is rather sluggish due to weak
chemical driving force under normal conditions. However, this transformation can be
promoted by quenching from a temperature above Tc (athermal martensite) and ageing
(isothermal martensite) [9]. It has been shown that the amount of athermal g-martensite
increases with increasing the temperature of solution treatment. In contrast, the amount
of isothermal e-martensite during ageing at 800°C decreases with increasing both time

and temperature of prior solution treatment (Figure 2-8) [9].
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Figure 2-8 the effect of time and temperature of solution treatments on HCP volume fraction for 5 hours
of isothermal ageing at 800°C [9]

Garcia et al. [9] indicated that quenching from 1150°C to room temperature retards FCC
to HCP transformation during subsequent ageing up to one order of magnitude in time
compared with material aged without quenching. They attributed this retardation to the
decreasing the number of HCP embryos as a result of local plastic deformation due to
transformational, and thermal stresses occur over quenching.

Stacking faults consider to be nuclei for the HCP phase since the forming and moving of
Shockley partial dislocation in FCC structure give rise to change stacking from FCC to
HCP. It is well known that in FCC structure when stacking fault energy vy is small; the
dislocations tend to dissociate themselves into partial dislocations leading to form
stacking faults. The width of the stacking fault has an inverse proportionality with y [26].
It has been reported that in some CoCrMo alloys stacking fault energy falls to almost zero
promoting the splitting of dislocations into infinitely separated partial dislocations [27].
Lopez et al. [27] studied isothermal martensitic transformation and established C-curve
for as-cast CoCrMoC alloy (Figure 2-9). They noticed two individual e-martensite phases
as well. The first one is pearlite like forms close to coarse carbide due to multiple
nucleation events. While the other one forms in the matrix dendrite arms and has a straight
plates shape. The energy barrier for martensitic transformation in the regions nearby
coarse carbide or dendritic boundaries is found to be less than that in bulk dendrites matrix
regions, which suggests the strong effect of segregation. Carbon content increases the
SFE and consequently decrease FCC to HCP transformation, which explains the multi-

nucleation events close the carbides.
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Figure 2-9 TTT diagram for isothermal martensitic transformation in the as-cast CoCrMoC alloy [27]

Martensitic transformation can be promoted through plastic straining in a process called
strain induced transformation SIT. Lashgari et al. [28] compared the occurrence of
martensitic transformation in as-cast CoCrMo alloy while ageing for two groups of
samples with and without pre-straining. Their results showed that for these samples
without pre-straining the o to € isothermal transformation was not completed even after
24 h at 850°C ageing. In contrast, this transformation accelerated and completed after just
8 h under the same conditions for pre-strained samples.

It has been found that for wrought, and quenched CoCrMo alloy F75 ASTM, plastic
straining gives martensitic SIT rise, which appears as intragranular striations (Figure
2-10). The density of these striations increases with increasing plastic strain [29]. Figure
2-11 illustrates the influence of ageing time at 800°C on the volume fraction of HCP
phase in the structure of specimens for different percentage of plastic straining for
wrought CoCrMo alloy. It was noticed that in the case of absence of pre-straining, a
complete a to € transformation is obtained after 3h. In contrast, in the rest of the
specimens, it can be readily recognized two transformation stages. In the first hour, there
is an initial increase in e-martensite followed by plateau [29]. This behaviour explained
as following. The stresses occurred during quenching are enough to restrict the growth of
e-martensite embryos, which in turn limits the amount of e-martensite phase. However,
the plastic straining after quenching activates some of these embryos leading to increasing
the amount of HCP phase at the first stage. Moreover, ageing at a suitable temperature
gives rise to more a to ¢ transformation. Throughout the first period of ageing internal
stresses are relaxed, and potential e-martensite embryos are exhausted. This synchronizes
with the creation of new nuclei of e-martensite. In the second stage of ageing some
incubation time is needed for the new nuclei to grow up. Importantly, they pointed out

that the HCP phase fraction mainly affects the plastic behaviour of the material.
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Figure 2-11 Effect of straining followed by aging at 800°C on the volume fraction of HCP phase in the
microstructure. (a) 0%, (b) 5% (c) 10% and (d) 20% straining [29]
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2.3.4 Grain Refinement:

Different approaches have been used by many researchers like Hall and Petch, Cottrell,
Li and others to estimate a relationship between grain size and mechanical properties.
These studies, however, have agreed that with reducing grain size yield stress increases
[26], [30].

Severe plastic deformation (SPD) in which significant plastic strain is imposed to
materials structure is a vital and efficient way to produce ultra-fine grains UFG
microstructure. High-pressure torsion (HPT), accumulative roll bonding (ARB) and equal
channel angular pressing (ECAP) are just examples of this process. Nevertheless, these
processes are high-energy consumer and the strain required is much higher than that in
the large-scale production [31].

As an alternative method, combining of phase transformation and plastic deformation has
been reported to obtain UFG microstructure. Three different sequences have been
reported in this context: plastic deformation of the initial phase before phase
transformation, plastic deformation after phase transformation and repeating plastic
deformation and phase transformation several times [32].

In general, there are two types of recrystallization: static recrystallization SRX and
dynamic recrystallization DRX. In the former one, the nucleation of embryos occurs
during deformation as a result of the orientation gradient while their growth occurs in the
annealing process. The new embryos need to have two conditions to be able to grow up
rather than shrink and diminish, which are: having a size larger than critical size and high
angle boundaries [33]. Additionally, the migration of grain boundaries during growth is
affected by their structure and existence of solute atoms. For instance, the presence of
solute atoms hinders their migration and having a particular structure like coincident sites
boundaries increases GBs mobility [30], [33]. It has been reported that all kinds of
boundaries including incidence dislocation boundaries IDBs and geometrical necessary
dislocation boundaries GNBs tend to rotate and increase their misorientation under
deformation [33].

In contrast, in dynamic recrystallization DRX both nucleation and growth occur during
deformation at high temperature. Since high storage energy particles, which form in cold

working and grow during annealing (SRX process) do not readily form under the high
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temperature of DRX, it has been proposed that primary mechanism of nucleation is
particle stimulated nucleation PSN, the details of PSN is provided elsewhere [34].
It has been reported that in DRX the grain size reduces with increasing Zener—Hollomon

parameter:

Q
Z= ¢exp (==
P (xp)
where £ is strain rate, Q is deformation activation energy at high-temperature R gas
constant and T is absolute temperature. This means the final grain size depends on both

T and &, Nevertheless, getting full recrystallization needs high strain rate [32]. Figure
2-12 shows this effect.

()

Low T
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(high T) (low T)

Figure 2-12 the effect of Zener—Hollomon parameter on DRX [32]
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Yamanaka et al. [35] invested DRX to produce UFG structure of CoCrMo alloy. They
carried out their work using a range of strain rate and temperature (¢: 10> to 10 s™! and T:
1050 to 1200°C). Although their results show a good agreement with d-Z relation, the
grains were coarser than expected by this relation at high strain rate (1 and 10 s strain
rates). They also noticed a considerable local misorientation in nonrecrystallized regions.
This misorientation has been attributed to low SFE, that these alloys have, promoting
forming geometrical necessary dislocation GND, which in turn consider being the driving
force of nucleation.

It has been shown that hot deformation [35] and nitrogen addition [36] remarkably reduce
the fraction of athermal and strain induced martensite phase in CoCrMo alloys. Sigma
phase has not been detected in both cases as well. The significant grain refinement during
hot deformation hinders the formation of martensite.

The mechanical properties of UFG structure of Co29Cr6Mo alloy with and without
nitrogen addition has been studied [36]. It has been identified that the strength of this
alloy drastically enhances with decreasing grain size. However, the elongation could not
be improved without adding nitrogen. Nitrogen here works as o phase stabilizer.
Therefore, it eliminates athermal and strain induced € phase that in turn increases work
hardening and prevents the instability in plastic deformation [36]. The mechanism of a
phase stabilizing cannot explain by thermodynamic stability terms. Instead, it is ascribed
to suppressing o to € martensite transformation.

The effect of nitrogen in Co29Cr6Mo alloy has been studied systemically [37], [38]. It
has been revealed that as nitrogen concentration increases the volume fraction of athermal
e-martensite dramatically decreases up to 0.10 wt% N. This transformation is entirely
suppressed when nitrogen concentration exceeds this weight per cent. It also appears that
both strength and elongation are significantly enhanced. The inhabitation of forming
athermal € phase was attributed to precipitate nanoparticles of CroN on {111} planes of
the a phase. These nanoparticles work as obstacles prevent forming Shockley partial
dislocations, which means the suppressing of martensitic transformation.

Kurosu et al. [39] used reverse transformation as an effective way of grain refinement for
C027Cr5Mo0.16N. They reported that grain size could be reduced one-tenth the initial
grain size. Solution treatment followed by aged treatment were used to obtain completed
lamellar structure of € phase and Cr2N. These lamellar blocks are surrounded by HABs

and divided into small colonies by LABs. After reverse transformation, numerous
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nucleation events could happen at both HABs and LABs leading to a refined structure.
They also revealed that the final structure after reverse transformation can be a-FCC
single phase or nanoparticles of Cr2N distributed in a-FCC depending on the temperature

of reverse treatment.

2.3.5 The influence of stacking fault energy on mechanical properties

In FCC metals, dislocations tend to decompose themselves into partial dislocations during
their moving to reduce the energy needed for this motion. The separation between partial
dislocations depends on stacking fault energy SFE as describe in the equation below:

Gb?
2md

Where ygr is stacking fact energy, b is burger's vector and d is the separation between

YsF =

partial dislocations. Hence, d decreases with increasing ysg. SFE has a direct effect on
dislocations movement and consequently on plastic deformation. Smaller d facilitates
pinching of partial dislocation and consequently easier cross slip. The dislocations in high
SFE materials tend to rearrange themselves in dislocations cells (slip and cross slip)
where the majority of them resides in cell's walls. On the other hand, at low SFE materials,
dislocations organize themselves in planner ways (no cross slip) forming more uniform
distribution. Stacking fault energy is very sensitive for adding alloying elements, for
example, adding aluminum to copper drops it to about one ordered of magnitude [30].

It is also shown that SFE drastically affects plastic deformation mode. Remy and pineal
[40] studied the influence of SFE on deformation mode in Co-Ni alloys with different
composition (different SFE) at room temperature. Their results suggest the occurrence of
strain induced transformation (y to €) in range of 0 to near 20 mJ/m? SFE. At around 20
mJ/m? SFE twining occurs under small strain. Between 20-50 mJ/m? twining and
dislocations cells occur concurrently. Whereas, in higher SFE the deformation mode is
only by dislocations cells. They proposed a parabolic relation between SFE and
deformation twinning. High strain hardening rate was also reported for low SFE
materials.

Asgari et al [41] conducted compression test for three FCC polycrystalline materials with
different SFE Copper, a-brass and MP35N ((35% Ni, 35% Co, 10% Mo, 20% Cr). True
stress- true strain curves and the dependence of the rate of strain hardening on the flow

stresses are shown in Figure 2-13.
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Figure 2-13 True stress-true strain curves and the dependence of the rate of strain hardening on the flow
stresses for materials with different SFE (Cu is the highest SFE) [41]

They detected four distinct strain hardening stages for low SFE materials. They labelled
them as A, B, C, and D as shown in Figure 2-14. Strain hardening rate decreased with a
strain in stages A, and C and it is almost constant in stages B, and D. Stage A
corresponded to dynamic recovery, and saturation stresses stage in higher SFE materials.
Stage B was correlated with the onset of primary deformation twins. In stage C the fall in
strain hardening rate was attributed to severe inhomogeneous deformation and
misorientation between twin/matrix interface and {111} plans in the matrix that were
developed in most grains. Therefore, the coherency is lost between twin/matrix interface
and the matrix. Extensive secondary twins were found in stage D that intersect primary

twins and gives constant strain hardening.
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Figure 2-14 four distinct stages for strain hardening in low SFE materials. The strain hardening is
normalised by G [41]
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Rohatgi et al [42] put forward a modification for Hall-Petch relation for low SFE FCC
metals. Their modification uses inter-twin spacing as effective grain size that is HallPetch

can be rewrite as following:

Orotat = (00 + kdptminnea) X (1= fowinnea) + (00 + kdgyliea) X fovinned

Where: 04014 is total flow stresses, duntwinned 1S actual grain size, diwinned 1S inter-twin
spacing, fuwinned 18 fraction of grains that exhibit deformation twinning. They also revealed
that low SFE materials are not as much sensitive for strain rate as high SFE materials.
Increasing strain rate was reported to increase strain hardening rate for high SFE
materials. This has been attributed to the delay in the dynamic recovery. In contrast, in
low SFE materials, the dynamic recovery process is inherently inhabited. Therefore, the
strain hardening rate for these materials is not sensitive to strain rate.
On the other hand, El-Danaf et al. [43] reported indirect dependence of deformation
twinning on SFE. They showed that dislocation density and the homogeneous slip length
are more relevant variables affect twinning stress. The low SFE has two main effects on
plastic behaviour of materials. First, it significantly promotes strain hardening due to the
inhabitation of dynamic recovery, i.e. cross slip. Secondly, it hinders the development of
in-grain misorientation allowing slip length to be almost as same as the grain size up to
the onset of twins. They presented their results in a plot (Figure 2-15) and proposed a
criterion for deformation twinning initiation stress for polycrystalline FCC material at
near room temperature as following:

(O-twin - O-O)

G

Where d is the average of homogeneous deformation zone HDZ, b is Buger’s vector, C

d
= C(E)A

and A are fitting parameters. Homogeneous deformation zone HDZ parameter has been
created in this study and defined as the area that homogeneously deformed inside the
grain. It is also revealed that the smaller grain size, the more difficult to attain this
criterion (more difficult to attain critical deformation needed for deformation twining
onset). In other words, it is possible to inhibit deformation twining even for low SFE

material by reducing the grain size.
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Figure 2-15 the dependence of (Gyyin — 00)/G on the average of HDZ length of twining initiation [43].

2.3.6 Microstructure’s Changes During Wear

According to the Hall-Petch relationship, it is well known that hardness increases with
grain size reduction [30] [20]. However, it has been reported that this relation breaks
down in nanocrystalline [44]. It is also revealed that low temperature and high strain rate
among other factors are regarded as a favourable condition for forming nanocrystalline.
Figure 2-16 shows the alteration of the mechanical properties dependence on grain size
in nanoscale. It can be clearly noticed the breakdown of Hall-Petch relationship in the
range between 10-100 nm. Moreover, the relation becomes inversed in the range less than
10 nm grain size [45].

<— grain size
~1 um 100 nm 10 nm
' | |

o= crkdg? | e

flow stress ¢, —»

)-1/2

(grain size) " —p

Figure 2-16 the alteration of Hall-Petch relation through different grain sizes [45]

The inverse of the Hall-Petch relationship has been ascribed to the significant increase in

grain boundary region compared with conventional materials [46]. It has supposed that

31



Literature review

the stresses needed to propagate shear in the boundary region is less than that needed in
the case of the crystalline matrix that leads to inverse Hall-Petch relationship.

Buscher and Fischer [2] studied both in vivo and in-vitro tested CoCrMo alloys. The
microstructure of both samples (laboratory sample after wear test and retrieval one) was
almost the same. They recognized three distinct microstructural zones with respect to the
worn surface. At a depth of about 30 pum, the structure includes stacking fault and needles
like e-martensite. Closer to the worn surface when the shear strains increase these defects
interact with each other forming rhombic cells as shown in Figure 2-17a. In the distance
between 10 to 1 um, no clear microstructure can be identified. Finally, in last 1 pm
nanocrystalline was observed (Figure 2-17b). The hardness was found to increase towards
the worn surface. Since most of the nanoparticles were more than 10 nm in size, no
reverse Hall-Petch relationship has been detected. The increase in hardness was ascribed
to the dramatic reduction in grain size, which reaches to 20 k times in retrieval sample
and forming rhombic cells.

This astonishing reduction in grain size was attributed to DRX (or in situ recrystallization
as it is called by some authors) and explained as follows: in the low SFE materials cyclic
shear stresses bring about plastic deformation along discrete sliding planes where neither
cross slip nor climb, occurs. On each sliding plane, SF and consequently e-martensite
needles form and react with each other forming rhombic cells with size ranging between
100-500 nm. These cells block any further deformation of the incorporated lattice.
Toward the surface when the shear stresses increase, these cells sheared and divided into
smaller grains. This effect exaggerates with an even further increase in shear stresses
(closer to the surface) reaching to the size when these cells are not able to be further
refined, resulting in rotation and removal of the texture. This scenario explains the unclear
structure in the range of 10-1 pm. However, a kind of recrystallization could occur very
close to the surface (1 pm and less) due to mechanically mixed and material transfer layers
[6] [34]. Even for self-mating surfaces there is a high probability of having oxides or

organic materials on the surface.
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Figure 2-17 a: rhombic cells; b: forming nanoparticles in the very closed surface layer [2]

Wimmer et al. [47] used forty-two retrieved McKee—Farrar prostheses specimens to
compare with in vitro specimens. The results showed that 93% of cups and 83% of heads
of retrieval samples exhibit the same macroscopic and microscopic layers as in vitro
samples. It has been shown that the tribological layers of denatured proteins are formed
at the contact spots due to high pressure and flashing temperature (60°C). It has also been
suggested that the formation of this layers has a significant influence on the wear
behaviour due to prevent direct contact and provide solid lubricant layer.

Fischer [48] identified two distinct regions in both laboratory and retrieved samples of
CoCrMo metal on metal hip replacement joints. In the first 200 nm with respect to the
worn surface, the region consists of nanocrystalline and interfacial medium (proteins)
followed by another nanocrystalline layer but this time consists of just based material. It
has been suggested that the cyclic nature of sliding wear and ratcheting behaviour of
materials under fatigue loading and fluctuation of friction force leading to increase
stresses in the surface and subsurface zones that consequently bring about the formation
of different kinds of defects like SF, twins, and strain-induced martensitic transformation.
Mechanical mixing, which occurs in the outermost surface layer (<200 nm) between the
metal and any substance might exist at the surface is responsible for forming metallo-

organic nanostructure composite (Figure 2-18).
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nanocrystals

Figure 2-18 forming metallo-organic nanostructure composite [48]

To have a better understanding of the wear mechanism for MoM articulation, Buscher et
al [49] investigated the wear debris and their formation for both in-vitro and in vivo
samples. There were no significant differences between these samples. Two groups of
debris were identified, globular and needle-like. Both of them were less than 100 nm in
size (

Figure 2-19). Significant changes again have been detected like stacking fault formation
and strain-induced martensite in the subsurface (Figure 2-20a) and nanocrystalline in the

outermost surface layer (Figure 2-20b)

Figure 2-19wear’s debris of CoCrMo alloy [49].
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Figure 2-20 a: defects in the subsurface,; b: nanoparticles [49]

The worn surface has also been examined (Figure 2-21). It is easy to recognize the
existence of grooves parallel to the sliding direction. Most of them are smooth referred to
as microploughing (zone 2), but there are some sharp edges that referred to as
microcutting (zone 1). Forming tribolayer is noticeable as well (zone 3). Closer
examination of the wear debris showed that it consists of crystalline and amorphous

structures, and they are either global or needle-like.

1 10pm EHT = 10.00 bV Sigewl A = Wnens  Dats :2 Apr 2003
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Figure 2-21 worn surface of CoCrMo alloy [49]

The appearance of the worn surface reveals that the dominant wear mechanism is
abrasion. Like this mechanism, however, should bring about the formation of either flake-
like or chip-shape debris. Microploughing and microcracking are regarded as
submechanism for the former while microcutting is the submechanism for the later. On

the other hand, self-matting surfaces tend to adhere and form micrometer-sized particles.
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Additionally, forming tribilayers and tribochemical reactions are a continuous formation
of amorphous particles [6], [S0]. All mentioned mechanisms are not valid here since the
wear debris is less than 100 nm in size and it has amorphous and crystalline structures.
Therefore, it is clear that the changes in surface and subsurface have led to change wear
mechanism in such a way that brings about the generation of like this wear debris. The
formation of globular debris was attributed to the formation of the nanoparticles on the
surface, detached them under cyclic strain, compact them under the effect of their high
surface energy and cold sintering. Whereas, needle-like debris was described as a just
detachment of needle-like martensitic particle from the surface. Thus, it was suggested
that the wear mechanism is surface fatigue within the nanolayer.

Low SFE of CoCrMo alloys, which prevents dislocation cross slip and climbing and
consequently the formation of dislocation cells has a dramatic effect on the wear behavior
of these materials.

Pourzal et al. [51] used 28 mm CoCrMo alloy femoral head and acetabular cup to analyze
primary wear zone, stripe wear zone, and non-contact zone, They reported forming
nanocrystalline structure in all these three zones but with different thickness and average
grain size. Carbon and oxygen content was reported to increase toward the worn surface
proving the occurrence of mechanical mixing. They emphasized that the occurrence of
mechanical mixing and particles detachment must take place just within the peaks (the
asperities) of the surfaces. Significant microstructure differences have been reported
depending on sample preparation technique. The sample prepared by using Focus lon
Beam FIB exhibits double or triple larger grain size in the outermost subsurface compared

with others prepared by common cross section preparation.

2.3.7 Lubrication in Artificial Hips and Knees

Hertzian contact theory calculation for Metal on Metal (MOM) total hip replacement
shows that the elastic deformation is in order of several micrometre. On the other hand,
the theoretical minimum film thickness is reported to be in order of nanometers or tens
of nanometers. Therefore, the elastic deformation of these implants is handred to thousand
times larger than film thickness. Additionally, water, serum, and synovial fluid are little
affected by pressure. Therefore, it is concluded that MOM joints would work in

elastohydrodynamic-isoviscous regime [52].
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Dowson et al. [52] have showed theoretically and experimentally that mixed lubrication
regime in MOM hip replacement can be achieved by increasing the diameter as much as
possible and make the clearance as low as it could be practically. They revealed that the
lambda A rises from less than unity for smaller diameter to up to 3 for the larger diameter.
This increasing includes the transition from boundary lubrication regime to
elastohydrodynamic EHL one.

The minimum film thickness for the hip joint can be calculated by using the following
equation [53]:

4

heo =0 66685d2.19cgo.77n0.65QO.GSW—O.12E1‘0-4
min *
where: d: head diameter in m, cq: the clearance in m, Q: angular velocity in Rad/s, m:
lubricant viscosity in Pa.s, w: load in N, E": equivalent elastic modulus in Pa.
The equivalent elastic modulus can be calculated by:
2 1—-v? v?
S 1422
E’ E; E,

E and v are the elastic modulus and poison’s ratio for the head and cup [54].
It 1s worth here to define lambda ratio A which is the ratio between minimum film

thickness and composite surface roughness Reom in the elastohydrodynamic regime.

i
R’

and R" = (Rizqa + Réup)®®
where R is the r.m.s. for the head and cup.
The value of A provides a measurement of severity of contact between surfaces. If A > 3
the continues lubricant film will separate the surfaces. For A <I severe contact between
surfaces occurs. The regime 1 > A > 3 termed mixed EHL when some asperities come
into contact. Therefore, the best way to put any regime in mixed EHL for a particular
material is by reducing the surface roughness to the minimum [6], [50], [53].
The breakdown of lubricant film in MOM replacement is widely believed to be the reason
of failure of McKee—Farrar implants after only a few years while other survive for 20 or
even 30 years. It is worth to mention what McKee wrote: “It is very important that the
two components are correctly lapped in, so that they articulate freely without any binding,

and they are paired and numbered to ensure this accuracy of fit” [55].
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2.3.8 Corrosion Resistance

Corrosion is an electrochemical process includes oxidation reaction of active metals to
form metal’s ions M*™ and electrons ne:
M — M*™ 4+ ne
Some metals are passive that is they can form a protective oxide layer over their surface
and suppress further corrosion. The oxidation reaction for these metals is:
M +nH,0 — MO,, + nH* + 2ne
The transferred electrons are consumed either by releasing hydrogen gas (in acidic
solutions) or by oxygen reduction (in aerated solution) or water reduction according to
following equations:
2H* + e — H,
0, +2H,0 + 4e — 40H~
H,0 + 2e — 20H™ + H,
Under normal corrosion conditions, the corrosion rate of metals depends on oxidation
reaction that in turn depends on many factors like temperature, type of electrolyte,
availability of corrosive species close to the surface, forming oxides over the surface and
forming a galvanic couple. Metals can be in kinetic equilibrium with the surrounding
environment at a certain potential called electrode potential or open circuit potential OCP
[56].
Although the excellent mechanical properties and high corrosion resistance that CoCrMo
alloys have, it was reported that Co, Cr and Mo ions are released to the implant
surrounding tissue. It was also reported that Cr and Co are toxic ions [57]. The passive
behaviour of CoCrMo alloys was shown to be due to the formation of the oxide film that
mainly consists of Cr20s. This film thickens with increasing time and potential for all
anodic potentials except for transpassive ones. Furthermore, the most element to be
dissolved is cobalt apart from in transpassive region where all elements are dissolved
depending on the alloy’s composition. Therefore, the passive behaviour of these alloys is
strongly influenced by element chromium, and the dissolution behaviour is mainly
affected by element cobalt [58]. Cobalt presents mainly as CoO and Molybdenum as
MoQOs. The distribution of these oxides through the surface layer appears to be
nonhomogeneous as the cobalt oxide lays close to the oxide/metal interface and

chromium and molybdenum oxides concentrate at the outermost part of the layer [59].
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Hsu et al [60] studied the corrosion behaviour of CoCrMo alloys in different biological
fluids including urine, serum, and joint fluid by using potentiodynamic scan, cyclic
voltammetry and AC impedance spectroscopy. They came to find that these alloys exhibit
a larger passive region in urine in comparison to serum and joint fluid. The hysteresis
cyclic loop of cyclic voltammetry test in serum and joint fluid were larger which means
higher local corrosion resistance in these electrolytes. It is also pointed out that the
corrosion resistance of the alloy in joint fluid and serum is slightly higher than in urine.
It has been reported that small amount of ¢ intermetallic phase (<0.6% area fraction)
precipitated at the grain boundary does not affect the formation and the breakdown of the
oxide layer of Co-29Cr-6Mo alloy in saline solution. However, the quantity of released
Cr, Mo, and Ni ions increases with area fraction of ¢ intermetallic phase. Co ions reported
to be the same for different area fraction of o intermetallic phase [12].

The influence of crystal structure on the corrosion resistance has been studied concern
cobalt alloys [61], [62]. These studies have concluded that FCC crystal structure exhibits
better corrosion resistance than HCP crystal structure. Any alloying element stabilizes
FCC structure would improve corrosion resistance. Xiaoqing Zhang et al [63] studied the
corrosion resistance of CoCrMo alloy in 2 wt% H>SO4 with different crystal structure.
They have noticed different open circuit potential OCP but, same anodic behavior for
both FCC and HCP within the passive and transpassive regions. However, they pointed
out that the precipitation of o phase and/or Mo-rich phase on the grain boundary of HCP
structure results a heterogeneous microstructure which might act as preferential sites for
oxide layer breakdown in the transpassive region. It is also noticed that despite the
important role of Cr in forming the oxide layer in passive region, Mo effectively inhabits

the dissolution in the transpassive region by attaching to the outermost layer of the oxide
film.

2.3.9 Protein adsorption and its effect on corrosion properties

Unsaturated bonded atoms at the surface of the materials attract the active species in the
surrounding gas or liquid media in a process called adsorption. It is quite possible that
this phenomenon significantly influences the corrosion process by affecting either
cathodic reaction or anodic dissolution or even passive film formation. In the centre of
the interest of the adsorption phenomenon for the biometallic material is protein
adsorption since the implants are always surrounded by protein-rich body fluids. When

the protein adsorb on the implant surface it will forms a pocket between the surface and
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surrounding tissue. This pocket provides a good environment for bacterial and viral
infections which in turn causes increasing in corrosion rate as a result of bacterial
metabolic products formation and variation of the pH. Such a complex phenomenon
thought to be influenced by many factors including the surface properties of the sorbent,
the structural stability of protein, ionic strength, and the pH of the solution [64].
Chemical structure, surface topography, and hydrophobicity among other surface
properties of the sorbent play an important role in the adsorption process. Generally,
hydrophobic surfaces have more affinity to adsorb protein than hydrophilic ones because
of the lack of repulsive forces come from bonded water on these surfaces [64]. However,
many researchers [65], [66] have reported no dependence of adsorption on
hydrophobicity and surface roughness for passive materials. Clarke et al. [65] showed
that the chemical composition of the surface oxide layer has a direct relation to the
adsorption of protein on nitinol (50% nickel and 50% titanium). With increasing nickel
content and decreasing oxygen content, the adsorption increases. They have reported no
dependence on roughness and hydrophobicity. Cai et al. [66] have grown the same
chemical composition oxide layer on pure titanium but with different roughness (2- 21
nm RMS) to build a model for studying the roughness effect on protein adsorption. No
statistically significant dependence has been observed as well.
The primary structure of the protein and having active sites are another important factors
because these are the sites that interact with the surface of the sorbent [64]. In the same
context, the pH of the solution plays a role since it changes the protein charges. In acidic
solution, the protein gets positive due to the change of -NHa group to -NH;3". Conversely,
carboxyl group -COOH in the protein loses H to be -COO" in alkaline solutions.
The influence of adsorption of biological molecules on the corrosion behaviour of
biometallic material can be summarized as [64], [67]:
1. Altering the availability of anions on the interface causing cathodic reaction
modification.
2. Covering the surface by a compacted layer which consequently affects the
diffusion of cations (metals ions).
3. Binding to metal’s ions forming organometallic complexes and move them away
from the metal/solution interface. Thus, enhancing further dissolution.
The adsorption equilibria can be described by using different isotherms in which the

adsorbate coverage has been treated differently. These models are summarized here [64]:
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1. Langmair isotherm:
The model assumes single monolayer homogenously covers the surface. Thus, a
saturation point can be reached at equilibrium when there is no further
adsorption/desorption. In other words, there is a threshold after which no further
adsorption occurs. Mathematically, it can be expressed as:

— BADSFmaxC
1+ Bypsc
1 c

Cc
Simplified to - = +
r BadsFmax Fmax

in which T is the concentration of adsorbed protein on the surface in (mol/cm?), Bags is
the affinity of the adsorbate molecules toward the adsorption surface in (¢cm?/mol), T'max
is the maximum value of I', and ¢ is the bulk solution concentration in (mol/cm?).

It has repeatedly been reported that this isotherm successfully describes protein
adsorption on biometallic surfaces i.e. CoCrMo, titanium, and austenitic stainless steel)
[68]-[71].

2. Freundlich isotherm:
This isotherm proposes increasing in adsorption with solution bulk concentration. Thus,

infinite adsorption might occur.

1
I' = BFCn

1
simplified to: Inl' = InBp + Elnc

where Br and n are constants. Br represents the quantity of adsorbed protein for a unit

equilibrium concentration. The isotherm is used to describe heterogeneous adsorption of

protein like that on ultrahigh molecular polyethylene UHMPE or on nanoparticles. The

line slop 1/n is ranging from 0 to 1 when the lower value refers to higher heterogeneity.
3. Temkin isotherm:

This isotherm uses binding energies approach and assumes a uniform distribution of these

energies. The mathematical form of this isotherm is:
I' = FT(]‘ + BTC)

I'ris the differential capacity of the surface for adsorbed protein per unit binding energy.

Br is equilibrium binding constant which is:
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AGmax
BT = e RT

The isotherm parameters (I't, and Br) are determined by nonlinear regression via a
computer software.

The corrosion rate of austenitic stainless steel was reported to be increased significantly
when protein exists in the solution. The polarization resistance decreases with protein
concentration followed by plateau after a threshold (Langmair isotherm) at 299-343 K
temperature range. The mechanism of adsorption was proposed as the interaction of the
negatively charged carboxylate group of the protein with austenitic stainless steel
involving charge transfer and thus strong adsorption (chemisorption) [69], [70]. The
influence of bovine serum albumin and fibrinogen in buffered saline solution on corrosion
rate for aluminium, copper, titanium, nickel, cobalt, chromium, molybdenum, and
CoCrMo cast alloy has been studied [72]. With adding protein, highly passivated metals
like aluminium and titanium do not exhibit any change in their corrosion rate while the
corrosion resistance of nickel and chromium slightly decreases to about two- to fourfold.
Copper and cobalt, however, showed a significant increase in the corrosion rate to 30-40
times in comparison with free protein solution. It is also noticed that cobalt and
molybdenum probably selectively dissolve form CoCrMo alloy leaving chromium-rich
surface layer. The differences in the corrosion behaviour have been attributed to the
stability of the oxide film in case of titanium and aluminium when the corrosion rate has
not changed that much. Protein might work as a catalyst on cobalt and cupper enhancing
corrosion rate. The possibility of oxide film breakdown was also proposed in case of
cobalt and copper.

The adsorption of fibrinogen and BSA on commercial pure titanium over a range of
temperature (295-343 K) and protein bulk solution concentration (0-0.4 g/L) has been
studied [71]. Direct relation between charge transfer and protein surface concentration
has been shown indicating that the process is chemisorption. The two proteins showed
different adsorption isotherm. BSA exhibits bimodal isotherm, whilst fibrinogen revealed
single saturation plateau with twice higher affinity for adsorption. The process of protein
adsorption appears to be endothermic and entropically controlled. The pseudocapacitance
measured by EIS was in good agreement with charge transfer measured by cyclic
voltammetry and well related to protein surface adsorption like charge transfer.

Valero Vidal et al [68] successfully used EIS to investigate the effect of BSA adsorption

on CoCrMo alloys. Charge transfer resistance is found to be very sensitive to amount of
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protein adsorption. Corrosion activation energy was reported to decrease with protein
adsorption till a particular point (500 mg/L) where it significantly increases. The
inhibition behaviour of protein at relatively high solution bulk protein concentration was
rationalized to the covering the surface by protein which blocks, to somehow, mass
transport of corrosion products and/or oxygen. The entropically control nature was also
reported to be dominated as a thermodynamic driving force for the adsorption of protein
on CoCrMo alloys exactly as is noticed on autunitic stainless steel [70] and titanium [71].
The obvious gain in entropy clearly unveils conformational changes of adsorbed protein
which could arise from protein structural unfolding on the adsorbate.

The adsorption of bovine serum albumin on CoCrMo alloy is reported to be sensitive for
surface passivation. Increasing OCP time and applying passive potential both have led to
reduce the amount of adsorbed protein. The deliberately passivated surfaces adsorb less
BSA compared to those surfaces that have not developed stable oxide layer [73]. Ann
Igual and Stefano Mischler [74] suggested competitive adsorption mechanism of
phosphate buffered saline PBS ions and albumin on the surface on CoCrMo alloy. They
tested the adsorption at OCP and passive potential in different solutions (NaCl, and PBS.
with and without albumin). At passive potential, the oxide layer’s chemical composition
and thickness have not been affected by the solution chemistry. However, the adsorbed
layer resistance and capacitance show a significant dependence on solution composition.
The extreme case was at PBS solution that has given highest adsorbed layer resistance.
This resistance was even higher than oxide layer resistance making the adsorbed layer is
the kinetics limiting factor in the corrosion process. This has been attributed to the very
compacted detected phosphate ions layer that covers the surface and probably efficiently
blocks mass transport. Like this compacted layer cannot be achieved with giant molecules
like albumin. The presence of albumin has the same effect but to less extent where oxide
layer still the most important factor in blocking mass transport. Conversely, at OCP the
nature of the passive film has been modified by composition of the solution. The
formation condition of the oxide layer is thought to be the reason behind this. The fast
growth of the oxide layer at passive potential could limit the interfere of phosphate ions
and albumin to the process which is not the case at OCP where this growth is relatively

slow.
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2.3.10 Tribocorrosion the interaction between wear and corrosion

According to ASTM International tribocorrosion is defined as “a form of solid surface
alteration that involves the joint action of relatively moving mechanical contact with
chemical reaction in which the result may be different in effect than either process acting
separately” [75]. This phenomenon can be explained by assuming a hard and inert ball is

sliding over a passive metal under F, load and v speed (Figure 2-22) [76].

Figure 2-22 Tribo-corrosion effect [76].

Three different zones with three different degradation mechanisms can be recognized.
The first zone is a mechanically unaffected zone (zone I). Although this zone never comes
into contact with the ball, rubbing effect might change degradation mechanism, as one of
the polarization mechanism depends on mass transfer of corrosive species (concentration
polarization) [77] and directly affected by rubbing. It has been reported that this stirring
effect enhances oxide film dissolving in tungsten exposed to sulfuric acid [78]. Forming
a galvanic couple between wear track and this zone which changes the potential of both
zones considers as another crucial factor leads to alter degradation mechanism in this
zone. It is worth noting that changing potential for passive metals may put them in the
active region rather than in the passive one.

In zone II, mechanical wear is the dominant degradation mechanism. Nevertheless, air
may enter this zone leading to corrosion reaction. Zone III represents bare metal after
removing oxides under mechanical effect.

Using electrochemical methods in tribological studies provides two important
advantages. Firstly, one can precisely study the effect of corrosive environment just by
varying the applied potential. Secondly, they are used to know the amount of dissolved
metal simply by using current measurement [79].

In the example that shown in Figure 2-22, the potentials of zone I and zone I1I are changed
due to rubbing because of forming a galvanic cell between bare metal (zone III) and
passive metal (zone I). This effect can be well visualized using Evans diagrams (Figure

2-23). These diagrams illustrate anodic and cathodic current as a function of electrode
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potential. Figure 2-23a represents the situation before rubbing starts. Ecorr corresponds to
the intersection between cathodic and anodic reactions. Rubbing mixes it up by forming
two different areas with two different potentials, one corresponds to the active state and
other to the passive state. In the ideal conditions, these two potentials would move toward
one potential lays somewhere in the middle between the two potentials. However, and
due to the ohmic resistance of the electrolyte, a certain potential is maintained between
active and passive areas. This potential is given by the product of anodic current I, times
resistance R (Ohmic drop iR) and leads to attaining E. and Ec for anodic and cathodic
potentials in Figure 2-23c respectively [3]. It is known that with increasing potential for
passive metals, current decreases due to building up of a passive film [80]. This means
that the net potential is a result of both ionic resistance of the electrolyte (although it is
small in biological fluids) and the interruption of oxide film formation. It also means that
actual electrode potential might vary with time in tribocorrosion even if the applied

potential is constant.

M -> M™ +ne

log i r R i log i
g 0, + 2H,0 + 4e -> 40H g # (Depassivated metal)

M ->M™ +ne

n+
Passive metal M ->M"™ + ne

(Passive metal)

E

Figure 2-23 Evans diagrams representing the effect of rubbing on electrode potential, a before rubbing, b
and c are explained in the text [3].

A theoretical model has been developed by Vieira et al. [81] to describe passive surface

potential E, and depassivated one E. as following:

Ea = Ec - Rohmla
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Ronm is the electrolyte resistance. Derived from the linear part of cathodic branch in Tafel
extrapolation to find a relation between cathodic potential and current density and

combine it with previous equation yield:
. Aq
E.=E ., +a.— b logi, — bclogA—
C

Where: ac and b. are constants, and Ecorr is the corrosion potential of the passive metal.
This equation shows that cathodic potential in galvanic couple forms in tribocorrosion
mainly depends on anodic current and the ratio of anodic to cathodic areas. For
determining the excess anodic current due to rubbing two main scenarios of sliding have
been proposed. The first one supposes sliding of two surfaces with comparable roughness.
Therefore, the interaction occurs between asperities (quite similar to the assumption of
classical wear theory) leading to deform and depassivate them. The second scenario is
when an asperity moves over flat leaving a track of depassivated metal. In both cases the
excess current can be calculated by [79]

I, = Kv(g)l/zQ
K is proportionality factor, v is sliding velocity Q is charge density needed for passivation,
F is the load and H is the hardness of the softer metal.
Depending on the nature of the protective oxide film and its adhesion to the surface, two
limiting galvanic couple cases might arise. The first one is when the wear track is
completely depassivated. This case is likely to occur when the film is weak and not
strongly adheres to the surface. The anodic area is the area of the wear track while the
cathodic area is the passive area surrounding it. In this case, the anodic area and
consequently Aa/A. is continuously increases in the course of the experiment and depends
on the normal load. The second scenario occurs when the film strongly adheres to the
surface, therefore, not the whole wear track is depassivated. Galvanic couple, thus, forms
between depassivated and passive areas inside the wear track. Here it is supposed that
Aa/Ac remains constant in the course of the experiment and does not depend on normal
load as long as the contact pressure is high enough to provoke depassivation and plastic
deformation [81].
Figure 2-24 shows the effect of rubbing on measured current for 430 stainless steel in
sulfuric acid. The alumina pin was rubbed against anodically polarized stainless steel at

1 Hz frequency. This rubbing included stopping the end of each stroke for 0.2 s as
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illustrated in the figure. The current increases during rubbing due to depassivation and

removing of the oxide layer under the mechanical effect [79].
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Figure 2-24 the effect of rubbing on flowing anodic current [79]

Vi = Vinech + Venem

Faraday’s law [56], [79]:

IL,M

Vehem = @
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Where: I, is excess passive current, M is the equivalent atomic mass, p is the density and
F is Faraday’s constant (96500 C/mol). Furthermore, it was proposed [82]:
Kv(£)°5 Q,M

nFp

chem —

Where: K is proportionality factor and Q, is passivation charge. This equation was
developed for boundary lubrication regime when lubricant film does not provide any load
bearing in the contact area. In the design of artificial joints, however, a lot of efforts have
been spent to ensure that mixed elestohydrodynamic lubrication regime is achieved.
Shoufan et al [82] presented a predictive wear model for MOM artificial hip joints based
on tribocorrosion and lubrication approached. They calibrated their model depending on
the literature data for tribocorrosion experiments for CoCrMo alloys in 0.5 M H2SO4 and

tested it for the data of other tribocorrosion sets (CoCrMo in 0.14 M NaCl).

1(0.6556) F1.3129 0.0315 MQ E'(0'3278) FO.6565
n 1% n

v
Vior = 0.01363 709685 X T pi(11473) +750.35 0asEs " pi05737 os

0.5158

The model involves number of material (E’, M and H), mechanical (Fs. v and m) and
electrochemical (Qp) factors and was in good agreement with literature data. The
differences were rationalized to the determination of exact passivation charge density.

Figure 2-25 shows the prediction of mechanical, chemical and total wear rate for some
parameters by using this model. Figure 2-25a shows relation between the normal load and
wear rate. It is clear that chemical contribution is higher than mechanical one. Figure
2-25b indicates that the angular velocity has a great influence on chemical wear as it
increases the total distance while it has little effect on mechanical wear since it leads to
increase the lubricated film thickness. Figure 2-25¢ and d clarify the effect of head radius
and radial film thickness. In general, wear rate decreases with increasing head diameter
and reduce clearance. This is not always the case, however, as it is shown in Figure 2-25c,
in 20 mm head radius, the chemical wear becomes dominated and the total effect of this

parameter becomes less.
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Figure 2-25 the effect of normal load (a) angular velocity (b) head diameter (c) and ridial clearance
on mechanical, chemical and total wear. [82]

Figure 2-26 shows the contribution of both Vinech and Venem for 403 stainless steel in 0.5
M H2SOs at different potentials. Obviously, it is possible to eliminate electrochemical
contribution under cathodic potential. However, over-potential should be avoided to
prevent hydrogen embrittlement in acidic solutions [83]. While in low and high passive
potentials both mechanical and electrochemical wear work, their contribution directly
depends on valence number. As it is not easy to identify the valence for some metals and

alloys, the calculation of Venem always includes some uncertainty.
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Figure 2-26 contribution of mechanical and electrochemical wear at three different potentials: cathodic
potential (cath), low passivation potential (pl) and high passivation potential (ph) [79]

Jemmely et al. [80] developed a theoretical model to describe the current transients in
tribocorrosion for iron-chromium alloy AISI 430. They took passive film growth kinetic

and obmic resistance between the anode (wear scare) and a reference electrode in their
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account. This model is in good quantitative agreement with experimental results as it can
draw the shape of current transients. However, the quantitative prediction could not have
been achieved. They attributed quantitative discrepancies to some mechanical and
electrochemical factors that they did not take in their account like third body effect and
the prevailing electrochemical conditions in the contact zone.

Two passive film growth models were proposed, lateral growth LG and uniform growth
UG (Figure 2-27). According to the lateral growth model, the oxide film grows laterally
until covers the entire surface when the dissolution is blocked and the current drops down
abruptly. This model was in a clear disagreement with experimental results. In contrast,
the second model supposes uniform growth of passive film, which is in qualitative
agreement with experiments observation. The surface has to be covered with contiguous
passive layer before uniform growth can occur. This possibly means that LG occurs in

the initial phase followed by UG.
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Figure 2-27 uniform growth model UG and lateral growth model LG for passive film [80]

In tribocorrosion conditions, the wear mechanism might vary depending on applied
potential. Mischler et al. [84] revealed that hardness does not play the same role under
cathodic and anodic potentials as it is showed in Figure 2-28. Surprisingly mechanical
wear for all steel samples at anodic polarization was higher than that at cathodic
polarization. Additionally, this was more pronounced with higher hardness steel. Based
on SEM imaging, they attributed this behavior to the wear mechanisms that work under
particular potential. At cathodic potential wear’s debris form a compact layer over the

surface which was periodically removed under sliding effect. At anodic polarization, on
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the other hand, the wear mechanisms were fatigue cracking and abrasion characterized
by local disruption (cracks) and scratches respectively. This strongly suggests that

applying potential does affect both mechanical and electrochemical wear.
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Figure 2-28 The hardness and wear volume [84]

It has also been revealed that applying catholic protection CP to eliminate the effect of
corrosion on wear has led to significant enhancement in wear scar appearance by

preventing adhesion wear and delamination (Figure 2-29) [85].

Figure 2-29 tribo-corrosion test for CoCrMo alloy (a) without CP (b) with CP [85]

Some studies have been carried out [85], [86] to understand how can the synergistic effect
of the mechanical loading and chemical reaction influences wear and corrosion rate. It
has been shown that between 22% to 50% of the damage in different biological media is

rationalized to synergistic effect as can be seen in Figure 2-30.
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Figure 2-30 synergistic effect of wear and corrosion for three different materials in three different

biological media [86]

Mathew et al [87] classified tribocorrosion. According to this classification,

tribocorrosion is the interaction of corrosion with one or more of following:

e Abrasion

e Fretting
e FErosion
e Sliding wear

They identified four different main groups as factors affect tribocorrosion. These groups

are (as shown in Figure 2-31): materials, solution, operational and electrochemical.

i Electrochemical :

o Applied potential
* Ohmic resistance

 Repassivation kinetics

o Film growth
o Active dissolution
o Valence

/Aechanicalloperationa/

Tribocorrosion
system

* Normal force

« Sliding velocity, types of motion

o Shape and size of contacting bodies
o Alignment

o Vibration

 Hardness, plasticity
o Microstructure, inclusions
o Surface roughness

 Oxide film properties
o Wear debris, material transfer

Solution 4

o Viscosity

» Conductivity

« pH

« Corrosivity

e Temperature

« Dissolved oxygen

Figure 2-31 factors affect tribocorrosion [87].

It has been found that the coefficient of friction varies with electrode potential, and it can

be recognized three different stages. In the first stage, the protective layer is removed

under the mechanical effect. Thus, the ions start to release rapidly and interact with

proteins forming organo-metalic complex. This complex provides efficient solid
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lubricant, which consequently reduces the friction force. Further increase in potential
leads to breakdown of this protective layer and thus increasing friction force again.
Rapid formation of nano-crystalline layer right below the worn surface at the passive
potentials compared with cathodic potentials has been reported for the stainless steel in
sulfuric acid [88], [89]. This was attributed to the mismatch of elastic properties between
oxide layer and the metallic surface itself which consequently interferes generation and
inhalation of dislocations in the subsurface region.

Igual and Mischler [90] compared high and low carbon CoCrMo alloys corrosion and
tribocorrosion behaviour in different kinds of body fluid (NaCl and PBS with and without
albumin). They came to find that in general LC alloys exhibit higher corrosion resistance
in most used solutions and using PBS solution enhances corrosion resistance of HC alloy.
In PBS solution it has found that adding albumin increases current densities in HC alloy.
Indeed corrosion resistance depends on alloy composition and microstructure, and
environment and chemical composition of the used lubricant (electrolyte). In NaCl and
NaCl + albumin solutions it seems that the dominated controlling factor is the
composition of the alloy. Obviously, in HC alloy, a significant part of chromium goes to
form chromium carbide leaving behind the matrix with less chromium and more prone to
corrosion [8]. Therefore the dissolution rate of LC alloy is lower than that of HC alloy.
In PBS solution, the phosphate ions are adsorbed on the surface of CoCrMo alloys and
work as corrosion inhibitors. However, adding albumin to this solution effectively
reduces this inhibition effect since it forms complex metallic ions, which are adsorbed on
the surface, but its anodic catalytic effect is higher than the inhibition effect of it and
phosphate ions together. The dominant wear mechanism was three body abrasive wear.
In the presence of albumin, agglomerations of small particles have been noticed showing
the binding effect of protein, which reported by others researchers [91], [92] as well.
The effect of thermal treatment of as-cast HC CoCrMo alloy in simulated body fluid
(NaCl, NaCl + Bovine Serum Albumin BSA, and Bovine Serum BS) on tribocorrosion
behaviour has been studied [93]. The thermal treatment has decreased carbide amount
and increased grain size area. Generally, high carbide volume fraction generates lower
wear coefficient while less grain boundary leads to decrease anodic current. The existence
of protein has a direct effect on wear mechanism and the appearance of wear debris.
Forming a tribolayer on the surface (in the case of protein existence) and repeated load

stimulate nano-debris to agglomerate under the consequence agglomeration-compaction-
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cold sintering. The later entrapped in wear track especially in grooves providing a
protection against further abrasion. This conclusion is supported by Radice and Mischler
[94] who studied using alumina nanoparticles suspension as a lubricant in 316L steel-
alumina reciprocal sliding wear experiment. They found that this decreases the coefficient
of friction by 40-50% and wear accelerated corrosion by one order of magnitude. They

attributed this to the formation of adhered third body layer on the surface.
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3 Experimental work

The tribological and tribocorrosion behaviour of CoCrMo biomedical grade alloy was
investigated in details. The tribological testing covered a wide range of load to figure out
the load effect on the microstructure, mechanical properties and consequently on the wear
behaviour of the alloy.

Depending on the results of this investigation, a range of load was chosen to be examined
under tribocorrosion condition.

The cathodic polarization of the metallic surface in bioapplications is likely to occur.
When a small part of the surface gets scratched, the potential of the surface inside this
scratch is bare metal with much lower cathodic potential. Thus, the whole system is
cathodically polarized. It is also likely for this to maintain for a while when it occurs
during walking or running. The severity of this polarization depends among others on
kind, numbers and position of these scratches. Interestingly, the potential effect on the
mechanical and chemical material loss for in vitro tribocorrosion testing has not been
covered well in the literature. Thus, realistic selective cathodic potentials were chosen to
be studied as well as the normal case at open circuit potential. Three anodic potentials
were added to the work to get a better understanding for the tribocorrosion behaviour of
the material being investigated.

Additionally, the sliding speed effect was poorly tackled in the literature despite being an
important factor in orthopedic implants. Therefore, a range of reciprocating sliding speeds
was examined. The rage covers the real sliding speeds in the hip joint and two slower
sliding speeds to find out the possibility of enhancing the performance of CoCrMo alloy
by simply changing the design.

Throughout the entire work, the authors tried to mimic the real application conditions by
pragmatic choosing of the investigated parameter. However, the loads were selected to
be much higher than that at real hips and knees. This is for many reasons. First, the work
is targeting the worst scenario in the application, and secondly, it has been reported that

local contact pressure in the hips could reach a higher than expected value [95].

55



Experimental work

3.1 Material and preparation

The chemical composition of the as cast low carbon CoCrMo alloy, supplied in 20 mm
diameter bar form, is shown in Table 3-1. Samples were sectioned into 3 mm thick discs.
All samples were mechanically ground in the standard manner, finishing with 1 pm
diamond and SilcoTM to ensure the best possible surface finish with the minimum
residual surface damage. Optical profilometry (ContourGT 3D Optical Microscope,
Bruker) was used to measure the surface roughness of the samples after polishing, which

was less than 10 nm R, for all starting surfaces.

Table 3-1 chemical composition of the material

Element @ Co Cr Mo Mn Fe Si Ni
% 64.91 27.48 5.25 0.45 0.32 0.42 0.16

Ion channelling contrast imaging for polished surface was used to calculate the grain size
of starting surface. The imaging was done by FEI (Quanta 200 3D FIB, SEM). The current

was 30 pA and the scan rate was 0.5 ms.

3.2 Tribological studies

3.2.1 Initial contact pressure calculation:

The configuration of all wear tests in this work was ball on flat. Under this configuration,
the initial shape of contact is circular with contact radius calculated depending on Hertz

contact theory as follows [96]:
3Wr
4E*

where W is the normal load, r is the ball radius, E* is reduced modulus. E" can be

)1/3

a=(

calculated as follows:

1 1-v 1-vy

E" Ej Ey

E and v are the modulus of elasticity and Poisson’s ratio and the subscription B and M
refer to the ball and the material respectively. The maximum contact pressure is in the

centre of this contact shape and is given by:
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The shear stress of this configuration is [50]
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3.3
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3.2.2 Work procedure

Reciprocating sliding wear tests were carried out by using a Bruker UMT Multi-Specimen
Test System (Bruker, UK). A ball on plate configuration, which conformed to ASTM
G133, was used. The counterpart was an alumina ball with 4 mm diameter and 99% purity
(Oakwase Ltd., UK). An alumina ball was used to have an inert counterface and to be
able to compare the data with tribocorrosion tests. To simulate body fluids, new born calf
bovine serum (First Link (UK) Ltd.) was diluted and buffered to 25 vol.% in an aqueous
solution of phosphate buffer saline PBS (Sigma-Aldrich). Ultrapure water (Alfa Aesar)
was used in the preparation of the solution. 1 wt.% sodium azide (99% extra pure (Arcos
Organics) was added to the solution to avoid bacterial growth. This gave a solution with
a protein content of 15.8 g/L. The pH of the solution is 7.4. For reciprocating testing, a
10 mm stroke length and constant reciprocating speed of 10 Hz (0.2 m/s) was used.
Although this speed is faster than in normal hip articulation (0.02-0.05 m/s) it was chosen
to ensure a continuous removal of the oxide layer so that wear was dominated by the
mechanical effect. A test duration of 3 h was used in all cases (which is equivalent to
108000 cycles and 2.16 km sliding distance). A wide range of normal loads were used,
namely, 5, 10, 20, 40, 60, and 80 N. Two tests were undertaken for each load, and the

wear results were found to be very consistent.

The wear volume was determined by using a 3D optical microscopy. A series of images
along the wear track were taken and stitched together to get precise and statistically
meaningful wear volume from the wear tracks. A total length of 11 mm was analyzed,
with each image overlapped by 20%. The specific wear rate K in mm?®/N.m was calculated

using the standard formula [97]:
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where V is the wear volume of material loss in mm?®; L is normal load in N and d is the

total sliding distance in m.

3.3 Corrosion characterization

3.3.1 Work procedure

Corrosion characterization of the starting surface was carried out by using a corrosion
and tribocorrosion cell with no rubbing (showed schematically in Figure 3-1). It is three
electrodes traditional cell which has Ag/AgCl wire in 1 M KCl as a reference electrode
(its potential vs. SHE is 0.235 V), a platinum wire as a counter electrode, and the material
being tested as working electrode. The cell also has a heater and temperature sensor to
control the test temperature. The volume of the cell is about 100 mL. The cell is connected
to Bruker UMT Multi-Specimen Test System to control the temperature and record F,, Fx
and COF (in the case of tribocorrosion test) and to VersaSTAT 3F Potentiostat

Galvanostat (Princeton Applied Research) to control the potential.

T-sensor | ‘

CWE e Potentiostat

Tribocorrosion cell

Figure 3-1 corrosion and tribocorrosion used in this work.

Potentiodynamic curve were carried out from +0.25 V vs OCP at 0.16 mV/s scan rate.
Corrosion parameter like corrosion current density icor, corrosion potential Veor and

anodic and cathodic slopes (Ba, Bc respectivley) were calculated by using CView software.
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Polarization resistance R, was calculated using Stern-Geary relation:

B

leorr = 5~
R

p

B is Stern-Geary constant in (V) calculated from polirazation curve as following [98]:

BB
B = 23 Bth)

Penetration corrosion rate in mm/y was calculated as [98]:

lCOTT

CR=K—M
P

icorr 18 in pA/cm?, K is a constant (3.27 X 1073) given in mm.g/uA.cm.year. M is the

equavelant wieght (24.17 g/mol).

EIS was employed to investigate the status of the oxide layer and the polarization
resistance R, of the starting surface and surfaces at different cathodic and anodic
potentials namely (-0.9V cathodic, -0.7V cathodic, OCP, and 0 anodic). The frequency
range was 100 kHz to 15 mHz in perturbation amplitude 10 mV at 10 points per frequency

decade. ZView software was used to model the data with appropriate equivalent circuit.

3.3.2 Electrochemical impedance spectroscopy EIS background

Electrochemical impedance spectroscopy is a powerful technique used in many
applications. The use of the technique in corrosion studies is growing because it gives a
detailed investigation of the corrosion behaviour and the nature of the oxide layer. The
technique perturbs the surface by a very small potential (potentiostatic EIS) or current
(galvanostatic EIS) AC amplitude. Although the amplitude must be small enough to keep
the linearity between potential and current, it should be large enough to reduce the signal
noise to a minimum.

When the current flows in an electrical circuit, it is impeded by the impedance Z of the
circuit. The relation between the current I and the potential V is:

E=1Z
When the frequency is zero the circuit is DC and Z is called resistor R (Ohm’s law).

Otherwise, it is an AC circuit and Z is the impedance.
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Depending on the circuit element, there are different real and imaginary components of
the impedance. The impedance of the resistor has no imaginary component and the phase
shift between the potential and current is zero degree. In other words, the current and
potential are in-phase and there is no frequency dependence. In a capacitor, there is no
real component of the impedance, the phase shift is 90 degrees with the current leads the
potential. At high frequencies, the capacitor behaves as short circuit with zero impedance,
while, at low frequencies it acts as an open circuit with infinity impedance. The third
passable element is an inductor. Like a capacitor, the inductor has only an imaginary
component, but in the opposite direction. The current lags the potential by 90-degree
phase shift. The inductor is open circuit at high frequencies and short circuit at low

frequencies. Table 3-2 shows the impedance for each circuit element.

Table 3-2 equivalent circuit elements

The element | Mathematical expression | Waveform

iorv
\

Resistor Z=R
Capacitor 7 = __] ,w = 2nf 0 Wime
wC

iorv

Inductor Z = jwl V \X““

In many cases in corrosion studies, the capacitor is replaced by another element called
the constant phase element CPE. This is because the capacitance of the surface layer is
not perfect. It is affected by the solid surface roughness and inhomogeneity of the surface
layer. The mathematical expression of this element is:

—Jj
7 =
wC™
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Where the power n is 1 for a perfect capacitor and 0.5 for a diffusion element. The
capacitance can be calculated from CPE in some cases as follows [99]:

- (CPE x R)V/
B R

EIS data can be plotted in different format each one of them has some advantages. A
Nyquist plot (Figure 3-2) plots the imaginary component Z; against the real component
Z:. The simplest corrosion system is modelled by Randles cell (Figure 3-3) where the
solution resistance R is in series with a parallel combination of charge transfer resistance
Rc: and the capacitance of the double layer Cqi. At high frequencies, the capacitor acts as
a short circuit that effectively cancels Rei. Therefore, the semi-circle intersects the real
axis at value equal to Rs. At low frequencies, on the other hand, the capacitor acts as an
open circuit blocking the current flow through it. Thus, the semi-circle intersects the real
axis again at value (Rs+R¢). Between these two extremes, there are different contributions
of the resistor and the capacitor form the shape of the semi-circle.

The other format to represent EIS data is the Bode plot (Figure 3-4) where the magnitude
of impedance |Z|, which is the length of the vector, is plotted against the frequency in a
log scale to allow wide range of data. The plot is used to diagnose the system as it shows
the frequency dependence. Figure 3-4 shows a schematic diagram for the Bode plot for
Randles cell. At high and low frequencies, the horizontal line represents Rs and Rs+ Ret
respectively. At intermediate frequencies, the curve is also a straight line with -1 slope.
Extrapolating this line to intersect |Z| axis can yield the value of the Cq as shown in the

figure.
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Figure 3-2 Nyquist plot
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Figure 3-3 Randles cell
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Figure 3-4 Bode plot

The Bode plot phase shift format (Figure 3-5) shows the phase angle in degrees. At high
and low frequencies, the phase angle is zero showing the resistance behaviour of the

Randles cell. At intermediate frequencies, the curve beaks as the imaginary component

of the impedance increases [99].

theta

LT Ll el T el

Frequency (Hz)

Figure 3-5 Bode plot phase shift

Figure 3-6 shows bode plot and 3D Nyquist plot and bode plots for a typical Randle cell
consist of 20 Q Rs, 10 uF Cqi, and 10 KQ Ra.

63



Experimental work

N

10° g
10° L

N
10°F -8000
10° L

101: T ST R SR YTT AR A AT SRR RTITY
102 107" 10° 10' 10? 10° 10* 10°
Frequency (Hz)

5000
\ 7500
10000 102

T e SRR T R TTT RA AT R RRTI
107 10° 10 102 10°
Frequency (Hz)

L

10*

102 105 z Frequency (Hz)

Figure 3-6 Bode plot (on the left) and 3D plot for Nyquist plot and bode lot (on the right)

3.4 Tribocorrosion study

3.4.1 Load and load-potential duel effect

The effect of load on the mechanical properties, microstructure, and consequently the

wear behaviour of the material was studied using the synergistic approach conformed to
ASTM standard G119.09. Thus, a range of loads namely (1, 2, 4, 8, and 16N) were
covered. The wear test duration was 3 h at 37°C in 25 vol.% BS in PBS gives 15.8 g/L

total protein content. The sliding speed was fixed to 5 Hz for this work. For this sliding

speed and 2 mm stroke length, the linear sliding velocity is 20 mm/s. The wear tests sere

done at open citcuit potential OCP and at -0.9 V cathodic potential.

In tribocorrosion expermantation, the material loss rate in mm/year is described

depending on the way how it is gererated as follows:

The material loss rate due to pure corrosion Co. This has been calculated from
Tafel extrapolation. Co is quite small for CoCrMo alloys in the testing solution.
Thus, it can be neglected.

Material loss rate due to pure mechanical wear without corrosion Wo. The material
loss volume is directly measured by using 3D optical microscope for the wear test
at -0.9V cathodic potential.

Material loss rate due to wear accelerated corrosion Cy. The driving force for this

material loss is the galvanic couple that forms between the depassivated surface
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(wear track) and the still passivate one (the rest of the surface). Espallargas et al.
[100] suggested a new expermantal set to calculate this effect using zero-
resistance ammeter (ZRA). Because of the current lack of this configuration in
our laboratory, the galvanic coupling model seggested by Vieira et al. [81], and
applied for different material by Papageorgiou and Mischler [101], was employed

to calculate the current flows from wear track (i) as the following:

A
<Ecorr - Ewt + ac — bc log <A_Wpt))
b,

logi,: =
where: E,; is sliding potential, a., b, are Tafel constants measured from the cathodic

branch of the potentiodynamic curve (-1.26, 0.46 respectivly) [76].

e The total material loss rate due for both corrosion and wear T. The material loss
volume is directly measured by using 3D optical microscopy for the wear test at

OCP.

Wear rate in mm/y was calculated by using the following formula [102]:

- 8760V
O SA.t

V and SA are the volume and the surface area of the wear scare, t is the time in h.
Thus, total material loss T in mm/year is:

T:WO+CO+S

where S is the synergistic effect which is:

S =AW, + AC,,

AW, and AC,, are the enhancement of wear due to corrosion (synergistic effect) and the
enhancement of corrosion due to wear (additive effect) respectively. Furthermore, the

total contribution of wear in the process is:

W, = W, + AW,

65



Experimental work

and the total contribution of corrosion is:

C, = Cy + AC,

To study the dual effect of potential and load on mechanical properties, microstructure
and wear behaviour of the worn surfaces, three different loads were used (4, 8, and 16 N)
at a wide range of cathodic and anodic potentials namely (-0.9, -0.7, -0.5, OCP, -0.1, 0,
and 0.1V vs. RE). Both COF and current (or potential in case of OCP test) were recorded
along the tests. The potential had been applied before rubbing started for 10 min. Figure

3-7 shows the work procedure for load-potential dual effect.

Load-Potential dual
effect
|

| | |
Ball on flat
reciprocating aN 8N 16N ] Load
tribocorrosion testing I I I
at 37°C in simulated [ [ [ [ [ |

body fluid. ] Potential

5 Hz sliding speed -0.9V -0.7V -0.5V ocpP -0.1vV ov 0.1v vs. Ag/
2 mm stroke length AgCIRE

FIB ‘ ‘ Raman ‘ ‘ 3D optical microscope Nanoindentation ‘ SEM

Wear scar characterization

Figure 3-7 work procedure for load-potential dual effect

The wear volume was determined by using a 3D optical microscope in the same manner
described in section 3.2.2. The total volume of material loss Vil at anodic potentials is
the summation of the volume of the material loss due to corrosion Vchem and due to

mechanical wear Vmecn (mechanistic approach) [103]:

Vtotal = Vchem + Vmech
Venem at anodic potential is calculated using Faraday’s law:

MQ
nFp

chem —

F is Faraday’s constant, and p is the material density (8.3 g/cm?); Q the charge released
(C) due to rubbing. For anodic tests, Q is the area under the curent curve after subtracting

the background current [ 104].
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3.4.2 Sliding speed effect

The effect of sliding speed on the mechanical properties, microstructure, and
consequently the wear behaviour of the material was studied using a ball on plate
configuration, which conformed to ASTM G133 and tribocorrosion synergistic approach
conformed to ASTM G119.09 standard. The same corrosion and tribocorrosion cell, wear
rig, and potentiostat explained previously in section 3.2 were used in this work. The
counterface, testing electrolyte, and testing temperature were kept the same as in section
3.4.1. Four reciprocating sliding speeds were chosen at 2 mm stroke length namely 1, 2.5,
5, 10 Hz which give 4, 10, 20, and 40 mm/s linear sliding speed respectively and 0.5, 0.2,
0.1, and 0.05 s latent time (the time between two successive contact events). The work
was done at -0.7 V cathodic potential, and OCP. -0.7 V cathodic potential was chosen
depending on the results of the work in section 3.4.1 to avoid the interruption that might
occur due to the formation of carbonaceous layer at -0.9 V cathodic potential. The sliding
distance was fixed to 72 m to make the results comparable. Thus, the test times were 5,
2, 1,0.5 h for 1, 2.5, 5, and 10 Hz reciprocating sliding speed respectively. Figure 3-8
shows the work procedure. Anodic potential at 0 V with the same sliding conditions was

added to get a better understanding for sliding speed effect.

Sliding speed-Potential

dual effect
|
Ball on flat Potential
reciprocating -0.7V ocP ov vs. Ag/
tribocorrosion testing I I I AgCIRE
at 37°C in simulated [ I I |
body fluid. 1Hz 2.5Hz 5Hz 10 Hz sliding
4N load 4mm/s SS 10 mm/s SS 20 mm/s SS 40 mm/s SS speed
2 mm stroke length 0.5sLT 0.2sLT 0.1sLT 0.05sLT
[
FIB ‘ ‘ Raman ‘ ‘ 3D optical micr: P ‘ ‘ Nanoindentation ’ ’ SEM ‘

Wear scar characterization

Figure 3-8 work procedure for sliding speed effect

The samples were placed in the electrolyte at the testing temperature and left for some
time waiting for OCP to be stabilised. The test potential was applied for 10 minutes
followed by applying load and rubbing. Fx, F,, and the current (or sliding potential) were

continuously recorded throughout the tests.
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3.5 Mechanical properties characterization by using nanoindentation

3.5.1 Background

Instrumented indentation testing or nanoindentation test, is a continuous recording of the
applied load and resulting penetration depth throughout the entire loading and unloading
cycle. The technique can be done with full control of force or displacement. It allows
determination of hardness, elastic modulus, and many other mechanical properties
without the need of any further imaging.
Figure 3-9 shows the typical curve for controlled loading-unloading cycle. For the loading
part of the curve, the relation between P and h is described by Kick’s law [105]:

P =Ch?
C is material constant that is independent on the indentation depth.

The contact depth as proposed by Oliver and Pharr [106] is:

P
hc = hmax - w( TY;ax)

Where o is geometrical parameter, it is 1 for flat punch, 0.75 for cone and Berkovich tip.

The hardness of the material can be found as [107]:

Pmax
H=
A
A is the projected area which is function of contact depth. For a Berkovich tip it is:
A = 24.5h?

The stiffness of the material S is extracted from loading-unloading curve as the initial
slop of the unloading curve. Having both A and S one can determine the reduced modulus

E: depending on the elastic part of deformation as following [107]:

E—\/ES
r_Zﬁ\/Z

Where B is constant depends on the indenter geometry, it is 1.034 for a Berkovich tip.

Detailed calculations for elasto-plastic properties of the material by using

nanoindentation can be found elsewhere [108][109][110].

68



Experimental work

Load, P

Unloading

IS Possible

1 range for
it "
| >
H >
f
h¢ for €=1 // \ Pinax

h, for £<0.72
Displacement, h

Figure 3-9 nanoindentation curve [111]

3.5.2 Tests procedure

Nanoindentation (Hysitron, TI Premier, USA) was employed to study the local
mechanical properties of the starting and worn surfaces. A Berkovich three-sided
pyramidal indenter was used, with 65.3" face angle with different work procedure

depending on the test as follows:

3.5.2.1 Tribology tests

The partial unload function was used to characterize the mechanical properties of the
worn surface as a function of depth. This function consists of 15 successive cycles, each
of which includes loading, holding, and partial unloading to the half of the load. At the
end of each cycle, there was 2 s hold. The indent began with a 100 uN load, which was
incrementally increased up to a maximum load of 10000 puN. 20 points were chosen on
the central line of each wear track. Individual indent results were analysed, but also the
average of all 20 indents was used to present the mechanical properties of the worn
surface. The distance between each two indents was 5 um to cover 95 pum distance in total
for each wear track. The instrument allows calculation of the hardness (H), the reduced
modulus (E;), the contact stiffness (S), the surface area of the contact (A) and the yield

strength (oy). Details of how these are calculated are given elsewhere [108] [112].
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3.5.2.2 Tribocorrosion tests

The trapezoid load function was used to characterize the mechanical properties of the
worn surfaces of all tribocorrosion tests. The function is loading to 10000 uN in 5 s,
holding for 2 s, and unloading in 5 s. 30 points were chosen on the central line of each
wear track. Individual indent results were analyzed, but also the average of all 30 indents
was used to determine the mechanical properties of the worn surface. The distance
between each two indents was 5 um to cover 145 um distance in total for each wear track.
The instrument allows calculation of the hardness (H), the reduced modulus (E:), contact

stiffness (S), and the surface area of the contact (A).

Further mechanical investigation was conducted for -0.9 V potential and 4 N load sample
in section 3.4.1. The partial unload function was used to characterize the mechanical
properties of the worn surface as a function of depth because the worn surface was
covered by a relatively thick tribolayer. The function consists of 15 successive cycles,
each of which includes loading, holding, and partial unloading to the half of the load. At
the end of each cycle, there was 2 s hold. The indent began with a 200 uN load, which
was incrementally increased up to the maximum load of 13000 uN. 20 points were chosen
on the central line of each wear track. The distance between each two indents was 5 um

to cover 95 um distance in total.

Modulus mapping technique was also used to show the difference in modulus on the edge
of the wear track of -0.9 V and 4 N tribocorrosion test. 15 um? area was chosen in the
very edge of wear track. The area was carefully chosen in such a way that the height
different is minimum (200 nm). The frequency was 300 Hz and the setpoint was 6 uN

with load amplitude 5 uN.
3.6 Microscopic and Raman characterization of the worn surfaces

The general morphology of the wear track was characterised by SEM (FEI, Inspect F50,
the Netherlands). The presence of a proteinaceous layer on the wear track was
investigated using Raman spectroscopy (inVia Renishaw, UK) in spectrum range 1000-
2000.

Focused ion beam milling (FIB) was undertaken to investigate the damage accumulation

mechanisms below the worn surface. FIB milling was undertaken using a FEI Helios G4
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Nanolab (FEI, the Netherlands). Platinum deposition was applied on the region of interest
to prevent Ga* implantation and sputter erosion of the top portion of the surface. Various
Ga" ion beams (65 nA — 2.5 nA) were used for rough milling with a 790 pA Ga* ion beam
finishing. SEM images of the subsurface microstructures were recorded using mirror (in
lens) high energy electron detector, with a 52° angle between the electron beam and the
subsurface cross-sectional planes. The FIB work was done by Dr Peng Zeng in Sorby

centre, The University of Sheffield.
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4 Results
4.1 Tribology properties

4.1.1 Starting surface, friction and wear rate

Figure 4-1 shows an ion channelling contrast image for the starting surface. The linear
intercept method was used to measure the average grain size, measured at a diameter D

of 7.4 um.

Figure 4-1 Ion channelling contrast image for starting surface.

The volume of the material loss, specific wear rate K, and wear rate Q are tabluted in
table Table 4-1.

Table 4-1 volume of material loss, and wear rate

Load (N)  Wear K (mm?3/N.m)

Volume

(mm’)
5 0.046 4.26E-06
10 0.05 2.31E-06
20 0.059 1.37E-06
40 0.08 9.26E-07
60 0.103 7.95E-07
80 2.0 1.16E-05
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The specific wear rate is plotted against load in Figure 4-2. Interestingly, the specific wear
rate exhibited a decrease with load up to around 40 N, and was then constant at 60 N, but
showed a wear transition at 80 N with an increase in the specific wear rate in excess of

an order of magnitude.

-5
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Figure 4-2 specific wear rate, K, as a function of load.

4.1.2 Characterisation of the worn surfaces

SEM images of the worn surface, Figure 4-3, show that the surface was relatively smooth
after testing at loads for 5, 10 and 20 N, but with occasional grooves also present (e.g. see
Figure 4-3 4c for the 20 N test). Interestingly, the surface became smoother at 40 N
(Figure 4-3 d). As detailed later, this coincided with the formation of a carbonaceous layer
on the worn surface. The worn surface was rougher at 60 N test load compared to 40 N
with evidence of microscale gouging of the surface (Figure 4-3 e). Moreover, there was
evidence of wear debris agglomerated on the surface as shown in Figure 4-3 g. The wear
track also exhibited sharp edges resulting from microcutting in the area close to the
agglomerated wear debris. The wear track at 80 N was quite different compared to that at
lower loads, exhibiting severe ploughing, again with agglomerated wear debris on the

surface (Figure 4-3 f and h).
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WD
mm

Figure 4-3 secondary electron SEM images for (a) 5N, (b) 10N, (c) 20N, (d) 40N, (e) 60N, and (f) SON
wear test load. (g) and (h) are higher magnification images for pointed areas in 60N and 80N wear test
load respectively.
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All wear tracks were examined by Raman spectroscopy to determine the presence of a
carbonaceous layer. No signal was observed at 5, 10, 20 and 80 N, indicating that the
surface was free from any carbonaceous layer. However, at 40 and 60 N, D and G Raman
bands at 1383 and 1567 cm™! were observed from spectra taken inside the wear track,
Figure 4-4 indicating the presence of a carbonaceous layer on the surface of the wear
track. Optical microscopy of the wear tracks from the 40 and 60 N wear tests (Figure 4-5)
showed the location of this carbonaceous layer, which was constrained to inside the wear

track. The carbonaceouss layer appeared to cover a wider area at 60 N load than at 40 N.

Intensity (A.U)

I ' I ' I ! I ! I
1000 1200 1400 1600 1800
Raman shift (/cm)

Figure 4-4 Raman spectra shows two peak D at 1383 cm™ and peak G at 1567 cm™ for 40N and 60N test
load.

. ] !
.J -y ~. = Carbonaceous layer
- 1 B 3

Figure 4-5 Optical images for (a) 40N, and (b) 60N load.
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4.1.3 Mechanical properties of the surface

The mechanical properties of the worn surface of all wear tracks as well as the starting
surface were measured using nanoindentation. Figure 4-6 shows typical loading-partial
unloading curves for all tested surfaces (these are selected curves from the 20 recorded
for each wear scar). The curves show clear differences in h; and hmax. The ratio of hi/hmax
was less than 0.875 in all cases, indicating that sink-in events occurred around the
indenter, as shown in Figure 4-7. Such sink-in events are typical of metals with low

stacking fault energy and high strain hardening.
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Figure 4-6 typical nanoindentation loading-unloading curves for all tested loads. The partial unload
function has been used to characterize the mechanical properties for the successive layers of the surface.

HV det | WD | mag O |mode —_—2ym
20.00 KV|ETD [9.2 mm |60 000 x| SE

Figure 4-7 Secondary electron SEM image for one of the indents shows sink-in events and extrusion on
one side of the indent.
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Figure 4-8 and Table 4-2 show the values of H, A, E., S, A and oy that were calculated
from the final loading-unloading cycle of the curves shown in Figure 4-6. The hardness
of the wear track was greater than the starting surface by a significant amount for all
loads. The hardness of the starting surface was 6.53 GPa, which increased approximately
linearly to 8.4 GPa for the 10 N test, with a slower increase in hardness up to 11.2 GPa
for the 60 N test. Interestingly, the average hardness of the surface of the 80 N test, 11.5
GPa, was about the same as the 60 N test.

Table 4-2 Mechanical properties of all tested samples from the nanoindentation examination.

Load  hr/hmax = A (nm?) | S(uN/nm) Er(GPa) H(GPa) oy

0 0.76 1531752 260.0 186.1 6.53 550
5 0.78 1415673 273.3 203.6 7.08 683
10 0.76 1196707 273.7 221.7 8.38 787
20 0.75 1150627 264.4 218.5 8.72 820
40 0.71 1023747 252.9 221.6 9.79 921
60 0.68 899084 231.0 216.3 11.20 1058
80 0.68 909301 222.7 210.2 11.48 1087
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Figure 4-8 Nanoindentation results show the alteration in mechanical properties of the surface with
testing load. The last segment of the partial unload function has been used to extract these values.
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The reduced modulus of elasticity, E;, increased linearly from the starting surface up to
10 N. For higher loads the values of E; was approximately constant. The contact stiffness,
S, broadly followed a similar trend to the reduced modulus of elasticity, but with some
significant differences. For the low load test, the stiffness increased from 260 uN/nm for
the starting surface to 273 uN/nm at 5 N wear test load. The value was similar for the 10
N wear test load, but then showed a reduction at higher loads, reducing to the lowest value
(223 uN/nm) at 80 N. The difference between the trend in E and S can be explained by
the trend in the surface area of the indent, A.

The yield stress of the starting surface was 550 MPa. The yield stress of the worn surface
increased with load up to 60 N, reaching a value of 1058 MPa, and then showed a small
increase to 1087 MPa at 80 N. Thus, as expected, the yield stress follows a similar trend
to the hardness of the surface.

The nanoindentation curves shown in Figure 4-6 can be used to look at the mechanical
properties of the surface as a function of depth. Figure 4-9 shows the hardness of the worn
surface for all wear tracks as a function of the indentation depth. The data presented are
an average of 20 indents. At the lowest load the displacement was around 50 nm for all
indents. Thus, all of them were considered as they are greater than one third of the
indenter radius. Generally, the hardness of the surface increased with the load for all
sampled depths. The hardness of the worn surface decreased with depth below the surface
in all cases except for the 60 N test, which appeared to increase with depth. The hardness
of starting surface was close to that at SN test worn surface. The 80N surface showed the

maximum hardness at all depths.
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Figure 4-9 The hardness for the successive layer of the surface for all tested load. ON refers to starting
surface.

4.1.4 Microstructure as a function of depth below the worn surface

Figure 4-10 a, b, ¢ and d show back scattered electron images from FIB cross-sections of
the surface for 20, 40, 60, and 80 N tests. Each section was taken longitudinally at the
base of the wear scar. For the 20 N test, martensite laths can clearly be seen. The laths
extended to random depths, typically 1-3 grain depths (note that care must be taken in
differentiating the martensite laths from the recystallisation twins). In addition, a very
thin layer of nanocrystals could just be detected at 20 N. At 40 N, the nanocrystalline
layer was clearly visible, which extended 60-130 nm below the worn surface. The
martensite laths do not appear particularly different to those observed at 20 N, although
the density was probably higher. At 60 N, a thicker nanocrystalline layer can clearly be
seen, with a thickness in the range ~3 to 5 um. Note that nanocrystalline layer has a rather
abrupt interface with the substrate and is of variable thickness. In addition, at 60 N many
more martensite laths can be seen. At 80 N, a very substantial nanocrystalline layer was
observed, with average thickness of more than 10-16 um. The size of the subgrains in the
nanocrystalline layer was a function of depth below the surface, with the finest subgrains
appearing at the surface itself. Locally, the nanocrystalline layer penetrated further into
the substrate in narrow bands typically angled at 40-60° to the worn surface. The

martensite laths dominate the microstructure below the nanocrystalline layer.
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Figure 4-10 electron channelling contrast images for (a) 20 N, (b) 40 N, (c) 60 N, and (d) 80 N wear test
load. Taken by Dr Peng Zeng (Sorby centre, The university of Sheffield) and published in [113]

4.2 Tribocorrosion properties

4.2.1 Load effect (synergistic approach)

Table 4-3 and Figure 4-11show the coefficient of friction, COF, and the specific wear
rate, K, at open circuit potential OCP and at -0.9 V cathodic potential for all loads. The
test follows ASTM standard G119.09. COF for OCP tests peaks at 2 N load followed by
a continuous decreased with further load. K shows the same value at 1 N, and 2 N. It
increased with load to peak at 8 N load followed by reducing again at 16 N. This wear
behavior can be attributed to the microstructural changes in the worn surfaces as will be

explained later.
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Table 4-3 COF and K for tribocorrosional tests at different loads.

L (N) Potential COF V (mm’) K (mm3/N.m)
OCP 0.184 2.56E-04 1.41x10¢
Cathodic ~ 0.127 = 7.80E-05 1.8x107
OCP 0.28  5.36E-04 1.48x10¢
2
Cathodic = 0.131 1.79E-04 4.14x107
OCP 0.182  2.80E-03 3.77x10¢
4
Cathodic = 0.125 2.80E-04 3.86x1077
OCP 0.148  9.98E-03 5.78x10¢
8
Cathodic = 0.134  8.33E-04 5.07x107
OCP 0.128  9.70E-03 2.84x10¢
16
Cathodic ~ 0.124  3.39E-03 1x1076
¥ 3.0x10° 4 \. i 1( X wocto? | _ §:/-\. )
2.0x10° \. “ ] / 12
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Figure 4-11 COF and K for tribocorrosion tests at OCP

At -0.9 V cathodic potential, COF showed no change with load, whereas K increases to
more than double at 2 N compared to 1 N load. At 2, 4, and 8 N, K approximately plateaus.
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However, the specific wear rate doubled again at 16 N load test. This is possibly because

of the formation of a carbonaceous layer on the worn surface as will be explained later.

Table 4-4 and Figure 4-12 give the tribocorrosion tests results. The material loss due to
pure mechanical effect, Wo, almost linearly increased with load. The total material loss T
exhibited a sharp increase with load to the maximum at 8 N load. In spite of doubling the
load to 16 N, T did not increase, rather it slightly decreased. Interestingly, wear
accelerated corrosion Cy shows a plateau at 4, 8, and 16 N. The plateau comes after a
sudden jump at 2 N load. At lower test loads, Cw shows a slightly increase with load.
Corrosion accelerated wear W, on the other hand, increased with load up to 8 N where it
shows a plateau with further increased load. It is clear from these results that at up to 4 N
load, corrosion and mechanical wear equally contributed in tribocorrosion process.
Whereas, at higher load, the mechanical wear represented by W. was the dominant

tribocorrosion mechanism.

Table 4-4 rate of material loss of load effect tribocorrosion tests

L W Co T S Cw We AW. ACw CuIT
(N) (mm/y) (mm/y) (mm/y) (mm/y) (mm/y) (mm/y) (mm/y) (mm/y)

1 1.20 4x10*  2.89 1.37 1.63 1.26 -0.24 1.61 0.56
2 226 4x10*  4.72 2.45 1.92 2.81 0.54 1.90 0.41
4  3.00 4x10*  17.53 14.51 9.43 8.10 5.10 9.41 0.54
8 545 4x10*  33.28 27.81 9.13 24.14 18.69 9.12 0.27
16  16.00 4x10*  30.65 14.64 8.15 22.50 6.50 8.13 0.27
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Figure 4-12 total and synergism material loss rate vs. load.

Figure 4-13 shows the sliding potential profile for a wide range of loads at OCP. The
sliding potential shows a strong load dependence behaviour. At loads of 1 and 2N,
rubbing resulted in a decrease in potential by about 50 and 110 mV loads, respectively.
The sliding potential showed a significant recovery after about 1000 s. No change in
potential was observed at 1N load when rubbing was stopped. However, there was a small
recovery in the potential to a more noble value of about 10 mV when rubbing was stopped
at 2 N. The application of higher loads resulted in a sharper reduction in sliding potential,
compared to the OCP, to ~180 mV at 4 and 8N, and ~230 mV at 16N. Note that these
measured potentials are the mixed potential, i.e. a combination of the potential of the

active (scratched) surface and the rest of the surface which is cathodically polarized.
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Figure 4-13 sliding potential for wide range of load at OCP

For further investigation of the dependence of sliding potential on load, two extra tests
were conducted at 8 and 16 N load, shown in Figure 4-14. The potential pulse applied for
10 mins in the middle of the test was at the OCP. The 8 N test shows a change in sliding
potential by +140 mV after applying this potential. In contrast, when sliding at 16 N load

the potential returned to the value it had before after the application of this pulse.
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Figure 4-14 the effect of applying pulse potential in the middle of tribocorrosion test
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4.2.2 Load-potential duel effect

4.2.2.1 Electrochemical investigation:

Figure 4-15 shows tafel curve of CoCrMo biomedical grade alloy in 25 vol.% BS in PBS
at 37°C. All corrosion parameters extracted from Tafel curve for starting surface were
tabulated in Table 4-5. The corrosion rate of the material is quite low in the testing
solution and temperature. Thus, it is neglected in tribocorrosion calculations. Several

potentials were chosen around OCP in cathodic and anodic domains for tribocorrosion

testing.
-5.5
-6.0
6.5 -
£ 7.0-
<
= 7.5
g 3
-804 L
.
-8.5
90 -
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
P (V) vs. Ag/AgCI
Figure 4-15 polarization curve for CoCrMo alloy in 25 vol.% BS in PBS at 37 °C
Table 4-5 corrosion parameters extracted from Tafel curve
Ba(mV)  Be(mV)  icorr Ecorr (V)  B(mV)  CR R, (k)
(A/cm?) (mm/y)
434 458 3.3x108 -0.38 96 3.1x10% 290

The oxide film at the selected potentials was characterized by using the EIS technique.
For all tests, the Nyquist plots shows a semicircle with centre depressed below the x-axis,

clearly revealing the non-perfect capacitive behavior of the surface layer. The semicircles
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intersect the x-axis at high frequencies giving the solution resistance Rs. At very low
frequencies (which cannot be reached experimentally) the semicircle should intersect the
x-axis again to give (RstRc). At intermediate frequencies, the imaginary part starts to
increase indicating the capacitive behavior of the surface. A Bode plot shows that material
exhibits a plateau at high and low frequencies giving the solution resistance Rs and
solution resistance plus total surface resistance (Rst+Rci) respectively. At intermediate
frequencies, the curve is a straight line with a slope close to -1 in all cases, indicating the
capacitive behavior of the material. The phase shift gives the same indication as it is close
to zero at both high and low frequencies, while it peaks at intermediate frequencies as the

imaginary component of the impedance increases.

The equivalent electric circuits for modeling the EIS data is shown in Figure 4-16. At
OCP and anodic potentials the circuit (Figure 4-16a) is solution resistance Rs in series
with parallel combination of constant phase element CPE.q and the resistance Raq of the
surface adsorbed layer which is in turn in series with another same combination for the
oxide layer (Roxide and CPEoxide). For -0.7 V, and -0.5 V cathodic potentials, the equivalent
circuit in Figure 4-16b was used. In the later circuit, the parallel combination of the
resistance Ry, and CPEy, of the barrier oxide is in series with another combination of the

resistance of the pours Ry of the porous oxide layer and the CPEy of this layer.

At -0.9V cathodic potential, the oxide layer lost its protection nature. Thus, the equivalent
circuit shown in Figure 4-16¢ was used. The circuit is the combination of the resistance
Rad and CPE.q of the adsorbed protein layer in parallel with short Warburg element W;.
The models were chosen to meet the following criteria:

e Physically acceptable and meaningful.

e As simple as possible.

e Gives good fitting.
All the modeling results shown in Table 4-6. The capacitance of the surface layer is

broadly related to CPE as in the following formula [114]:

o _ (CPEX R)'/n
=
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Figure 4-16 equivalent circuits for EIS data modelling
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The cathodic potential -0.9 V is sufficient to damage the protection nature of the oxide
layer. Thus, the semicircle in Figure 4-17 is attributed to the adsorbed layer [115].

The Nyquist plot for -0.7 V, and -0.5 V (Figure 4-17b) shows a flatting at low frequencies
which probably means that the oxide layer is porous in its outermost layer. This effect
looks clearer at -0.7 V. The resistance of the barrier oxide Ry, for -0.7 V decreased by
60% compared to -0.5 V. The thickness of the oxide layer is corelated to its capacitance
by the following formula [73]:

A
C:&SO'E

d denotes the film thickness, A is the active area, € is the film dielectric constant of the
oxide layer (roughly taken as 12.5 for chromium oxide [116]), and &, vacuum permittivity
(8.85x107'* F/cm). This suggests a reverse relation between the capacitance of the layer
and its thickness. The capacitance of the oxide layer decreases with increasing cathodic
polarization potential. All these indicate that the thickness of this layer decreases with
increasing cathodic potential. However, the results do not show differences in the

capacitance of the porous layer Cp and its resistance Ry

The material at OCP, on the other hand, exhibits typical behaviour of the passive alloy
with 537 KQ.cm? oxide film resistance. The wide peak in phase Bode plot clearly
indicates overlapping of two-time constants; one is for the oxide layer at high and
intermediate frequencies and the other is for the surface adsorbed layer at low frequencies.
This high oxide film resistance becomes even higher (655 KQ.cm?) at 0 V anodic
potential. No obvious change in the resistance of the adsorbed layer has been observed
since the surface condition (surface passivation) keeps the same at OCP and anodic
potentials. Nevertheless, the CPE of the adsorbed layer at anodic potential is higher

meaning that the adsorbed layer gets thinner at this potential.
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Table 4-6 EIS results at different potentials
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Figure 4-17 Nyquist plot for (a) -0.9V, (b) -0.7V, and -0.5V (c) OCP and anodic potential
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4.2.2.2 Tribocorrosion behaviour

Figure 4-18, Figure 4-19 and Figure 4-20 show the current (or the potential P at OCP test)
and the coefficient of friction COF versus time for 4, 8 and 16 N wear test load. shows

all tribocorrosion parameters for load-potential duel effect.

At all loads, applying a cathodic potential (-0.9 V, -0.7 V, -0.5 V) had a direct effect on
the flowing cathodic current in such a way that it increases with higher cathodic potential.
The negative current at these potentials comes from the reduction of oxidizing species in
the electrolyte. This current increases with higher applied cathodic potential. The average
COF at these potentials for all tested loads remained more or less the same at around
0.125. However, it is always higher at the beginning of the tests. Importantly, load has no

obvious influence on both COF and current at these potentials.

At OCP, rubbing causes a sharp drop in potential by more than 150 mV at all loads. The
potential remains around this value during the entire rubbing. When rubbing stopped, the
sliding potential jumps up in about 3.5 mV/s repassivation rate followed by much slower
repassivation. The OCP recovered to close to its original value (the value before applying
rubbing) within about 800 s after rubbing has been stopped. The average COF was higher
than at cathodic potential at 4N load. Nevertheless, it gets closer to the cathodic value at
8N and 16N load (see Figure 4-21). The COF shows a strong load dependence at OCP
tests. 4N OCP test shows the highest COF in all tests.

At anodic potentials, when rubbing was just initiated, the flowing anodic current shows a
high value at all loads and anodic potentials. This was followed by a sudden drop in the
first quarter of the test time. The current was stable after this drop- throughout the
remainder of the test. Interestingly, the trend in the COF follows these events showing a
high value when the current was high and a reduction when the current reduced.

Increasing anodic potential does not exhibit an influence on COF within the same load.
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Figure 4-18 potential vs. COF and current (or sliding potential P) at 4 N load and different potentials
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Figure 4-19 COF and I (or sliding potential P) versus time at 8 N load
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Figure 4-20 COF and I (or sliding potential P) versus time at 16 N load
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Figure 4-21 shows the specific wear rate and COF versus potential for 4 N, 8 N and 16 N
for a wide range of cathodic and anodic potentials as well as at the OCP. Interestingly,
the highest K is almost always at the OCP. At cathodic potentials, K exhibited a linear
increase with decreasing cathodic potential toward the OCP. The highest K was 5.7x10¢
mm’/N.m at 8 N OCP test, while the lowest was 3.86x10”7 mm?>/N.m at 4 N -0.9V.
Cathodic potential reduces or even stops the corrosion influence on the total
tribocorrosion process. Thus, all tested cathodic potentials show lower specific wear rate
than OCP or anodic potentials. As expected from Archard’s law, K increases with load
for each particular cathodic potential. At the OCP and further anodic potentials, the
corrosion contribution became significant. As mentioned earlier, the highest K was at 8
N OCP, which dropped down at 16 N OCP to even less than that at 4 N OCP. Further
anodic potential brought K down at all test loads. There was one exception to this case
noticed at 16 N -0.1 V anodic potential, where K was the same as at the OCP. Figure 4-21
clearly shows that any polarization of the surface whatever cathodic or anodic it is, led to
lower K and it was, in most cases, quite significant.

The COF was always lower at cathodic potentials compared to the other potentials.
However, the COF was load and potential dependant at the OCP and under anodic
conditions. At 4 N load it peaked at the OCP followed by a reduction at anodic potentials.
At 8 N it increased at the OCP and further anodic potentials. The COF peaked at -0.1 V

and 16 N load and then reduced with increasing anodic potential.
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Load
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16

Table 4-7 tribocorrosion parameters for load-potential duel effect tests

Potential
V)

COF

0.125
0.120
0.119
0.182
0.169
0.164
0.162
0.134
0.131
0.130
0.148
0.179
0.182
0.180
0.124
0.125
0.126
0.128
0.158
0.149

0.141

K (mm®*/N.m)x10

0.38
0.51
1.26

3.77

1.95
1.96

1.52
2.84
291
2.27

2.1

Q
©)
x1072

1.7
1.6
1.9

6.3
5.8

5.7

Viotal (mm3)
x103

0.28
0.37
0.86

0.83
1.1
0.83

1.3

4.50
2.98
3.38
3.39

434

Vchem(mmj)
x103

0.26
0.46
0.16

1.91
1.38

0.5

Vmech (mm3)
x103

4.5
2.98

3.38

8.1
6.42

6.7

Venem/Vtotal
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Figure 4-21 COF and K vs. potential for 4N, 8N, and 16N wear test loads

The reproducibility of the data was checked for many samples. An example is shown in

Table 4-8.
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Table 4-8 the reproducibility of the data for two different samples

Potential (V) COF V (mm?)
Sample 1 Sample 2 Sample 1 Sample 2
-0.9 0.122 0.124 3.5x10* 2.8x10*
ocCp 0.17 0.181 2.7x1073 2.8x1073
0 0.157 0.164 1.9x1073 1.3x1073

Figure 4-22 shows the total material loss Vioal contour graph for the load-potential tests.
Viotal Shows both a load and potential dependence. The volume of material loss at cathodic
potentials for all tested loads were always less than that at OCP and anodic potentials.
Nevertheless, it increased as the cathodic applied potential decreased towards the OCP.
The graph clearly shows that the total material loss was always the highest at the OCP for
all loads. Vi shows load and potential dependence. Applying cathodic or anodic
potential decreased the Vioal. On the other hand, load had a direct effect on Vo over the
tested potential range. However, the influence of load on Vi was affected by the
electrode potential. At OCP, Vioal continuously increased with load up to 8 N followed
by a plateau at further load. This behaviour can be explained depending on the
microstructure and the galvanic couple forms in tribocorrosion tests as will be discussed

later.

Vtotal (mms)

Load (N)

-0.9 -0.7 -0.5 -0.3 -0.1 0 0.1
P vs. Ag/AgCl (V)

Figure 4-22 contour graph for View over tested loads and potentials
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To get a better understanding of the tribocorrosion material loss mechanisms, further
analysis for anodic electrode potential was undertaken. Vchem, Which is the area under
anodic current curves, was accurately calculated by creating a baseline for the current
curve at anodic electrode potentials. The baseline represents the background current
which should be removed. This baseline was subtracted from the anodic current curves
and shown in Figure 4-24. Load at anodic potentials (within the passive domain) does not
have the same effect on Vchem for the three tested loads (Figure 4-23 and ). At 4 N,
increasing anodic potential from -0.1 V to 0 V led to an increase in Vchem. However,
further anodic potential (0.1 V) decreased Vcnem. The figure is different at 8 N where there
was a continuous increase in Vchem With anodic potential. At 16 N, on the other hand, the
corrosion contribution, Vchem, Was positively enhanced by further anodic potential, being

about one quarter at 0.1 V compared to -0.1 V.
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Figure 4-23 Vtotal, Vchem, and Vimech
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Vehem starts with high rate at all tests followed by significant reduction which comes

instantaneous with the drop down in the anodic current. Figure 4-25 and Table 4-9 show

the Vcnem rates before and after the current drop. This rate significantly decreased after

this transition. Venem/s started with 10”7 mm?3/s and reduced more than one order of

magnitude after the current transition. Before the current drop at -0.1 V anodic potential,

the relationship between the load and Vchem/s was linear, whereas, it showed an increase

at 8 N and 16 N followed by slightly decrease at 0 V, and 0.1 V. In contrast, after the

current drop, the linearity between Vchem/s and load was at -0.1 V, 0 V anodic potentials.

Nevertheless, Vcnem/s at 0.1 V exhibited a quite low value at 16 N load (8.12x101°

Table 4-9 Venen/s at anodic potentials in mm’/s

mm?/s).
0.1V
Load Before After
N)
x107 x108
4 2.97 1.14
8 4.73 2.71
16 8.29 5

Before
x1077
3
8.78
7.92

After
x108
1.98
4
8.34

Before
x1077
2.9
8
7.17

0.1V
After
x108
0.25
4.9
0.081
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Figure 4-24 anodic current curves after subtraction of the baselines. Venem rate is added to the right
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Figure 4-25 Vepem rate after and before current drop

4.2.2.3 Characterization of the worn surfaces:

Figure 4-26, Figure 4-27 and Figure 4-28 are SEM images for the worn surfaces for 4, 8,
and 16 N at -0.7 V, -0.5 V, OCP, -0.1 V, 0 V, and 0.1V. The potential effect on the
morphology of the worn surfaces and wear mechanism is quite obvious. The images show
that the wear mechanism at cathodic potential was abrasive grooving wear gets more
severe with increasing load and cathodic potential. The formation of wear debris due to
this mechanism can clearly be seen at -0.7 V for 8 N and 16 N loads. A smoother surface
at OCP and anodic potential conditions reflects a change in the wear mechanism to a
hybrid abrasive-corrosive mechanism. Corrosion in combination with two-body (or
probably three-body) abrasion increases the wear rate particularly at OCP. Doubling the
load from 8 N to 16 N resulted in the formation of a surface carbonaceous layer (as will

be confirmed later by Raman testing) at OCP and even anodic potential.
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V[ det WD | [m] E — — mode| HV |spot
2.00 kV [ETD|11.5 mm|10 000 x 3.5 Z Cont|10.00 kV

Figure 4-26 SEM images for all tribocorrosion tests
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HV det | WD | mag O |mode |spol
kV [ETD 9.3 mm |10 000 x| SE

Figure 4-27 SEM images for 8N wear test load at different applied potentials
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det | WD

D |mag O
mm | 5 001

Figure 4-28 SEM images for 16N wear test load at different applied potentials
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Figure 4-29 worn surface at -0.9V potential test.

Figure 4-29 and Figure 4-30 are SEM images for the worn surface of 4 and 8 N at -0.9V
at different magnifications. The tribolayer can be seen to cover the entire surface at 4 N.
The worn surface is heavily deformed as a result of dominant mechanical effect. It is
evident that there is a surface layer deposited just next to both sides of the wear scar edges
at 8 N. Note that like this layer is also present at 4 N -0.9V (Figure 4-29), but it is much
less narrow. Higher magnification SEM image for 8 N worn surface shows a deposited
surface layer with a morphology similar to that deposited on 4 N. However, it covers

much less of the wear scar.

t | WD mode | spot det | WD maé O }ﬁod pot | —1 A 101}
2.00 kV |ETD 9.2 mr SE | 3.5 00 kV |[ETD 9.2 mm [10 000 x| SE

Figure 4-30 SEM images for 8N wear test load at -0.9V applied potential
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The worn surface of 16 N -0.9 V is shown in Figure 4-31. Regions exhibiting darker
contrast cover much of the wear scar. Furthermore, there is a surface carbonaceous layer
on some of these darker areas. The morphology of the carbonaceous layer looks

somewhat different from that which formed on the 4 N -0.9 V and 8 N -0.9 V, with some

nano-debris present.

HV ldet| WD |mag Ol[mode|spot] ~————200ym———— | HV [det| WD [mag O[mode[spot] ——10pm———" |
200KV ETDIO A mm 600 | SE 135 | J200kVIETD9.1mm 10000x SE 35| |

Figure 4-31 SEM images for 16N wear test load at -0.9V applied potential

The roughness of the worn surfaces at 4 N load was examined using 3D optical
profilometry and the results are tabulated in Table 4-10. The roughness of the worn

surfaces at cathodic potentials was twice that at OCP and anodic potentials.

Table 4-10 surface roughness for worn surfaces at 4N load.

Potential (V) | Ra(um) @ Rq(um)

-0.9 0.083 0.105
-0.7 0.091 0.127
OCP 0.043 0.057
0 0.04 0.049
0.1 0.039 0.046

All wear tracks were examined by Raman spectroscopy to determine the presence of an
organic layer. At -0.9 V of 4, 8 and 16 N load, D and G Raman bands at 1350 and 1566
cm’! were observed (Figure 4-32) indicating the presence of a carbonaceous layer on the

surface of the wear track. The position of the G peak indicates that this layer was a mixture
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of amorphous and nanocrystalline graphite [117]. Although SEM imaging suggests the
presence of such a layer on the some of other worn surfaces, it could not have been
detected it by Raman spectroscopy probably because of its morphology which was small

separated spots or because of the thickness of this layer.

Intensity (A.U)

I ! I ! I ! I ' I
1000 1200 1400 1600 1800
Raman shift (/cm)

Figure 4-32 Typical Raman spectrum with Gaussian peak fitting for -0.9V at 4N, 8N, and 16N, and OCP
8N

The microstructure of the worn surfaces at OCP for 2, 4, 8 and 16 N load are shown in
Figure 4-33. Martensitic laths and twins can be easily observed at 2 N load. These
deformation features disappeared at 4, and 8 N loads, with a microstructure that was very

close the starting surface (Figure 4-1). Dense martensitic laths appeared again at 16 N.

Figure 4-34 reveals the microstructure of the worn surfaces of the 4, and 8 N tested at
anodic potentials. Twins started to form on the worn surfaces at -0.1 V. The density of
these twins significantly increased at 0 V. At 0.1 V, an extensive net of martensitic laths
covered almost the entire worn surface and intersected to form rhombic cells. No

nanocrystalline layer could be revealed by SEM imaging. This microstructure is
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consistence with hardness increase at anodic potentials for 4, and 8 N loads (Figure 4-35).
At 16 N and an anodic potential, the worn surface microstructure could not be revealed

indicating the highly deformed worn surfaces.

WD mode [spot| [ —— > 20 pm
SE | 3.5

Figure 4-33 microstructure revealing via SEM imaging for worn surfaces at OCP and different loads
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0 kV |ETD|9.2 mm

Figure 4-34 microstructure revealing via SEM imaging for worn surfaces at different anodic potentials
and loads
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4.2.2.4 Nanomechanical testing for worn surfaces:

The nano-hardness and reduced modulus for the worn surfaces at all tested potentials and
loads are tabulated in Table 4-11. Figure 4-35 shows the variation in nano-hardness with
potential and load for the worn surfaces. The worn surfaces for the material being tested
experience strain induced phase transformation depending on load and applied potential
as shown in section 4.2.2.3. Nanoindentation testing in this work was done inside the
wear track. Therefore, the test was restricted to 20 points on a central straight line in the
middle of the wear scar. These number of points are not enough to produce an accurate
average reduced modulus. However, the test is good enough to get a precise nano-

hardness because the scattering of the hardness data was acceptable.

Table 4-11 mechanical properties for worm surfaces

4N 8N 16N
Potential E.(GPa) H(GPa) E,GPa) H(GPa) E.(GPa) H(GPa)
-0.9 193.0 7.78 204.7 8.00 174.4 7.21
-0.7 218.8 8.81 183.9 7.40 200.6 7.84
-0.5 182.2 6.96 195.9 7.49 188.5 8.39
ocp 202.2 6.32 171.4 6.28 195.0 7.43
-0.1 205.0 6.69 189.2 7.07 189.2 7.09
0 169.4 6.51 171.6 6.80 185.5 6.92
0.1 169.1 6.53 205.8 7.13 182.7 7.71

Applying anodic or cathodic potentials led to an increase in hardness at 4, and 8 N
tribocorrosion test loads. The lowest hardness at these two loads was at the OCP.
Interestingly, load had no effect on hardness in this load range at the OCP. Nevertheless,
the worn surface at 16N OCP exhibited higher hardness compared to the previous tested
loads at the same potential. In the range of anodic potentials, load evidently influences
nano-hardness that is the hardness increases with load. The same effect of load on
hardness has been observed at the lowest tested cathodic potential (-0.5 V). The hardness
does not show a clear correlation with load at higher cathodic potentials (-0.7, and -0.9V).
This is probably because of the interferce of the carbonaceous layer on the worn surfaces.
At -0.9 8N the worn surface was less covered by the carbonaceous layer in comparison
to 4N -0.9V one, so it was harder. At-0.9 V, and 16 N the worn surface showed a decrease
in hardness compared to 4, and 8 N at the same potential. This will be explained in the

discussion chapter.
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Figure 4-35 nanoindentation hardness for worn surfaces at different load and potential

At -0.9 V 4 N test the worn surface was almost entirely covered by a rich carbon layer (
Figure 4-29). It is possibly worth to examine the mechanical properties of this relatively
thick layer. Thus, partial unload function and modulus mapping techniques have been
employed. Table 4-12 and Figure 4-36 show the hardness of the successive layer of the
surface for -0.9 V 4 N worn surface. Hardness increases with depth starting from 5.74
GPa at 30 nm depth going up to 8.62 GPa at 200 nm depth to show a plateau there
indicating the end of the tribolayer layer. This is consistence with SEM imaging (Figure

4-29) and the subsurface microstructure examination (section 4.2.3).
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Table 4-12 nanohardness of the successive layer of -0.9V test worn surface

hmax(nm) H (GPa) | ht/hmax

30 5.74 0.42
34 5.84 0.52
50 6.02 0.48
60 6.42 0.57
74 6.78 0.61
88 7.12 0.66
103 7.39 0.65
118 7.78 0.67
136 8.05 0.65
155 8.28 0.65
176 8.49 0.65
200 8.62 0.65
225 8.66 0.66
252 8.61 0.67

o5

: /+/-/;’%‘+

T T T T |
0 50 100 150 200 250
hr (nm)

Figure 4-36 H for the successive layer of the surface for -0.9V test.
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Figure 4-37 gives the modulus mapping for the very edge of the worn surface for the -0.9
V 4 N test. The area was carefully chosen to ensure that the height differences is minimum
(here it is less than 200 nm). This height difference does not affect the accuracy of
measured modulus. The aim of this test is to study the elastic properties of the tibolayer
formed on the metallic worn surface. The figure clearly reveals that the complex modulus
of this layer is far from that of the starting surface with a difference of more than 100
GPa. Nevertheless, the tribolayer does not show damping properties as the loss modulus

is nearly the same everywhere.

Complex
200 modulus

(GPa)
180

250 — ~
" A 160
A ru}?

200 -
140
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100

Complex modulus (GPa)

80

60

40

Figure 4-37 modulus mapping for the very edge of the wear trach at -0.9V test.

4.2.3 Subsurface microstructure:

Figure 4-38 a, b, ¢ and d show back scattered electron images from FIB cross sections of
the subsurface taken longitudinally on the central line of worn surfaces in the middle of
the wear track for 4 N load at -0.9 V, -0.7 V, OCP and 0 V tests respectively. The figure
shows that the highest microstructural deformation was at cathodic potentials. Martensitic

laths and relatively heavy deformation at the outermost subsurface can be seen at these
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potentials. It is also clear that the worn surfaces at -0.9 V is covered by a relatively thick

surface layer.

In contrast, the subsurface was only slightly damaged at the OCP. The examined
subsurface microstructure confirms the important effect of corrosion on the mechanical
deformation of the worn surfaces. A closer look at the subsurface microstructure of the
worn surface at anodic potential (Figure 4-39) clearly shows the existence of martensitic

laths and nano-twiens.

Figure 4-38 back scattered electron images from FIB cross sections (a) -0.9V, (b) -0.7V, (c) OCP, and (d)
0V. The magnification is 5000X. Taken by Dr Peng Zeng (Sorby centre, The university of Sheffield)
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Platinum deposition

% WD mag B HFW S 0
3 ICD 5.00kV 4.1 mm 20040x 10.3pm None OV Immersion 1.6 nA

Figure 4-39 subsurface microstructure for OV 4N worn surface. Taken by Dr Peng Zeng (Sorby centre,
The university of Sheffield)

4.2.4 Sliding speed-potential effect:

Figure 4-40 shows the effect of increasing sliding speed on the sliding potential at 400
MPa, and 500 MPa initial main contact pressure. In both cases increasing sliding speed
results in a reduction of sliding potential. In this work 1 GPa was chosen as the initial
contact pressure in order to ensure entire removal of the protective oxide layer from the

very beginning of the test at all tested sliding speeds.

-0.3 T T T

-0.32 - =
1Hz 2.5Hz
-0.34

2 .0.36
o

-0.38

04 400 MPa |
500 MPa

042 ! L L | L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

Figure 4-40 sliding speed effect on sliding potential at 400, and 500 MPa initial contact pleasure
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4.2.4.1 Tribological behaviour

The COF and current (or potential for OCP tests) versus time for all sliding speeds at
cathodic, OCP and anodic potential are shown in Figure 4-41, Figure 4-42, and Figure
4-43 respectively. The sliding speed does not have an impact on the average COF at
cathodic potential at all sliding speeds having the same value of about 0.13. However, the
COF profile is is a function of the sliding speed. At the intermediate speed, the cathodic
current is quite noisy in comparison to slow sliding (1Hz), and with faster sliding (10 Hz).
No change in cathodic current was seen after the rubbing had been stopped at slow and
intermediate speeds. Nevertheless, a noticeable increase in cathodic current can be easily
observed due to fast rubbing at 10 Hz sliding speed which is possibly because of the high
speed resulted in significant stirring of the electrolyte. The specific wear rate K showed
no change at the first three sliding speeds, but, increased up to about 1.5 times at 10 Hz

(Table 4-13). Note that this increase in K comes concurrently with increasing cathodic

current.
1Hz 2.5Hz
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Figure 4-41 COF and the current versus time for all tested sliding speeds at cathodic potential
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Figure 4-42 shows the COF and sliding potential against time for rubbing at the OCP. At
sliding speeds of 1 Hz and 2.5 Hz, the sliding potential has totally been recovered to the
OCP value within the first quarter of rubbing. Furthermore, the potential gets even nobler
than the OCP at 1 Hz sliding speed. In contrast, at 5 Hz, and 10 Hz sliding speed, the
OCP never recovered and no difference in sliding potential was observed between these
two sliding speeds. The COF showed an increase with sliding distance at 5 and 10 Hz
sliding speed, while, it followed the sliding potential at the other two sliding speeds.
Before the transition recovery, the averaged COF was 0.24, and 0.21 for 1 Hz, and 2.5
Hz sliding speed respectively. After this transition it dropped to 0.168, and 0.174.
Moreover, the COF was noisier at 2.5 Hz speed. The specific wear rate K, at 5 Hz, and
10 Hz sliding speed was double compared to that observed at 1 Hz, and 2.5 Hz, Figure
4-46 and Table 4-13.
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Figure 4-42 COF and sliding potential versus time for all tested sliding speeds at OCP tests
Anodically polarized surfaces generally showed as the same trend of sliding speed
influence as at the OCP. Anodic current exhibited a sudden reduction within the first
quarter of all tested sliding speeds (Figure 4-43). The tests at anodic potential were

distinguished from the OCP in that the transition in anodic current occurred at all sliding
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speeds. Again, the COF nicely follows this transition as it does at OCP. K shows a steady

increase with sliding speed at the anodic potential (Figure 4-46).
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Figure 4-43 COF and anodic current versus time for all tested sliding speeds at anodic potential

Table 4-13 tribocorrosion tests results for sliding speed effect studying

Sliding Sliding K Viotal Vehem Vmech
Potential COF COF SA
speed = speed (mm>3/N.m) (mm?  (mm? (mm?)
W) before | after (mm?)
(Hz)  (mm/s) x10 x104  x10*  x10*
1 4 0.134 1.11 0.27 3.18 -—- 3.18
-0.4 vs. 2.5 10 0.134 0.94 0.26 2.71 - 2.71
ocCp 5 20 0.131 0.89 0.24 2.58 -—- 2.58
10 40 0.137 1.64 0.32 4.72 - 4.72
1 4 0.243 | 0.16 2.3 0.36 6.62 - -
2.5 10 0.224 = 0.17 2.27 0.37 6.55 - o
ocCp
5 20 0.174 5.54 0.5 16 -—-- -—--
10 40 0.15 5.45 0.51 15.7 - -
1 4 0.242  0.176 1.69 0.33 4.87 1.11 3.76
0.3V vs. 2.5 10 0.235 | 0.152 3 0.4 8.67 7 1.66
ocCp 5 20 0.224 | 0.183 3.33 0.41 9.59 7.87 1.73
10 40 0.197 | 0.162 4.8 0.48 13.8 13.2 0.66
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The reproducibility of the data was good. An example is given in Figure 4-44 for two

different tests at OCP and 1 Hz sliding speed.
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Figure 4-44 sliding potential for two different tests for 1 Hz sliding speed at OCP

Figure 4-45 shows the COF for all tested sliding speeds at cathodic, OC, and anodic
potentials. The figure also shows COF before and after the transition in sliding potential
or anodic current where it occurred in some tests. The COF was always the lowest at the
cathodic potential for all tested sliding speeds. Repassivation with a relatively stable
oxide layer on the worn surface, which can be clearly seen from the current drop down
and sliding potential recovery, always reduced the COF. The issue will be discussed in

detail in the discussion chapter.
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Figure 4-45 COF against potential before and after the transition in OCP or the anodic current

Figure 4-46 shows the specific wear rate K at the OCP for all potential condition. The
OCP exhibited one transition in behavior at around 2.3x10* mm?/N.m at 1 Hz, and 2.5
Hz which abruptly doubled at 5 Hz and 10 Hz. In contrast, K shows an approximately
linear increase with sliding speed at the anodic potential. Apart from at 2.5 Hz, the anodic
polarization of the surface reduced K. Sliding speed had no impact on K at cathodic

potential. However, at 10 Hz and cathodic potential, K increased by 1.5 times.
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Figure 4-46 specific wear rate K at different potentials and sliding speeds

4.2.4.2 Tribocorrosion behaviour:

Table 4-14 and Figure 4-47 show the total material loss rate, T, the material loss rate due

to the synergistic effect, S, the wear accelerated corrosion material loss rate, Cy, the
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corrosion accelerated wear material loss rate, W¢, and the change in corrosion rate due to
wear and the change in wear due to corrosion ACy, and AW, respectively. The wear rate

Wy and corrosion rate Co without synergistic effect are also shown in the table.

The results of cathodic potential and OC potential have been interpreted depending on
the synergistic approach [103], [118]. The mechanical related material loss rate (T, Wo
and W¢) exhibit continuous increasing with sliding speed. On the other hand, Cw shows
one step jump at 5 Hz sliding speed. Note that this jump occurs alongside with the the
removal of the protective oxide layer of the worn surfaces at 5 Hz and 10 Hz. At 1 Hz,
the contribution of corrosion in tribocorrosion process was 44% which dropped to 19%
at 2.5 Hz because of a linear increase in the mechanical part, while the corrosion rate
remained the same at this range of sliding speeds. At 5 Hz, the corrosion contribution
increased by 34% due to a step jump in Cy at this speed. Cy did not change at further

sliding speeds, leading to a reduced contribution in the tribocorrosion process.

Table 4-14 penetration rates in tribocorrosion tests in mm/y.

Sliding speed (Hz) W, T S Cw W AW. ACy Cy/T
1 206 3.19 .11 1.39 1.80 -0.26 138 0.44
2.5 456 7.82 325 151 631 1.75 1.50 0.19
5 935 2823 18.87 9.48 1875 9.40 947 0.34
10 25.53 54.04 2849 9.10 4494 1940 9.09 0.17

At anodic potential testing, a mechanistic approach was used [27]. To get an accurate
Vehem, baselines were created and subtracted from the sliding current curves as shown in
Figure 4-48. Vchemis the area under the curve. Figure 4-49 shows that the Vcnem increases
with sliding speeds at the expense of Vimecn. This shows the rule of sliding speed on the
dominant wear mechanism. Furthermore, Vcnem versus number of sliding cycles is shown
in Figure 4-50. The slope of the curve represents Venem per cycle. It always significantly
decreases after the current reduction event. Vehem per cycles before and after the change
in anodic current for all speeds and anodic potentials are tabulated in Table 4-15 and

shown in Figure 4-51.
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Figure 4-47 sliding speed effect on tribocorrosion material loss of CoCrMo ally in 25 vol. % BS in PBS at
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Figure 4-48 Sliding current after subtract baseline at anodic potential for CoCrMo ally in 25 vol.% BS in
PBSat37C
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Figure 4-50 Venem vs. number of cycles at anodic potential
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Table 4-15 Vchem per cycle for anodic current at different sliding speeds. Calculated from the slope of
the lines in Figure 4-50

Sliding Vchem/cycle before Vehem/cycle after

speed (mm?/cycle) x107 (mm?/cycle) x10”
1 0.929 1.2
2.5 2.2 0.76
5 2.44 13.7
10 3 23
—i— Before
—0— After
0.30
° 0.25 4
o
mi 0.20
e
£
P 0.15 4
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o
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Figure 4-51 changing in Venem after and before the drop down in current

4.2.4.3 Worn surfaces characterization:

Figure 4-52 shows the worn surfaces at cathodic potential with different sliding speeds.
Abrasion appears to be the dominated wear mechanism as it is clear from the sharp edges
grooves of the worn surfaces and the accumulation of wear debris at these sharp grooves.
The sharp grooves might indicate a microcutting abrasion submechanism [49]. The
sliding speed does not have a clear effect on surface morphology and wear mechanism at
this potential. However, the severity of abrasion decreases with sliding speed. The surface
roughness R, for the worn surfaces at cathodic potential continuously decreases with

sliding speed (Table 4-16).
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Figure 4-52 SEM images for worn surfaces at cathodic potential at different sliding speeds

Figure 4-53 is for OCP tests at different sliding speeds. Unlike cathodically polarized
surfaces, sliding speed has a significant effect on the morphology of the worn surfaces
and the wear mechanism. At 1 Hz sliding speed the worn surface was smooth with
occasional grooves. This appearance suggests that corrosive wear was the dominant
process. Mild grooving was more widespread at 2.5 Hz, but with occasional deeper
grooves, indicating a small contribution from the abrasive wear mechanism. With further
increase in sliding speed, the worn surface became mechanically deformed indicating the
gradual increase in the mechanical wear with sliding speed. The worn surfaces at
intermediate and fast sliding (5, and 10 Hz) were rougher than the ones at slower sliding

(1, and 2.5 Hz). Note that the morphology of the worn surfaces where the sliding potential
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exhibited a recovery (1, 2.5 Hz) were similar. Similarly, the worn surfaces where sliding

potentials did not recover (5, and 10 Hz) had almost the same morphology.

HV [det| WD [mag O[mod HV [ det D | mag O |mode |spot
5.00 kv |ETD| 9.6 mm |10 000 x| SE ——  — 1500kv/ETD/9.0mm|10000x SE

Figure 4-53 SEM images for worn surfaces at OCP at different sliding speeds

Figure 4-54 shows the worn surfaces at anodic potential at different sliding speeds. At 1,
2.5 and 5 Hz, SEM imaging shows a clear ploughing morphology for the worn surfaces.
The morphology of the worn surface at 10 Hz sliding speed appeared smoother than at
the other sliding speeds (Table 4-16). As with the cathodic potential, faster sliding

brought about a smoother worn surfaces.
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Figure 4-54 SEM images for worn surfaces at anodic potential at different sliding speeds

Table 4-16 the roughness of the worn surfaces

Potential (V) Sliding speed (Hz) Ra (nm)

-0.7 1 102
2.5 74
5 58
10 43

OoCP 1 61
2.5 56
5 95
10 82

0 1 77
2.5 72
5 51
10 47
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The microstructure of the worn surfaces at OCP have been revealed via SEM images by
enhancing the brightness and the contrast and shown in Figure 4-55. Slow sliding
produced a deformed microstructure with many martensitic laths visible. In contrast, at 5
Hz and 10 Hz, the microstructure of worn surfaces looks much less deformed, which was
almost free of martensitic laths. Some twins could be seen on these surfaces, but they

were also present on the starting surface (Figure 4-1).
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Figure 4-55 microstructure of the worn surfaces at OCP with different sliding speeds
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4.2.4.4 The mechanical properties of the worn surfaces

Figure 4-56 and Table 4-17 show the mechanical properties of the worn surfaces
measured by nanoindentation. The hardness of the worn surface at 1 Hz and cathodic
potential was 6 GPa, which abruptly increased to more than 7.5 GPa for all faster sliding
tests at this potential. At the OCP, the hardness continuously decreased with sliding speed
from 8.69 GPa at 1 Hz sliding speed to 5.76 GPa at 10 Hz. The hardness of tests under

anodic conditions exhibited more or less the same value of around 8 GPa.

Table 4-17 the mechanical properties as measured by Nanoindentation for the worn surfaces sor sliding
speed effect studying

Potential Speed (Hz) E,(GPa) H (GPa) hyhmax

Cathodic 1 158 6.07 0.72
2.5 209 8.47 0.71
5 153 7.64 0.71
10 178 7.5 0.71

ocCp 1 215 8.69 0.71
2.5 172 7.15 0.72
5 215 7 0.76
10 210 5.76 0.8

Anodic 1 211 8.21 0.72
2.5 209 7.75 0.73
5 199 8.16 0.72
10 181 7.48 0.71

g

90- —— Anodic

Sliding speed (Hz)

Figure 4-56 H for worn surfaces after different tested potentials and sliding speed
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5 Discussion

5.1 Tribology properties:

Figure 4-2 shows that the specific wear rate decreased with load up to 60 N, but that an
abrupt wear transition was observed between 60 and 80 N. Wear transitions have not been
reported in the literature concerning the wear of CoCrMo alloys. Wimmer et al. [119]
undertook the most detailed tests correlating the wear with the formation of an organic
film. They found that there was an increase in wear with load up to approximately 32 N.
The wear rate then exhibited a plateau with increasing load up to 48 N. For greater loads,
wear rate again increased with load. They found that the plateau in wear rate coincided
with the formation of an organic layer. This strongly suggested that the organic layer was
beneficial in reducing wear rate. In the current study an organic layer was observed at 40
and 60 N, which exhibited the lowest specific wear rates. This result is therefore broadly
in agreement with the work of Wimmer et al. and gives further confirmation that the

formation of an organic layer reduces wear rate of CoCrMo alloys.

It is not clear why an organic film forms at some loads but not others. Wimmer et al.
[119], [120] suggested that there were two possible reasons. Firstly, they suggested that
low contacts stresses would not be sufficient to remove the protective oxide film. They
also presented evidence that dissolution of molybdenum ions is important in the
formation of these organic layers. Other researchers [121], [122] suggested that transition
metals ions like cobalt, chromium, and nickel act as a catalyst to remove water and
ammonia from albumin resulting a composition similar to typical hydrogenated carbon
film which used to reduce friction. The presence of an oxide film would clearly limit the
release of these ions. The removal of the oxide layer is possibly the most important factor
for forming this carbonaceous layer. For instance, applying sufficient cathodic potential
to totally remove the protective oxide layer favours the forming of this layer as will be
discussed later in section 5.2.2. Other authors [123]-[127] who suggested the layer was

organic material mixed with metal and oxide particles.

It is interesting to note that in the current work the formation of an organic layer coincided
with the presence of a surface nanocrystalline layer. This implies low strain in the surface
layer, allowing the oxide layer to be retained. It is worth explorimg whether there was a

correlation between surface microstructure and the formation of the organic film without
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interference from the formation of an oxide layer. To do so the sliding speed was
deliberately chosen to be very fast with a latent time of 50 ms (the time between each two
successive contact events) and the lower limit of the load range was chosen to give a
mean initial contact pressure much higher than the yield of the material (1150 MPa). For
the tests at loads 5-20N, there was no uniform nanocrystalline layer covering the surface
(Figure 4-10). This possibly implies that at these loads the surface structure of the metal
was not conducive to the formation of a carbonaceous layer. The organic film formed at
40 and 60 N, and coincidentally, the worn surface at these loads was uniformly covered
in a nanocrystalline layer. The evidence of significant surface strain suggests that the
protective oxide film was continuously broken up by the contacting asperities. Thus, this
would allow transition metal ion release, particularly Mo, that was evidently sufficient
promote the formation of this layer. Additionally, it is pointed out that the presence of
proteins favours the formation of complexing agents for the dissolved metal ions such as
iron, chromium, nickel and molybdenum which stimulates dissolution and supresses
oxide film formation [128]. The question then arises as to why an organic layer was not
observed at 8ON. However, the formation of such a thick (10-16 m) nanocrystalline layer
indicates that the deformation strains in the surface were very significant. This, coupled
with the very high wear rate, would have led to continuous disruption of the surface,
presumably making the adherence of an organic film impossible. In other words, the
organic layer is formed and squeezed away under the effect of extreme contact pressure

and high wear rate.

Figure 4-8 shows the mechanical properties of all the surfaces as a function of load, while
Figure 4-9 shows how the hardness changed with depth below the surface. In general, the
hardness and yield strength of the surface increased with the load used in the wear test.
There was some correlation between the hardness and the presence and depth of the
nanocrystalline layer. For example, the surface of the 80N test exhibited a thick
nanocrystalline layer that contained the finest crystallite size. This had the greatest yield
strength of all surfaces, as expected. However, the yield strength of the surface after
testing at 20 N and 40 N were similar despite the different surface microstructures. At
20N, there was an intermittent poorly formed nanocrystalline layer, while at 40N, the
surface was covered in a nanocrystalline layer which was between 60 and 130 nm thick.

This suggests the hardness of the martensite/twinned region was similar to that of a thin
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nanocrystalline layer, while a fully developed, thick nanocrystalline layer exhibits a much

higher yield strength.

A key question is why a wear transition was observed between 60 and 80N. There has
long been a debate as to whether a nanocrystalline surface layer is beneficial or
detrimental to the wear resistance of CoCrMo alloys. In this case, the test at 80N exhibited
the thickest nanocrystalline layer, with the finest crystallite size and the greatest yield
strength, but at the same time, it suffered substantially greater wear than at the other loads.
This strongly implies that the superior mechanical properties of the nanocrystalline layer
do not impart superior wear resistance. This perhaps because of the interaction between
the mechanical and the electrochemical aspects which cannot be avoided in any aqueous

solution and will discuss in the next sections.

5.2 Tribocorrosion properties
5.2.1 Load effect:

The current work defines critical operation points at which wear accelerated corrosion Cyw
and corrosion accelerated wear W, exhibited an abrupt increase. Figure 4-12 shows that
at 4 N load, Cy jumps more than 5 times higher compared to previously tested load. This
jump is consistence with sliding potential behaviour shown in Figure 4-13. At the load
range up to 2 N, sliding potential showed a recovery to the OCP value indicating dropping
in total corrosion contribution down. At this range of loads, the mechanical contribution
in the total tribocorrosion process was not changed as the wear rate in the absence of
corrosion Wy was more or less equals to W (Table 4-4). At4 N and further tested loads,
the sliding potential of the worn surfaces did not recover to the OCP value under the effect
of load. Interestingly, Cw shows a plateau at this range of loads. This defines a clear
critical point before which Cy is relatively low, and beyond it, a significant increase in
corrosion contribution was observed. Moreover, Cy, showed a one-step jump that is
consistence with the sliding potential behaviour (at least throughout the tested load
range). SEM imaging for the worn surfaces at OCP at different loads (Figure 4-33) shows
that the worn surface at 2 N load experienced high deformation as shown by the presence
of twins and martensitic lathes. All these indicating that this deformation occurs because

of having rebuilt oxide layer.
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SEM imaging (Figure 4-33) also shows that at 4 and 8 N, the worn surface’s
microstructure was quite similar to that of the starting surface (Figure 4-1). However, at
16 N load, the worn surface was heavily deformed again with martensitic laths and twins
are almost cover the entire worn surface. Total mechanical contribution W shows the

same one-step jump behaviour as well at 8-16 N load range (Figure 4-12).

The load dependent microstructure and consequently the tribocorrosion behavior could

be explained as follows:

e At low load range (up to 2 N), the worn surfaces fully (or almost) repassivated.
The rebuilt surface oxide layer interferes with dislocations movement and activity
during the successive contact events causing relatively higher deformed worn
surfaces. The effect of the oxide film interfering with dislocation flow has been
reported in the literature concerning 316L austenitic stainless steel [88], [129],
304L stainless steel [89] and CoCrMo alloy [130]. All these studies reported
higher deformed microstructure for the worn surfaces at anodic potential in
comparison to cathodic potential. They suggested that the oxide layer is the main
mechanism attributed to this finding. In low stacking fault energy materials such
as CoCrMo alloys, the dislocations move on discrete planes where neither cross
slip nor climb occurs, resulting in blocking of dislocations that results in the
formation of martensitic plates and twins (Figure 4-33)

e At intermediate loads of 4, and 8 N, the applied load was enough to maintain
continuous removal of the surface oxide layer. Thus, there was no interferance
for dislocations annihilating at the surface. This leads to a microstructure of the
worn surfaces (as it is shown in SEM imaging Figure 4-33) similar to that of the
starting polished surface (Figure 4-1).

e At the high tested load of 16 N, the load was still enough to continuously remove
the oxide layer. However, this high load caused high deformation at the worn
surface with embedded martensitic lathes and twins (Figure 4-33). This
microstructure work hardens the surface limiting further mechanical damage.
Therefore, W, exhibited a plateau at 8-16 N load range. It should be noted here
that Cw showed a plateau at intermediate and high tested loads meaning it does
not provide any further contribution in tribocorrosion process. Thus, the

enhancement in specific wear rate K at 16 N load in comparison to 8 N load
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(Figure 4-21) can be pragmatically rationalized to this deformed microstructure
and the improvement of the mechanical properties of the worn surface, which
was demonstrated by nanoindentation testing (Figure 4-35). Despite a finer grain
structure at the worn surface at 16 N load, which facilitate more oxide nucleation
sites and faster growth rate for passive material [131]-[134], the mechanical
effect of this high load in continuously removing the oxide layer at tested sliding
speed still dominates (total removing of the oxide layer at each pass). Even with
applying potential pulse equals to the OCP for 10 min in the middle of a separated
test at the same load (Figure 4-14), the sliding potential could not have been
recovered after this potential pulse. Applying such a pulse at 8 N load resulted in
80% recovery of the sliding potential.

It is interesting that a deformed microstructure was observed for the worn surfaces at both

low and high load but not at intermediate loads. The deformation mechanism of each,

however, is absolutely different as explained.

However, the important question remains as to why the oxide layer at up to 2 N load
range is rebuilt abruptly after a particular number of sliding cycles. The answer of this
question should be related to the microstructure changes and the effect of this on the
ability of the worn surfaces to form oxide layer faster. It should be noted here that even
at the lowest tested load (1N), the mean initial contact pressure is still high (650 MPa)
with initial maximum contact pressure 1 GPa. It is also important to note that at the same
reciprocating sliding speed, increasing the load caused an increase in both strain and strain
rate. It has been pointed out in the literature that at high strains for low stacking fault
energy material like austenitic stainless steel, the high strain rate sufficiently depresses
strain induced martensitic transformation [135]-[137]. They attributed this to the
temperature rise due to locally adiabatic heating. This might explain the differences in
microstructure of the worn surfaces at 1, 2 N compared to ones at 4, and 8 N testing load.
Higher load causes higher strain rate and consequently depressed strain induced
transformation. The worn surfaces with less deformed microstructure cannot offer,
compared to the starting surface, more nucleation sites and faster growth rate. For worn
surfaces in the load range up to 2 N, the high strain and relatively low strain rate facilitate
strain induced transformation which is needed to provide more nucleation sites and faster
growth rate for the oxide layer. It is also possible that the local flash temperature works

in the same direction that is it is higher at higher load. The microstructure of the worn
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surface at 16 N, however, does have martensitic laths (Figure 4-33). The reason behind
forming like this structure in spite of having high strain and strain rate (or even higher

local flash temperature) is not understood for the authors. This needs further investigation.

The results suggest the following consequence for oxide rebuilding on the worn surfaces
up to 2 N for CoCrMo alloy in 25 wt.% BS in PBS at 37°C and 5 Hz reciprocating speed

at 2 mm stroke length:

High strain and low strain rate

A particular number of sliding cycles are needed to start the
strain induced transformation

Microstructure with embedded twins and martinsitic laths
offers more nucleation sites and faster growth rate for the
surfaes' oxide layer

Oxide layer is rebuilt and sliding potetial is recovered to OCP

The oxide layer provides dislocations movement interfering

It has not been demonstrated that there is a direct relationship between the mechanical
properties of the surface and the wear resistance. For example, Purcek et al [138] have
shown that using equal-channel angular extrusion (ECAE) for pure titanium leads to
substantially increase the mechanical properties with retaining adequate ductility, but has
zero effect on wear resistance. Furthermore, negative effect of ultrafine grain on wear
resistance has been observed [139], [140]. This has been attributed to tribochemical
reaction and having synergistic effect between oxidative and abrasive wear which masks
the superior enhance in mechanical properties. In this work, the tribological investigation
of CoCrMo alloy in simulated body fluid (section 4.1) has also reported that having a
thick layer nanocrystalline structure (Figure 4-10) and superior mechanical properties
(Figure 4-8) for the worn surface did not protect the surface from the sharp wear transition
(Figure 4-2). Some researchers [141], [142], however, have reported that using severe
plastic deformation and consequently having much finer grain size resulting in improval
wear resistance for commercially pure titanium [34] and AI-Cu alloy [35]. This

discrepancy in wear resistance for ultrafine grains has been reviewed by Nong Gao et al.
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[143]. They came to concluded that predicting the correlation between wear resistance
and surface mechanical properties is restricted because of the complexity of the process.

Nevertheless, they suggested a list of factors influence wear positively and negatively.

In the current work, the worn surface’s microstructure at 16 N OCP tribocorrosion test
(Figure 4-33) shows embedded martensitic laths and twins. The wear resistance of this
microstructure significantly improved as it is shown in Figure 4-11. The results in section
4.1 ,on the other hand, showed a poor wear resistance for a microstructure that has a thick
subsurface nanocrystalline layer, whereas, the worn surfaces with thin nanocrystalline or
embedded martensitic laths, twins, and nanocrystalline exhibited a low specific wear rate.
This strongly suggests that the microstructure with embedded harder phases, twins, and
nanocrystalline might be quite beneficial for wear resistance at least for the material being

tested.

Figure 5-1 shows the effect of the mechanical properties of the worn surface on Cy, and
Wcat OCP. The enhancement in the hardness of the worn surface has a direct impact on
the total mechanical contribution of tribocorrosion We. In contrast, it has a very little
effect on electrochemical contribution Cy. The hardness of the worn surface did not
change in the tested load range 4-8 N load, W, rises by about three times. At 16 N load,
martensitic laths formed at the worn surface and the hardness increased by about 1 GPa.
This was very beneficial for the wear rate as it kept the mechanical penetration rate the
same despite doubling the load. This finding might define a new insight of the relation
between the mechanical properties and tribological behavior of CoCrMo alloys and

possibly other similar metal alloys.
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Figure 5-1 Cw, W¢, and H vs. load

5.2.2 load-potential effect:

The focus of interest of the orthopedic implants is having a local break down of the
surface protective oxide layer or scratched surfaces. These events significantly re-polarize
the surface. The severity of this polarization depends on the area that has lost its protective
layer. Surprisingly, studying the tribological behaviour of CoCrMo over a range of
cathodic and anodic potentials has not been reported in the literature. Therefore, the
current work provides an extended study of the dual effect of load and potential on COF,
wear behaviour, and microstructure and mechanical properties of the worn surfaces. The
range of 4, 8, and 16 N load has been chosen to avoid the confusion caused by partial or

total repassivation that occurs at OCP in the lower load range.

Figure 4-21 and Table 4-7 show the dependence of COF and specific wear rate K on
working electrode potential. Generally, the COF at cathodically polarized surfaces is less
than at the OCP and anodically polarized surfaces. At the cathodic potentials, COF gets
lower with time almost for all tested loads. At the anodic potentials, it followed the anodic
current. The dependence of COF on surface passivation (having an oxide covers the
surface) was also observed for CoCrMo alloy [144] and for complex metallic alloys [145]
immersed in PBS. In their work, the conditions were deliberately managed to maintain or
remove the surface oxide layer by changing the time between each two successive contact

events (latent time). They showed that the COF for the long latent time (6 s) is always
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higher than that for the short one (0.5 s). Other research groups, have reported that the
COF in the cathodic domain is higher than for anodic conditions for high carbon CoCrMo,
low carbon CoCrMo, and 316L austenitic stainless steel in 50% serum [124], and for
316L austenitic stainless sliding against alumina ball in 0.5 M H>SO; [88]. The current
work, however, showed that the average COF at cathodic potential is always the lowest
at the tested conditions. The work also defines COF for passivating (surfaces trying to
repassivate) and passivated (surface already got passivated) worn surfaces. The COF was
always higher for passivating worn surfaces than that for passivated ones. The
observation can be implicitly seen in Figure 4-18, Figure 4-19 and Figure 4-20 for anodic
potentials where COF is higher at the beginning of the test (the current had not been
stabilized yet). It went down and got more stable after a certain sliding time of sliding
indicating that the system has reached a new thermodynamic equilibrium state. This new
state of equilibrium reduced COF. It is quite challenging to compare the COF of this work
with others because the COF is a system property sensitive to all system parameters like
temperature, testing duration, solution chemistry, load, sliding status (bi or unidirectional,
and successive contact event frequency), etc.

The specific wear rate K at OCP was higher than for the cathodically or anodically
polarised surfaces (Figure 4-21) for all tested loads. Under cathodic conditions, partially
or totally elimination of electrochemical contribution effectively reduces K. However, it
is noticed that with decreasing cathodic potential, K increased. Electrochemical
impedance spectroscopy EIS was employed to investigate the surface status at different
cathodic potentials and shown in Figure 4-17. The polarization resistance of the surface
increased with decreasing the applied cathodic potential (Table 4-6). This indicates that
at -0.7 V and -0.5 V cathodic potential, the corrosion contribution was not entirely
eliminated and the surface was not totally immune to corrosion. Thus, the formed
galvanic couple between bare metal (wear scar) and the partially passive surface (the rest
of the surface) was still working (but much less severely) at these cathodic potentials.
However, the EIS results show that at -0.9 V the polarisation resistance for the surface
significantly dropped down. In other words, the corrosion contribution is significantly

reduced.

The cathodically polarised worn subsurfaces exhibit high deformation due to the
dominance of the mechanical effect (Figure 4-38). Apparently, this is reflected on the

mechanical properties of these surfaces. The hardness of them at 4 and 8 N was higher
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than those at OCP and anodic potentials (Figure 4-35). Nevertheless, at 16 N load, the
hardness of -0.5 V is the highest over the tested potential range. This was possibly because

of the interfering of forming a carbonaceous layer on these surfaces.

Raman spectroscopy results (Figure 4-32) showed that the tribolayer deposited on the
worn surfaces at cathodically polarized surfaces is a mixture of amorphous and
nanocrystalline carbon [117]. The sp? bonding fraction has been determined from G peak
position to be > 80% [117], [146]. The relative intensity (Ip/lg) is corelated to the size of
graphite cluster as follows [147], [148]:

Ip G

Ig La
where C; is 4.4 nm for 515.5 nm laser, L, is graphite domain size. With relative intensity
0.942, L, was calculated to be 4.67 nm. Y. Liao et al [121] have investigated this layer
by scratching it off by tungsten probe using a FIB and attached it to TEM grid. Their
TEM work has detected short range ordered graphite material with few nanometers grain
size and about 0.34 nm spacing. They used Raman spectroscopy to confirm their results

and calculate the graphite domain size which reported as 4.5 nm.

The current work demonstrated a direct relation between the cathodic potential and the
formation of tribolayer. At 4 N -0.9 V test, SEM image (Figure 4-29) revealed a thick
carbonaceous layer (as recognized by Raman Figure 4-32) covered almost the entire worn
surface. This relationship between the potential and the formation of the tribolayer has
not been reported in the literature. Full mechanical characterisation of this layer has been
done and shown in (Figure 4-36, and Figure 4-37). The same layer was observed at 8 and
16 N load at similar cathodic potential. Nevertheless, it has different morphology (Figure
4-30, and Figure 4-31). The formation of this layer affected the mechanical properties of
the worn surfaces. For instance, the hardness of 4 N -0.9V is less than at -0.7V at the
same load. At 16 N -0.9V (Figure 4-31), the worn surface was smeared by a darker color.
These dark areas were examined by Raman microscopy and found to be a carbonaceous
material. The hardness of these worn surfaces is less than that at the rest of cathodic
potentials at the same load and the same cathodic potential at less loads at which these
dark areas were not observed. Fischer [48] has pointed out that mechanical mixing can
occur in the outermost layer of both laboratory and retrieval CoCrMo alloys leading to

the formation of a metallo-organic nanostructure composite. Namus et al [113] have
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reported that at very high load at OCP, the carbonaceous layer on the worn surfaces can
be detected by Raman spectroscopy but cannot be seen by using SEM. This might be the
case at the high load and high cathodic potential used here. The high load worked
concurrently with sufficient cathodic potential to form tribolayer and mix it with worn
surface material. The mechanical properties of like this composite is obviously less than

that for the deformed metallic surface.

The enhancement in K of anodically polarized surfaces compared to surfaces tested at
OCP was quite noticeable. For example, the surface anodically polarized at 8 N load had
reduced K by about 50%. This clearly shows the rule of rebuilt oxide layer on the worn
surfaces. Figure 4-34 reveals the deformed microstructure of the anodically polarised
worn surfaces at 4 and 8 N load. The mechanism of this deformation is possibly the
dislocation movement interfering by the rebuilt oxide layer that explained earlier. The
influence of increasing anodic potential on the chemically and mechanically lost volume
is manifested more clearly at higher load as shown in Figure 4-23. The results show an
obvious load-potential interaction (Figure 4-24 and Figure 4-25). For instantce, at 8 N
load, increasing anodic potential led to increase in Vchem, While, at 16 N load the opposite

occurred

The microstructure of the worn surfaces at anodic potentials at 16 N load could not have
been revealed using SEM imaging perhaps because of the high deformation. Note that

the two earlier explain mechanisms might work together at this load and potentials.

The effect of forming a galvanic coupling at OCP, cathodic, and anodic potentials is
schematically illustrated in Figure 5-2. Polarizing the surface cathodically reduces the
galvanic coupling effect significantly and eventually it totally removes this effect. At low
tested load and anodic potential, rebuilding an oxide layer on the worn surfaces mitigates

the galvanic effect.
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Figure 5-2 schematic diagram illustrates the impact of forming a galvanic couple at different potentials

5.2.3 Sliding speed-potential effect:

It has been shown in this work that the sliding speed has a significant effect of both
mechanical and electrochemical material loss of CoCrMo biomedical grade alloy in
simulated physiological body fluid. At low sliding speeds OCP and tested anodic
potential, the material exhibited an electrochemical transition which has a significant
effect on the mechanical properties and microstructure of the worn surfaces and
consequently on tribological behaviour. The COF exhibited a noticeable decrease after
this electrochemical transition (Figure 4-42 and Figure 4-43). The dependence of COF
on surface passivation (having oxide covers the surface) was discussed earlier in section
5.2.2. It is again noticed that COF is defined for passivating (surfaces try to repassivate)
and passivated (surface already got passivated) worn surfaces. The COF was always
higher for passivating worn surfaces than ones for passivated ones. The observation can
be clearly seen in Figure 4-45 for OCP and anodic potentials domain where COF is higher
at the beginning of the test (the sliding potential or current has not been stabilized). They
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reduce and become more stable after a certain time of sliding indicating that the system
has reached a new thermodynamic equilibrium state. This new state of equilibrium
reduces COF.

As far as the author is aware, the effect of sliding speed on the material loss (Figure 4-47)
has not been studied well in the literature. The mechanical related material loss rate (Wo
and W.) at OCP significantly increased with sliding speed. Electrochemical material loss,
on the other hand, showed a one step jump behaviour which occurred simultaneously with
having or not a drop down in potential, that is Cy is less than 1.5 mm/y when this drop
down occurred and transitions to about 9 times higher when this event occurred. It has
been pointed out that at high strain for low stacking fault energy material like austenitic
stainless steel, the high strain rate sufficiently depresses strain induced martensitic
transformation [135]-[137]. They attributed this to the temperature rise up due to
adiabatic heating which is significant enough to depress this transformation. SEM
imaging for worn surface at OCP tests and slow sliding (Figure 4-55) shows crossed
martensitic laths cover the entire worn surface, while the worn surfaces of intermediate
and fast sliding (5 and 10 Hz) were almost free of martensitic laths. The hardness of the
slow sliding worn surfaces was much higher than ones of fast sliding (Figure 4-56). All
this might indicate that for the material and tested conditions, the strain rate plays an
important rule that is low strain rate enhanced strain induced martensitic transformation.
It is also possible (but not confirmed) that the local flash temperature works in the same
way that is higher temperature at fast sliding depress SIT. The high density of martensitic
laths on the worn surfaces at slow sliding speed facilitates more oxide nucleation sites
and faster growth rate for the oxide film [131]-[134]. Thus, these worn surfaces have
fully (or almost) repassivated which effectively protects the surfaces from further wear.
One of the driving force for electrochemical contribution in tribocorrosion at OCP is the
formation of a galvanic couple between the wear scar and the rest of the surface. This
obviously has a limit that is Cy has not changed at 5 and 10 Hz. Note that the surface area
of the wear scar at these two sliding speeds is the same (Table 4-13). Note also that at 1,
and 2.5 Hz sliding speed, the surface area of the wear scare remained the same. This is
not the case at anodic potential because the driving force here is the external applied
anodic potential. Vchem continuously increased with sliding speed (latent time decreases).
At 1 Hz sliding speed, the latent time was enough for the oxide layer to be rebuilt. This

freshly rebuilt oxide might be removed in the next contact event. It should be noted that
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according to Faraday’s law, Vchem refers to the flowing current. The removing of already
rebuilt oxide is a mechanical action. Thus, Vmech at slow sliding is higher than that at
faster sliding speeds (Figure 4-50). Moreover, the material exhibited current drop down
at all tested sliding speeds (Figure 4-48). This had a direct effect on the electrochemical
contribution throughout the tests (Figure 4-51). The current flow increased with sliding
speed. Nevertheless, this increase was more significant before the current drop down in
term of amount and time at which the drop down occurred. The current drop down can
be attributed to the same reason of potential recovery at OCP tests. The decreasing in the
Vehem/cycle at 1, and 2.5 Hz to very low value (1.2x10° and 0.76x10° mm?/cycle
respectively) after current drop down apparently means that the oxide layer was almost
totally rebuilt. This also means that Vmen was decreased because if there was a
mechanical abrasion, it would remove the oxide layer first. The dependence of
Venem/cycle on the sliding speed after the current drop down might be explain in the light
of reduction of strain induced martensitic transformation mechanism which was
explained earlier.

M. Stemp et al [149] and Gil and Muinoz [150] have studied the sliding velocity effect at
anodic potential for stainless steel in sulphuric acid and high carbon CoCrMo alloy in
different simulated body fluids respectively. They have shown that the charge per stroke
is independent on frequency. They rationalized this to the rapid electrochemical kinetics
of the system. In the current work, however, a clear dependence of flow anodic current
on the sliding speed can be seen in Figure 4-48. Nevertheless, the sliding speed that they
used and consequently the latent time falls within the slow sliding domain that used in
this work.

Further analysis for the effect of sliding speed on the mechanical and electrochemical
wear and the relationship with the mechanical properties of the worn surfaces has been
shown in Figure 5-3. At OCP, the enhancement in the worn surface hardness has zero
effect on total corrosion contribution Cy. In contrast, a relationship between the worn
surface hardness and the total mechanical contribution W. can be clearly seen for softer
worn surfaces where mechanical wear is easier. On the other hand, at anodic potential,
this relationship does not exist. This is because the interference of the rebuilt oxide film

which significantly affects both Vchem and Vimech as explained previously.

146



Discussion

——Cw (mm/y)

—— Vchem (mm?)
—— Wc (mm/y) 5
—— Vmech (mm°) :
—H (GP:
(GPa) ocCP_ 50 o0 H (GP2) Anodic 90
104 1.4m - 400.0p
8.5 I 85
L 40 12md - 350.04
84 L L
f 1.0m4 I 300.0p 8.0
30 ’
L7.5 L L 75
6 800,04 - 250.0p
r20 I 200.0u}
7.0 600.04 - bk 7.0
44
I 150.0
10 [65 400.0p ML 65
24 + 100.0p
6.0 200.0p- - 6.0
o I 50.0u
0 T T T T T L55 0.0 . T T . . L 55
0 2 4 6 8 10 0 2 4 6 8 10
Sliding speed (Hz) Sliding speed (Hz)

Figure 5-3 H, mechanical wear, and electrochemical wear vs. sliding speed at OCP (the left hand figure)
Venem and Vmecn vs. sliding speeds at anodic potential (the right hand figure)

5

147



Conclusions

6 Conclusions

6.1 Tribological study

1. The work has defined a range of loads where the specific wear rate was the lowest
(40-60 N) which associated to the formation of the pretentious layer which clearly
indicated the beneficial effect of the formation of this layer. At 60 N the wear rate
was the lowest of all that corresponded to the formation of a surface proteinaceous
layer and extensive surface deformation that resulted in a uniform nanocrystalline
layer which was 3—5 um in depth.

2. At higher load, 80 N, a sharp wear transition was observed. A thicker
nanocrystalline layer, of 10 and 16 um depth, was shown by using subsurface
cross section imaging. No proteinaceous layer could be detected by SEM imaging
and Raman spectroscopy. All these indicate the beneficial effect of the
carbonaceous layer and the formation of nanocrystalline surface structure.

3. The formation of a nanocrystalline surface structure was a function of load
whereby at 20 N load; it was thin intermitted changed to continuous thin layer at
40 N. The thickness of this layer significantly increased at higher loads to be more
than 10 pum at the highest tested load.

4. The mechanical properties measured by nanoindentation were a function of depth
and largely scaled with the load (and therefore with surface microstructural
changes). At the highest tested load, the hardness and the yield strength were
approximately twice that of the starting surface. However, there was no obvious
correlation between the mechanical properties of the surface and the wear rate.
The lowest specific wear rate at 60 N was associated with a nanocrystalline layer
that had a yield strength of 1058 MPa, while the highest specific wear rate was
associated with a thick nanocrystalline layer that exhibited a yield strength of 1087
MPa, which was similar to that observed at 60 N.

6.2 Tribocorrosion study

6.2.1 Load effect

1. The specific wear rate, K, at -0.9 V cathodic potential continuously increased with

load obeying Archard’s equation. The COF at this potential was not sensitive to
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load. In contrast, at the OCP, K exhibited an increase with the load up to 8 N
followed by an abrupt decrease associated with the formation of martensitic laths
and twins which occurred in the entire worn surface.

2. The mechanical and chemical material loss were successfully defined by using
the synergistic tribocorrosion approach and galvanic tribocorrosion model. At low
tested load, sliding potentials showed a recovery to its OCP after some time of
sliding. At4 N and further loads, this recovery of sliding potential did not occur.
Cw was all the same at the range of load that did not have such a sliding potential
recovery. Furthermore, W exhibited a plateau at 8 N and 16 N which can be
pragmatically attributed to the surface microstructure changes that 16 N load worn
surface experienced.

3. It was also shown that applying a potential pulse at 8 N load helped the worn
surface significantly to partially repassivated which is almost certainly important
in improving our understanding of the tribocorrosion behavior of the passive
metals and alloys.

4. The work successfully separated the mechanical and electrochemical
contributions in tribocorrosion testing and found that there is a relationship
between the mechanical wear and the mechanical properties of the surfaces at
least in the testing system. However, this correlation might be shielded under the
strong synergistic effect of corrosion and wear. Thus, a great deal of care should
be taken, and many experiments must be conducted on different materials and

systems before believing this correlation.

6.2.2 Load potential dual effect:

1. Not all cathodic potentials were able to totally damage the protective nature of the
oxide layer of CoCrMo alloys. This had a major effect on the tribocorrosion
behaviour of these alloys. The specific wear rate increased with decreasing the
cathodic potential toward the OCP.

2. The work has defined a strong correlation between load and electrode potential
on one hand and specific wear rate K on the other hand. At the tested loads,
applying either cathodic or anodic potential led to a decrease in K. However, this
effect significantly depended on the load.

3. COF was always the highest at the anodic electrode potentials and the lowest at

cathodic electrode potentials for all tested loads.
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4. The work suggested a close relationship between COF and the thermodynamic
stability of the surface. At all tested anodic potentials and loads, when the current
decreased the COF exhibited lower value. Therefore, a new definition of the worn
surfaces in tribocorrosion is suggested whereby repassivating surfaces (the
surfaces that try to repassivate) have higher COF values, and passivated surfaces
(the surfaces already got passivated) have lower COF values.

5. The presence of relatively thick carbonaceous layer on the worn surfaces was only
observed at -0.9 V electrode potential for all tested load. This was probably
because this is the only potential that was able to almost entirely remove the oxide
layer and thus helped in releasing ions that are needed to form this layer according
to the mechanism suggested and widely accepted in the literature.

6. The imaging of the worn surface microstructure at anodic electrode potentials
clearly showed the presence of twins and martensitic laths that covered the whole
worn surface which might be the reason behind having lower values of K at these
potentials.

7. The worn surfaces at cathodic potential exhibited higher nanoindentation
hardness followed by those tested at anodic potential. The lowest hardness was
observed at OCP. The only exception to this was at 8 N where the hardness at
OCP was higher or equal to that at anodic electrode potentials.

8. Subsurface imaging showed highly deformed microstructure at cathodic
potentials. At anodic potential, the deformation was less, but nanotwins and
martensitic laths were seen. OCP worn surface microstructure was quite similar
to that of the starting surfaces. This was consistence with the mechanical

properties of these surfaces.
6.2.3 Sliding speed effect:

1. The mechanical elements of wear in tribocorrosion (Wo, and W¢), and the wear
accelerated corrosion Cy showed (in the testing system) sliding speed
dependence. Wy, and W, exhibited continuous increase with sliding speed.
Whereas, Cw showed one step jump behaviour which was associated with having
or not sliding potential recovery. In another words, whereby the worn surface
cannot repassivate, Cy is high.

2. At the tested anodic potential, the current flowing significantly increased with

sliding speed in such a way that at fast sliding Vchem was more than Viech. The
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flowing current started high and then exhibited a sudden drop down. However,
this transition in current was dependent on the sliding speed. The time needed for
this transition, and the amount of current flowing after and before this transition
showed a strong dependence on sliding speed.

Further confirmation of the strong relationship between COF and the
thermodynamic stability of the system has been shown throughout the results of
this work. At OCP and anodic potentials, when the system adopted a new state of
stability (by recovering the sliding potential to the OCP value or the drop down
in current at anodic electrode potential), the COF went down substantially.

As shown in load-potential dual effect, the mechanical and electrochemical
contribution of tribocorrosion were separated at OCP and anodic electrode
potential. At OCP a correlation between the worn surface microstructure and
consequently the mechanical properties and total mechanical wear was found. The
slow sliding led to a more deformed microstructure which obviously gave harder
worn surface. This harder surface worn less mechanically. However, this

relationship was not observed at anodic electrode potential.
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7 Future work:

1. Throughout the current work, it has been shown that there is a correlation
between the mechanical material loss and the mechanical properties of the
worn surfaces at OCP for CoCrMo biomedical grade alloy in simulated body
fluid. This correlation was shielded at anodic potentials. The concept needs
further investigation on different wear systems.

2. There is a lack of understanding of the influence of protein adsorption on the
surface of biomedical alloys on corrosion and tribocorosion properties. In
particular, the real protein concentration of human body fluid and its
fluctuation depending on human health has never been investigated.

3. The temperature of the hip joint has been reported to rise up to 50°C. This
probably has a major effect on protein adsorption on the implant’s surface
which in turn might influence the corrosion and tribocorrosion properties of
the bio-metallic material.

4. The current work provides valuable knowledge about the tribocorrosion
behaviour of CoCrMo biomedical grade alloy in simulated body fluid. The

work could be repeated on other biomedical material like titanium alloys.
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