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Abstract

Total hip joint arthroplasty is a medical procedure to replace a natural failed joint by an
artificial joint to improve the quality of life of the patient. In spite of its broad success,
there is a concern about the relation between the presence of modular hip joint implants
and health complications such as necrosis of surrounding tissues, adverse tissue reaction
and high metal ions concentration in the body. Indeed, analysis of retrieved implants
showed that modular interfaces undergo tribological and corrosion phenomena leading to
wear and formation of surface films composed of a mixture of metallic and oxidized
material.

In parallel, several degradation mechanisms have been proposed to explain what occurs in
the modular joints. Those mechanisms are pitting, galvanic corrosion, hydrogen
embrittlement, crevice-corrosion and fretting-corrosion. However, no consensus except
for the recognized role of fretting-corrosion has been reached. Based on the required
conditions for these mechanisms to happen, the two more likely occurring phenomena are
fretting-corrosion and crevice-corrosion. Even though, several contradictions subsist
about the effective incidence of crevice-corrosion on biomedical Ti and CoCr alloys.

Accordingly, the general goal of this work is to clarify and shed more light on the
mechanisms responsible for modular implant degradation. The first research axis aims at
identifying the occurrence of crevice-corrosion in modular hip joint configuration as well
as to determine its contribution to the degradation of modular hip joint implants. As
further step, this work aims at identifying and rationalizing through a predictive model the
different mechanical and chemical mechanisms responsible for fretting corrosion
degradation. The strategy taken here consists in the combination of tailored state of the
art experiments and of advanced theoretical concepts related to the disciplines of
corrosion and tribology.

The study of crevice-corrosion of Ti6Al4V and CoCr alloy was carried out in a
configuration mimicking the geometrical crevice found in modular hip trunnions in
contact with ceramic heads. The incidence of two different pH conditions and several
potential applied was evaluated in NaCl 0.9% wt. The evolution of the potential was



followed inside and outside the crevice. The validity of the experimental approach was
assessed by calibration with a well known crevice-corrosion sensitive system (FeCr15% in
sulfuric acid). Interestingly, no potential drop or evidence of degradation was found when
testing CoCr and Ti biomedical alloys up to a duration of one month. In addition, an
existing IR-Voltage model to predict the occurrence of crevice-corrosion was used to
calculate, based on the experimental results and data from the literature, under which
condition crevice-corrosion occurs in hip joint configuration. The validity of the model was
verified through quantitative comparison with the experimental results obtained with the
FeCr15% in H2SO4 model system. This IR-Voltage model predicts that in a wide range of
passivation potential, crevice gap and conductivity, biomedical alloys cannot undergo
crevice-corrosion. The model indicates that crevice corrosion can occur only under the
unrealistic condition that the electrical conductivity of the body fluid surrounding the
implant approaches the one of drinking water.

According to these results, the attention was addressed towards fretting-corrosion
phenomena as the main responsible for modular hip joint implants deterioration.

A predictive model of fretting corrosion wear integrating mechanical and chemical
phenomena has been developed. A set of experiments was carried out in NaCl 0.9%wt
under cathodic and anodic potential; in order to study the degradation mechanisms of the
modular hip joint implants under different electrochemical and mechanical conditions. It
was observed that worn material comes from the third body formed under fretting-
corrosion. The properties of this third body depend on the prevailing electrochemical
conditions in the contact, thus determining the wear rate. Considering these observations
and taking into account mechanical and chemical parameters, this work proposes a
fretting wear model inspired from an existing tribocorrosion model based on the mass
balances between the bulk material, the third body and the electrolyte. This model allows
determining wear based on crucial electrochemical and mechanical parameters and
constitutes a first step towards the development of theoretical tools scaled to modular hip
joint configuration.

Key words: modular hip joint implants, crevice-corrosion, biomedical alloys, fretting-
corrosion, degradation, third body layer, tribocorrosion.
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Résumeée

L'arthroplastie totale de la hanche est une procédure médicale visant a remplacer une
articulation défaillante par une articulation artificielle dans le but d’améliorer la qualité de
vie du patient. En dépit de son succés général, il y a une crainte concernant une relation
entre la présence d'implants modulaires de I'articulation de la hanche et des complications
de santé telles que la nécrose des tissus environnants, la réaction indésirable des tissus et
une concentration élevée d'ions métalliques dans le corps. En effet, I'analyse d'implants
récupérés apres une arthroplastie a montré que les interfaces modulaires subissent des
phénomeénes tribologiques et corrosifs conduisant a de l'usure et a la formation de films de
surface composés d'un mélange de métaux et d'oxydes.

En parallele, plusieurs mécanismes de dégradation ont été proposés pour expliquer ce qui
se passe dans une articulation modulaire. Ces mécanismes sont la corrosion par piqires, la
corrosion galvanique, la fragilisation par l'hydrogene, la corrosion caverneuse et la
fretting-corrosion. Cependant, aucun consensus, a l'exception du role reconnu de la
fretting-corrosion n'a été atteint. Sur la base des conditions requises pour que ces
mécanismes se produisent, les deux phénoménes les plus probables sont la corrosion de
contact et la corrosion caverneuse. Toutefois, plusieurs contradictions subsistent
concernant |'effet de la corrosion caverneuse sur les alliages biomédicaux Ti et CoCr.

Par conséquent, I'objectif général de ce travail est de clarifier et de mieux comprendre les
mécanismes responsables de la dégradation des implants modulaires. Le premier axe de
recherche a pour but d'identifier le taux d'apparition de la corrosion caverneuse dans une
articulation modulaire de la hanche ainsi que de déterminer sa contribution concernant la
dégradation de l'implant. Dans un deuxiéme temps, ce travail vise a identifier et a
rationaliser a travers un modele prédictif les différents mécanismes mécaniques et
chimiques responsables de la dégradation par corrosion de contact. La stratégie utilisée ici
consiste en l'association d'expériences adaptées et de concepts théoriques avancés liés a la
corrosion et a la tribologie.

L'étude de la corrosion caverneuse des alliages Ti6Al4V et CoCr a été réalisée dans une
configuration imitant la géométrie de la crevasse trouvée dans les tourillons modulaires
de la hanche en contact avec les tétes en céramiques. L'effet de deux valeurs de pH et de
différents potentiels a été évalué dans une solution de NaCl 0.9%. L'évolution du potentiel
a été suivie a l'intérieur et a l'extérieure de la crevasse. La validité de l'approche
expérimentale a été évaluée par étalonnage avec un systéme de corrosion carveneuse
connu (FeCr15% dans une solution d'acide sulfurique). Curieusement, aucune chute du
potentiel ou d'évidence de dégradation n'a été observé lors d'essais sur les alliages

iii



biomédicaux CoCr et Ti d'une durée de 1 mois. En outre, un modele IR-Voltage existant
pour prédire I'apparition de la corrosion carveneuse a été utilisé pour calculer, sur la base
des résultats expérimentaux et des données de la littérature, sous quelles conditions la
corrosion de contact se produit dans la configuration de l'articulation de la hanche. La
validité du modéle a été vérifiée par comparaison quantitative avec les résultats
expérimentaux obtenus avec le systeme modéle FeCr15% dans H,SOs. Ce modele IR-
Voltage prédit que dans une large gamme de potentiel de passivation, de taille de crevasse
et de conductivité, les alliages biomédicaux ne subissent pas de corrosion caverneuse. Le
modele indique que la corrosion carveneuse ne se produit que dans des conditions
irréalistes ou la conductivité électrique du fluide corporel environnant l'implant se
rapproche de celle de I'eau distillée.

Selon ces résultats, 1'attention a été portée sur le phénoméne de corrosion de contact
comme étant le principal responsable de la détérioration des implants modulaires de
l'articulation de la hanche.

Un modéle prédictif d'usure par corrosion par frottement intégrant des phénoménes
mécaniques et chimiques a été développé. Un ensemble d'expériences a été réalisé dans
NaCl a 0,9% en poids sous potentiel cathodique et anodique; afin d'étudier le mécanisme
de dégradation des implants modulaires de l'articulation de la hanche dans différentes
conditions électrochimiques et mécaniques. Il a été observé que le matériau usé provient
du troisiéme corps formé sous la corrosion par frottement. Les propriétés de ce troisieme
corps dépendent des conditions électrochimiques dominantes dans le contact,
déterminant ainsi le taux d'usure. Considérant ces observations et prenant en compte des
parameétres mécaniques et chimiques, ce travail propose un modéle d'usure par
frottement inspiré d'un modele de tribocorrosion existant basé sur les bilans massiques
entre le matériau en vrac, le troisieme corps et l'électrolyte. Ce modéle permet de
déterminer l'usure en fonction de parameétres électrochimiques et mécaniques cruciaux et
constitue un premier pas vers le développement d'outils théoriques adaptés a la
configuration modulaire de l'articulation de la hanche.

Key words : implants modulaires d'articulation de la hanche, corrosion caverneuse,
alliages biomédicaux, corrosion de contact, dégradation, couche de troisiéme corps,
tribocorrosion
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List of symbols

C1 Compartment related to the total mass of the metallic substrate

Cz Compartment related to the metallic particles in the friction film

Cs Compartment that contains oxide particles in the friction film

Ca Compartment of metal particle concentration in the electrolyte or the re-
deposition

dc Critical distance

dox Thickness of the oxide layer

Dx Amplitude displacement (pm)

o Solution conductivity (-1 cm-1)

E Potential (V)

Eap Applied Potential (V)

Ep Passive potential (V)

E Young’s modulus (MPa)

E' Effective Young’s Modulus (MPa)

F Faraday's constant (C.mol1)

Fn Normal force applied (N)
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H Material hardness (N.m-2)
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I Current (pA)
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Nox

Pmet

Pox

Proportionality constant for chemical wear
Proportionality constant for chemical wear
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Proportionality constant - wear rate
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Crevice length (cm)

Molecular weight of the oxide (g.mol-1)
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Stress transmission factor
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xii

Flow of metal particles removed from the substrate by mechanical wear
(Kg.s1)

Flow of material detached from the substrate due to the wear accelerated
corrosion (Kg.s'1)

Mass flow leaving the contact from the third body (Kg.s'1)

Flow of material particles that once are broken and leave the third body
layer they remain in the contact being reincorporated to the layer again

(Kg.s1)

Chemical oxidation of metal particles inside of the friction film (Kg.s'1)






Introduction

1.1 Modular Hip Joint Prostheses

Hip joint prostheses are implanted as artificial joints in human body to replace failed
natural joints. In general, this surgical procedure improves mobility and alleviates
patients’ pain. There have been more than 2.5 millions hip joint replacements performed
in the United States until 2010, while in Australia about 480.000 were documented in the
annual report of the Australian Orthopaedic Association 2017 (AOA) [1]-[3].

In a natural hip joint, cartilage covering the femoral head ensures soft movements. In
addition, the distal portion of the femur provides stiffness and transmits forces required
for the movement.

Hip joint replacement consists of the substitution of the upper part of the femur and the
acetabulum. The medical procedure of implanting a hip joint replacement, known as total
hip arthroplasty (THA), is required when fractures or diseases damage the natural joint, as
Figure 1-1 shows [4].

Acetabulum

a.

Femoral
head

b. Hip joint ik
implant \ i\

Femur

Diseased joint Total Hip Ahroplasty (THA)
Figure 1-1. a) Hip joint degenerated by a disease b) artificial hip joint, adapted image [4]



Over time, several hip joint prosthesis designs and materials have been developed to
satisfy the necessary mechanical, chemical and biological requirements.

One of the most commonly used designs is made of two components: the acetabular socket
and the monoblock implant. As illustrated in Figure 1-1, in a monoblock device, the
femoral head, neck and stem are in one single piece [5].

Nonetheless, one single material is unable to provide the variety of properties that an
implant is required to present at each given position along its length. For instance, while in
the femoral head wear resistance is essential, in the neck and the stem, stiffness, elasticity
and biocompatibility are required. So, consequently in the monoblock implants typically
either fracture on the neck, related to fatigue, or wear on the femoral head are observed.

To avoid monoblock prosthesis failures, modularity was introduced around the 60’s.
However, it was not until the 80’s that its application gained momentum [6], [7]. Modular
design facilitates tailoring of the prosthesis according to patient’s anatomy and revision
procedures. In addition, the properties of different materials could be combined in one
single configuration.

There are two kinds of modularity. One where the femoral head is separated from the
stem — known as unipolar model - shown in Figure 1-2b. A second configuration where
the neck is separated from the stem and a second junction is created, this model is called
bipolar (Figure 1-2c). Currently, the main used design is the uni-polar model [1], [6].

a. b. ' C. ’

Figure 1-2. Hip joint implants design a) monoblock, b) unipolar and c) bipolar
prosthesis

In spite of the advantages, modularity can cause several health issues related to ions and
particles released from the materials. Some examples include: Adverse Tissue Reaction
(ATR), cutaneous reaction, tissue necrosis and high metallic ions level in the blood, among
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others. In a literature review, Esposito et al [6] found these modularity problems, started
to increase since 2010, as a consequence of the increment of arthroplasty surgeries with
modular designs.

Modular hip joint prosthesis work under severe conditions: i) variable load (depending on
gait phase) that can reach more than three times the body weight [8].; ii) low amplitude
relative movements with variable frequencies; iii) contact with corrosive synovial fluids
and average temperature of 37 °C [9], [10].

So, particles and ions release are related to the degradation mechanisms, that in turn are
governed by several factors such as: load (weight), movement, body fluids in contact with
the artificial joint, implant design and materials.

Modular Design

In a modular prostheses, the connection between the femoral head/neck is done through a
male part called trunnion and a female part known as bore [11], see Figure 1-3. The
femoral neck/stem junction is composed of a male and female connection as well. In both
cases, the mechanical contact is considered as cone on cone.

Femoral

-» Bore

Femoral
Neck

Femoral
Stem

—

Figure 1-3. a) Bipolar prosthesis parts and b) Prosthesis implanted

Several aspects should be considered in the trunnion design namely surface finish, crevice
depth and geometry of the trunnion-bore junction.

Surface finish of the female and male parts can affect mechanical and chemical behavior of
the joint. Some trunnion designs have thread patterns on the surface to increase fixation,
even though it has been reported that smooth surfaces and longer tapers decrease
modular degradation [12]-[14].



In a modular design, a narrow gap (also called crevice) is formed between the modular
junctions: femoral head-neck and femoral neck-stem. Crevice size depends on geometry
and tolerances of modular pieces. It is also affected by patient’s movements and physical
exertion. Bigger gaps facilitate the entry of synovial fluid into the joint.

Materials that can be potentially coupled to form the femoral head-neck junction are the
following: metal/metal and ceramic/metal. The material choice is important for the
mechanical behavior of the prosthesis and also plays a role on the crevice configuration;
since the geometrical gap depends on the material couple.

The mismatch angle recommended for ceramic/metallic junction is positive to avoid
impacts and tension on the ceramic piece. Conversely, for metal/metal couple this angle is
negative, allowing the fixation without negative effects due to the resilience and
deformability of metallic materials. Both cases are represented in Figure 1-4.

Ceramic

Metal Metal

Positive angle Negative angle

Figure 1-4. Recommended hip joint implants angles, adapted image [17]

For bore and trunnion connection, angles difference accepted by the industry are around
0.0167°[15]. This tolerance avoids angular mismatches that favor asymmetric load
distribution and fixation problems. A bigger angle difference can induce degradation by
tribochemical processes [14], [16].

However, in spite of the recommended tolerances, in a retrieval study where 50 ceramic
heads and 50 metallic heads were analyzed, angles differences were found between 0.10
and 0.20° [17].

On the other hand, during the THA surgery the femoral head is hammered into the femoral
neck to avoid micro-motion and to ensure fixation between the modular pairs of the
implant. The assembly forces between modular parts can reach 4 - 6.7 kN [18], [19].
Higher fixation forces generate lower freedom of movement. That is especially true if the
trunnion surface presents a thread pattern where the pattern can deform as a result of the
impact [12], [18], [20], [21].
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Finally, clean and dry surfaces must be guaranteed when assembling the different parts.
Contamination can contribute to generation of wear, relative movements between the
parts and asymmetric application of forces [22].

1.2 Materials used in modular hip joint implants.

To ensure efficient performance of the hip joint implant, specific material properties must
be considered: elasticity, yield stress, fatigue, hardness, wear resistance, corrosion
resistance, biocompatibility and biofunctionality [23], [24].

Ceramic materials such as Alumina (Al;03) and Zirconia (Zr0z) are used in femoral heads,
due to their wear resistance and non-reactive behavior.

Biomedical alloys used are mainly Titanium (Ti) and Cobalt-Chromium (CoCr) alloys. The
corrosion resistance of these passive metals lies on the spontaneous formation of a surface
oxide layer when in contact with air or water [25].

Femoral neck and stem parts are manufactured with Ti alloys, due to its corrosion
resistance, high tensile strength (100-120 GPa) and biocompatibility [5], [26], [27].
However, its limited wear resistance prevents its use in the joint contact [28].

Conversely, Cobalt-Chromium (CoCr) alloys have been widely used for producing femoral
heads because of their wear resistance and the good mechanical properties and corrosion
resistance.

Modular hip joint parts under variable load, relative movement and in contact with body
fluids can expose biomedical alloys to the simultaneous phenomena of wear, passivation
and depassivation. The combination of all these processes leads to a tribocorrosion
phenomenon, which leads the deterioration of modular hip joint implants associated to
the effect of debris particles on tissues and high metal ion levels in the blood. In
consequence, it is of the utmost importance to elucidate the deterioration mechanisms and
governing factors in those modular hip joints.

Even though several deterioration mechanisms have been invoked to explain hip joint
implants degradation, the acting mechanical and chemical interactions are not yet well
understood. In consequence, there is an apparent need for mechanistic approaches that
identify the main responsible mechanisms and the conditions required for their
occurrence. Therefore, there is a need for systematic investigations aimed at improving
our understanding of the involved phenomena.



1.3 Trunnionosis and retrieved implants findings

Trunnionosis is known as the material degradation process between the modular joints,
femoral head-neck and neck stem junction, where metal ions, corrosion products and
debris are released [29], [30].

Wear debris and metallic particles tend to remain on site; therefore they can often be
found agglomeration in the surrounding tissue. This problem is particularly noticeable
with CoCr alloys. These particles can reach sizes from few nanometers to 400 micrometers
[31]-[34].

In contrast, ions can either stay in the vicinity of the joint or be transported through
bloodstream to organs such as liver, spleen, among others [6] [31]-[34]. So far, no
evidence of negative long term effects of these mobile ions on human health has been
found for Ti and CoCr[6] but there is a big concern about the poisoning due to the Cobalt
dissolution [35], [36]. Still, several works related to the control of cobalt, chromium,
titanium and aluminum levels in serum and urine have been published.

1.3.1 Metal ions concentration

Jacobs et al [37], found a dramatic increase in the concentration of chromium, titanium
and cobalt levels in a controlled group of patients with a modular hip implant made in Ti
and CoCr alloys after 36 months.

Cooper et al [32] also studied bipolar hip joint prostheses, where the stems were made of
TiMoZrFe, femoral necks of CoCr and femoral heads of ceramic material and CoCr. In all
cases higher cobalt and chromium ion levels were found compared to the acceptable
values in the serum; the highest registered values were the cobalt values.

Gkagkalis et al [31] reported in 2015 a retrieval study of patients with bipolar hip joint
implants. Stems were made of Ti6Al4V, femoral neck in CoCr alloys and ceramic femoral
heads were used. Chromium and cobalt levels were also controlled. Findings coincide with
the study of Cooper et al [32], where higher cobalt ion levels were measured compared to
the acceptable values.

1.3.2 Debris and tribofilms

Gkagkalis et al [31] also reported debris, wear and corrosion products on tapers of
explanted femoral necks (Figure 1-5). The authors found a layer, as shown in Figure 1-6b,
in the femoral neck-stem junction, which is a mixture of titanium, chromium and cobalt
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oxides. Degradation was attributed to the incomplete contact between the surfaces of the
two modular parts that allow micro-movements. Higher proportion of Cr in the layer was
explained by the tendency of chromium to precipitate in neutral pH as the one of the
synovial fluid. Titanium particles found in the neck surface were attributed to the mass
transfer from the femoral stem [31].

This kind of degradation was also found in other independent study by Huber et al [33]
where 11 modular hip joint explants were analyzed. Femoral heads and stems were made
in CoCr alloy and Ti6Al4V, respectively. In this case, thin layers were found in the head-
neck junction, on the surface of both pieces as shown in Figure 1-6. The chemical analysis
of one deposit found in the surface of the trunnion revealed that the layer is a mixture of
Cr and Ti oxides. Additionally, corrosion products and metallic particles, where Cr and Ti
were detected, were extensively found in the tissue surrounding the prostheses on 9 of 11
studied cases.

Ti
a
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Figure 1-5. a) Modular hip joint explanted with fretting corrosion at the femoral stem-neck
junction b) tribofilm found on the neck junction, image adapted from Gkagkalis et al [31].
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Figure 1-6. a) Tapered neck from modular hip joint implants with signs of damage, b) Scanning
electron microscopy of the cone [33]



Those layers, called tribofilm, have been reported in several case studies for metal on
metal couples on the femoral head/neck junction [38]-[41] and less frequently in ceramic
on metal couples [32], [42]. This tribofilm act as a third body, which can be defined as a
layer formed between two materials in contact under mechanical and chemical action.
This third body is exposed to mechanical stresses and chemical reactions in the same way
that joints operate. Third body layer has an effect on the differences in velocity of the
pieces in contact, force distribution and the real surface area exposed to the human
environment [43]-[45].

Accordingly, metallic and oxidized particles found in the surrounding tissue as well as the
metal ions travelling along the body are originated from material ejected or released from
these tribofilms. Therefore, understanding how these tribofilms are formed and
identifying the main factors that govern their properties are relevant to modular hip joint
degradation issues.

1.3.3 Degradation mechanisms

Several degradation mechanisms have been suggested for modular degradation: Fretting-
corrosion, crevice-corrosion, pitting, galvanic-coupling and hydrogen embrittlement.
Nowadays, there is a consensus about the occurrence of fretting corrosion phenomena, as
the product of small amplitude motions, load and environmental conditions [10].
Furthermore, third body formation is characteristic of materials under this degradation
mechanism.

In the following paragraphs crevice-corrosion, pitting, galvanic-coupling and hydrogen
embrittlement and fretting-corrosion are discussed.

Crevice-corrosion

This degradation mechanism is a well-known autocatalytic process that concerns passive
metals. This localized corrosion mechanism takes places in presence of a cavity, where the
oxygen concentration is limited by the mass transport. Then, this oxygen depletion
induces a difference between potential registered outside and inside of the cavity. As a
consequence, there is a disruption of the passive film, which generates material
dissolution and corrosion into the cavity[46].

Crevice-corrosion has been proposed as a degradation mechanism due to the special
geometry configuration of modular implants. Body temperature and aggressive species
from the body fluids have been considered also as parameters that favor this kind of
degradation mechanism [38], [40]. However, some aspects remain unclear about crevice-
corrosion taking place in modular hip joint implants from the electrochemical and
chemical point of view.



Firstly, in a modular junction, material depassivation occurs by mechanical action between
the modular parts. Then, to avoid repassivation and generate the active-passive cell,
specific geometrical, electrochemical and chemical conditions are needed in the joint.
However, no evidence of the formation of an active-passive cell for CoCr and Ti alloys
under modular hip joint configuration have been reported.

Secondly, CoCr and Ti alloys are recognized for their resistance to crevice-corrosion at low
temperature. Crevice-corrosion degradation has only been reported for Ti alloys in
systems at high temperature conditions (>100°C) [47]-[49].

Whether or not crevice-corrosion degradation occurs in modular hip joint configuration is
controversial.

Pitting corrosion

Pitting-corrosion is a form of localized corrosion involving the local destruction of the
passive film followed by high dissolution rates. This mechanism has been proposed as
possible degradation mechanism because pits were observed in some modular parts.
However, the likelihood of such phenomena could not be confirmed by in vitro tests.

About pits formation, those have been observed in tribofilm but as a consequence of
conditions or mechanical fatigue of the material derived from fretting conditions [50],
[51]. In that way, the occurrence of holes can be attributed to a different mechanisms than
pitting corrosion.

In addition, Ti and CoCr alloys are recognize for their resistance to this kind of localized
corrosion [46], [52] even under simulated body fluids and different electrochemical
conditions [53].

In summary, there are no evidences supporting the appearance of pitting-corrosion or it
has been considered as very unlikely.

Galvanic-coupling

This is a form of corrosion occurring when two dissimilar metal are in contact and
exposed to the same electrolyte. In the contact, the corrosion rate of the less noble metal
will increase. Although this degradation mechanism could take place in artificial joints,
Trunnionosis also occurs in ceramic on metal contacts, in which the ceramic is well known
to be electrochemically non-reactive [32], [42]. The effect of the particular conditions
inside of the body on the material electro chemical-potential are not well understood.

Hydrogen embrittlement

Hydrogen embrittlement is a degradation mechanism caused by the diffusion of hydrogen
atoms in the metallic matrix, which becomes more brittle, thus more prone to fracture. It
has been proposed as a corrosion mechanism from the observation of retrieval implants
made in Ti alloy [54]. However, until now, no study has reported this phenomenon for
modular parts in CoCr alloys.



The generation of hydrogen, and thus embrittlement, on metallic surfaces immersed in
aqueous solutions requires either very low pH values (high acidity) or low potential.
Electrochemical potentials of biomedical alloys inside of the human body are unknown.
However, Madina et al [44] electrochemically generated hydrogen on titanium alloys and
found that no embrittlement occurs above very cathodic potentials of -1.5 V (Ag/AgCl).

With respect to pH, Igual et al [55] found that synovial fluid’s pH varies around 7. Those
values correspond to patients with inflammation, which means that low pH is not a natural
characteristic of the synovial fluid. Likewise Virtanen et al [9] reported pH values from 4.7
to 7.7.

Those, evidences leads to the conclusion that hydrogen embrittlement is not a driving
force for modular hip joint degradation.

Fretting-corrosion

Fretting-corrosion is widely known for being the cause of wear, metal ions release and
debris coming from uni-polar or bi-polar prosthesis. In consequence, the interest to
understand fretting-corrosion phenomenon encouraged the development of fretting
corrosion in vitro test, where third body could be reproduced [45], [56]-[58].

Besides the environment, modular designs features have been analyzed as factors that
influence fretting-corrosion in modular hip joint implants. Taper’s length, head diameter
and specially, impact force of the assembly, surface roughness as well as the angle
mismatch between the taper and the internal cone of the head have been found as a
critical factors [18], [15], [59], [60].

In parallel, theoretical models have been proposed to describe tribochemical processes
where a friction film influences deterioration [44], [61], [62]. HowevVer, there is still a lack
of knowledge about the third body formation and the fretting-corrosion conditions
required for it. An approach that integrates what is known from in-vitro experiments and
theoretical models is also missing and it is needed to explain retrieval findings.

1.4 Statement of the problem

The clinical problems associated with the degradation of modular junctions encourage
developing appropriate testing methodologies and predictive models. The findings in
retrieval studies are analyzed in the light of the mechanism that can take place under
modular hip joint conditions.

Modular hip joint degradation is a complex phenomenon, which involves patient
characteristics, implants design and materials. Improving the understanding about what
happens inside of the modular joints is required to deal with degradation at all possible
levels (patients, surgeons, companies and scientists)

10



Several degradation mechanisms were proposed in the literature. Unfortunately, they are
not supported by clean experimental evidence and in some cases they are even in
contradiction with the corrosion state of the art.

As consequence, there is a need for systematic investigations aiming at improving our
understanding of these degradation phenomena. Particular interest is on crevice-
corrosion and fretting-corrosion, two mechanisms that can occur in hip joints
configuration.

This understanding requires developing appropriate testing methodologies as well as
predictive models, which gives a theoretical frame to assesses the degradation
mechanisms of modular hip joint prostheses.
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State of the art

To understand modular hip joint implants degradation, the basics of crevice-corrosion
and fretting-corrosion will be considered in the following. This chapter presents a
theoretical overview of both phenomena where existing models will be described and
discussed. Subsequently, relevant properties of biomedical alloys under corrosion and
tribocorrosion conditions are also reviewed.

2.1 Crevice-corrosion fundamentals

Crevice-corrosion is a well-known localized degradation mechanism that mainly affects
passive metals. In general, this phenomenon takes places in narrowed spaces such as
joints, under seals or gaps where oxygen concentration gradients develop within the
electrolyte.

Let’s assume a cavity (crevice) formed on a planar surface in contact with an electrolyte
with dissolved oxygen. Corrosion process takes place and leads to oxygen depletion in
the electrode proximity. In the outside part, initial oxygen concentration is re-
established by the mass transport but not in the crevice. In consequence, the oxygen
depletion in the crevice leads to a loss of passivity and a preferential corrosion with
respect to the outside part. Then, an electrochemical cell is formed between the surface
that behaves as a cathode and the cavity, which acts as an anode. [46]. This
electrochemical cell is known as aeration cell.



2.1.1 Crevice-corrosion generalities

Material dissolution increases the corrosion rate inside of the crevice (anode) which is
potential dependent [63]. The current from the passive regions (cathodes) is due to
oxygen reduction in acidic media, as reaction 1 shows.

0, +4H" + 4e > 2H,0 (1)

The effect of oxygen concentration in a passive metal can be understood through the
Evans diagram shown in Figure 2-1. Passive metals have a characteristic active-passive
transition called the passive potential (E,). Above this value a protective oxide layer is
formed, reaction 2, while below this value the material actively corrodes, reaction 3.
Note that reaction 2 and 3 imply a transfer of electrons. Thus the reaction rates can be
expressed as electrical current density (i).

E>E, M+ Hy0—- MOx+2H" + 2e” (2)
E<E, M- M"+ne” (3)

In the Evans diagram of Figure 2-1, (where the current (I) is plotted as a function of the
potential (V)) a simplify anodic polarization curve of a passive metal is plotted together
with two cathodic curves representing the oxygen evolution. As observed, the potential
at which the cathodic curves, oxygen curves, cross the anodic one is the corrosion
potential. At this potential the anodic and cathodic reaction have the same velocity and
material dissolution takes place. Ecor is the potential spontaneously attained by the metal
once immersed in a given solution. This potential determines the corrosion current

(Icor)-

Curve 1 in Figure 2-1 corresponds to high oxygen concentration while the low
concentration is represented by curve 2. The passive material in a high oxygen
concentration electrolyte shows a Ecor; in the passive domain (E>Epas). It means,
oxygen availability allows the formation of an oxide layer, see reaction (2). While
electrolytes with lower oxygen concentrations lead to a Ecor; in the active domain
(E<Epass). Under this condition, active dissolution of the material takes place (reaction
3). A difference in potential is established between the areas rich in oxygen with respect
to the places where it is limited. This potential difference induces a current. Likewise,
there is a potential drop due to the resistance of the electrolyte that finds the current.
This effect is known as the ohmic drop [46], [64], [65].

Because the charge transfer across the metal-electrolyte interface depends of the
reaction rate, which is a function of the potential, this reaction rate can be expressed as
current (I).

Coming back to the cavity in the planar surface, Figure 2-2 represents an aeration cell of
a passive metal where the difference in the oxygen concentration causes a potential
decrease from the surface E; to the bottom of the crevice E; that becomes active. This
figure represents crevice-corrosion process. Crevice area is smaller when compared to
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the area of the material that is still passive. Thus, the area effect anode/cathode
becomes more relevant and this leads to the main source of current [46], [63]. Then,
along the crevice this potential drop establishes an active-passive transition zone [64],
[66], [67].
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Figure 2-1. Evans diagram of an aeration cell, adapted image [46]
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Figure 2-2. Corrosion process in an aeration cell

Under these circumstances, the potential at the external surface as well as in the top of
the crevice, corresponds to the imposed potential Eq, or to the open circuit potential of
the system.

Afterwards, once the depassivation of the crevice has taken place, the potential drop, the
acidification of the media as well as the presence in high concentrations of aggressive
ions such as CI- stabilize the active-passive cell [46], [49], [63], [65], [68].



Geometrical factors play an important role. Klassen et al [69], found that a deeper
crevice increases the sensitivity of the system to fail under localized corrosion. Besides,
Jackson et al [47] reported several industrial cases where narrower crevices increase
crevice-corrosion occurrence.

2.1.2 Crevice-corrosion IR-Voltage Model

Several models have been proposed to predict pH, chloride concentration, potential and
current evolution as a function of time, distance or chemical parameters in crevice-
corrosion systems [70]-[72]. However, for the modular artificial hip joints case, the IR-
Voltage model [73] provides the most appropriate and robust frame for crevice-
corrosion understanding.

The IR-Voltage has been developed and presented by Pickering and co-workers in
several publications [63], [64], [66]-[68], [73]-[76]. Based on the aeration cell concept,
this model takes into account geometrical, chemical and electrochemical parameters to
quantitatively determine crevice-corrosion.

The IR-Voltage model proposes that the potential along the crevice (Figure 2-4) can be
expressed by equation 4 [77], where the potential at position x is a function of the
potential at the top of the crevice Eq, the resistance of the electrolyte (R) and the anodic
current (I). This current in turn depends on the distance, the material, the crevice
geometry and the resistance of the solutions that change due the acidification of the
media, material dissolution and metal complex hydrolysis [64], [67], [68],
[771[771[75][18]. The potential E(x) is in between the passive potential (Epass) and the
mixed potential between the metal and the H+, known as limiting potential (Ejm) [67].
This definition from equation 4 allows determining the potential distribution along the
crevice, represented in Figure 2-3.

E(x) = Ex—o — IRy (4)
T
Electrolyte
Passive Layer
i E, T R = S S —
+
IR =~
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dc () A Epass
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c
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(Log (i)

Figure 2-3. Crevice-corrosion cell according to IR-Voltage model, adapted image [64]
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The relation between the potential drop and the active-passive cell establishment was
defined by the IR criterion. Under this criterion, crevice corrosion takes place if the
potential drop inside of the crevice, defined as IR, is higher than the difference between
the potential on the surface and the passivation potential, represented as IR* [73], [76].
See equation 5 and 6.

IR > IR* (5)
Where,
IR* = |Eap - Epass| (6)

Equation 5 is satisfied at depth d. (critical distance) in the crevice. In other words, the
crevice material below d. looses passivity and actively corrodes at this rate. This
potential drop changes with time due to the evolution of the system, as well as the
current and the solution resistance do.

The critical distance d. can be calculated from equation 7 [67]:

1—J12—2kalzgipass|Eap—Epass|
dc = (7)

Klipgss

Where, I: crevice current (HA); ipasst passivation current density (HA cm-2); Epass
passivation potential (mV); o: solution conductivity (-1 cm-1); k: sides wall; l: length
(cm); g: gap (cm) and Eap: applied potential (mV).

This model can be applied to calculate d. in early stages of crevice corrosion as long as
some limitations are taken into account [67][77]:

* The data used in the model, such as Epass and ipass, have to be taken from a
polarization curve carried out in the same electrolyte as the one used in the
system with the crevice configuration.

* To avoid the influence of parallel processes in the cell, homogeneity of the
applied potential along the material must be considered.

* Finally, as the chemistry of the electrolyte changes as it was mentioned above,
the critical distance varies as well as a function of the time.

Equation 7 can be further simplified. If the ratio between the passivation current density
(fpass) and the maximum current density (imax) is lower than 0.05, the contribution of the
passive current coming from the crevice walls to the total current is very low and can be
neglected [67]. Then, the expression is simplify to:

dc — |Eap Eplass|*0'l.9 (8)
The IR-Voltage model has been developed for a specific configuration and tested on
materials which sensitivity to crevice-corrosion is known. However, unknown aspects
about crevice-corrosion degradation mechanism could be elucidated if the applicability
of this model can be validated for complex geometries, such as the modular hip joint
configurations and for biomedical alloys.



2.2 Crevice-corrosion of biomedical alloys.

The corrosion resistance of Ti and CoCr alloys to corrosion under environmental
conditions is widely accepted. However, several works have questioned the integrity of
these biomedical alloys under crevice-corrosion condition due to the phenomenological
interpretation of surfaces in retrieval implants.

The corrosion resistance of these alloys relies on the homogeneity and integrity of their
oxide passive layer, which is formed as soon as the material contacts air, or water. In
consequence, corrosion degradation mechanisms take place if the passivity is broken
and corrosion is accelerated when the repassivation is not possible.

2.2.1 Biomedical alloys

Ti alloys

As mentioned above, Ti alloys are widely used as biomedical alloys in hip joint implants
due to the corrosion resistance, biocompatibility, high strength and lower modulus
equivalent to the cortical bone [78].

Currently, profuse literature related to Ti alloys technology can be found, such as
surface modification to improve osteointegration, surface films to improve mechanical
properties and its limited wear resistances as well as modification on the
microstructure.

Ti alloys can be classified according to the crystalline structure at room temperature
stabilized by the alloying elements and thermomechanical proccessing: o, which
corresponds to hexagonal closest packed (h.c.p.), near-: a,  that is body cubic centered
(b.c.c), metastable-  and (a + ) where both structures coexist [26], [79]. The corrosion
resistance and mechanical properties of Ti alloys are determined by the microstructure.

Several alloys [3, metastable § and well as (a + ) are used in biomedical applications.
Some of these alloys are Ti2Z9Nb13Ta4.6Zr, Ti12Mo6Zr2Fe (TMZF), Ti35Nb7Zr-5Ta, Ti-
15Mo-5Zr-3Al Ti6Al4V, Ti-13Nb-13Zr, Ti6Al7Nb and Ti5Al2.5Fe, the Ti6Al4V being the
most widely used in hip devices [26], [79], [80]. Its standard composition is reported in
Table 2-1 [27]. In general, mechanical properties of B and (a + B) alloys can be
controlled through heat treatments [26].

The spontaneous passivation of this alloy makes it difficult to study the passivation
mechanism. However, it is known that the passive oxide layer formed in this alloys
consist of TiO; and that under anodic polarization this layer grows at a ratio of 2nm/V.
In consequence, low passive currents are registered in several acidic solutions at
different pH (4x10-6 A/cm? to 4x10° A/cm?). In general, Ti alloys are resistant to
oxidizing acids; seawater and neutral solutions but the passive layer is disrupted in
presence of fluorides [25].
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Table 2-1. Standard chemical composition (%owt) Ti6Al4V alloy [27]

5.5-6.5 | 3.5-4.5 0.25 0.13 0.05 0.08 0.012 | Balance

Hosseini et al [81] and Brauer and Nann in Kaesche [25] studied the active-passive
transition of pure commercial Ti in H2SO4 as a function of the concentration. In both
cases Epass for high concentrate H,SO4 values were from -0.4V to 0V.

CoCr alloys

Wear and mechanical resistance are properties required by hip joint devices, which
have been satisfied by CoCr alloys. The composition of CoCr for cast or wrought alloys,
i.e. ASTM F75 and F1537 respectively, which are widely used for hip joint implants [80-
81], are specified in Table 2-2.

Table 2-2. Standard chemical composition (wt%) of CoCr alloy F75 [82]

58.9- | 27.0- | 5.0-
69.5 30 7.0

02(25]10|10|075] 035 |0.25| 0.02 | 0.030 | 0.01

The matrix of these alloys corresponds to a Co-rich and the crystalline structure
hexagonal closest package. However, this phase becomes a face cubic center structure
by heat process transformation. In consequence, both structures coexist at room
temperature [83], [84].

The high strength of these alloys is given by the solution hardening and carbide
precipitation. However, agglomeration of carbides and large size-grains are found affect
ing the corrosion resistance, the fatigue life of the alloy and the yield strength of the
alloy. Zones poor in chromium, due to its migration and formation of chromium carbides
(Cr23C¢), behave as anode while the rest of the material behaves as cathode, generating
localized corrosion phenomena. Therefore, either long annealing process are done to
dissolve chromium carbides or the biomedical devices are obtained by powder
metallurgy, where a powder of the alloy is compress under high pressures and
temperature [83]-[85]. Final microstructure has less large size grains and defects,
which reduce the yield strength and the fatigue risk [86].

Passive layer formed in CoCr mainly consist in Cr203 and its thickness growths as a
function of potential at a rate of 10nm/V [87], [88]. Even though, active-passive
transition of CoCr alloys are not well defined in the literature. It has been demonstrated
that CoCr alloys passive behavior is controlled mainly by Cr [87]. In consequence, the
active-passive transition of chromium can be a good approximation for CoCr alloys.
Kaesche found ([25]) that active-passive transitions of chromium are related to pH, as



the latter increases the transition to more negative potentials. In addition, in presence of
acidic solution the oxide layer becomes thinner as long as the potential decrease.

Therefore, crevice-corrosion as degradation mechanism can affect biomedical alloys
only if the passivity is broken. In consequence, this section presents several studies
(related in Table 2-3) where Ti and CoCr alloys are evaluated under crevice-corrosion
conditions in order to elucidate which parameters play a role in the degradation.

2.2.2 Crevice corrosion of biomedical alloys

Crevice corrosion in Ti alloys

Since the 60’s, several works have been focused on the behavior of Ti alloys under
crevice-corrosion conditions at high temperatures and in concentrated salt solutions.

In the latest 60’s, Jackson and Boyd [47] reviewed industrial corrosion cases concerning
Ti. At that time, no crevice-corrosion failure was reported at room temperature, while
damage at a temperature higher than 100°C in 1 or 2 N NaCl where found at pH values
ranging from 5 to 9.

The effect of the pH and temperature on the crevice-corrosion degradation of Ti alloys
was studied by Pariona et al [48] and Griess [49], respectively.

Pariona et al [48] determined that Ti alloys evaluated in a range of pH from 0.87 to 6.72,
present the highest current densities (103 pA) and material dissolution were reported
for Titanium in 1M NaCl solution at pH 1 or lower at 100°C. In this study, crevice-
corrosion configuration were reproduced for electrochemical test by the fixation of Ti
screws in a non-conductive surface and for immersion test, a sandwich structure made
of Ti and a no-conductive material plates.

On the other hand, the effect of temperature was studied by Griess [49] using
electrochemical polarization test. Those experiments were conducted in a range of
150°C to 200°C in 0.9% NaCl-0.1M HCl. To reproduce the crevice geometry, two Ti
plates were joined with a screw. Even though crevice corrosion did not occur in all the
samples, more severe attacks were registered at higher temperatures.

Likewise, Abdulsalam [65] reported highest crevice corrosion occurrence where the
potential drop in the crevice in systems with high concentration of chlorides
(1.5%HCl1+19%NaCl and 25%NaCl) in a range of temperatures from 80°C and 100°C.
Crevice geometry was made using two nuts fixed into a bolt, the system was immersed
in the solutions while the evolution of potential and current was registered. Ti samples
were also evaluated in a solution with lower concentration of chlorides (1.5%HCI) at
80°C. For this case, no ohmic drop occurred inside of the crevice and as a consequence
no crevice-corrosion damage was found.

The effect of sulphates has been also studied. Vicentini et al [89] evaluated the minimum
sulphuric acid concentration needed at 40° C, to generate crevice-corrosion degradation
of a rod made of Ti covered by a shield and connected to another Ti rod uncovered. They
found a critical concentration around 0.5M H3SO4 to reproduce crevice in the shielded
part that behaves as an anode.
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Similarly, Rajendra et al [90] evaluated also the effect of solution composition in Ti at
high temperature (>100°C) in a crevice-corrosion configuration, which consisted of a
sandwich structure where the sample was placed between two sheets made of acrylic
resin. The study confirm that exposing pure Ti to solutions that contain halide ions or
sulphates favor crevice-corrosion damage. A decrease in the potential was registered for
Ti in the crevice corrosion configuration, however, there is no information about the
quantification of the damage, neither about the distance were it was found.

In addition, Chenghao et al [91] published in 2015 a work where Ti6Al4V was evaluated
under crevice corrosion condition in Ringer’s artificial body fluid. No crevice-corrosion
degradation was found but homogeneus corrosion was reported which is a
contradictory finding according to the passive behavior of this alloy.

In general, studies at high temperature, where Ti alloys are more sensitive to crevice-
corrosion conditions, low pH and medium concentration of Cl- were insufficient to
provoke damage, if the aeration cell was not formed and in consequence there was no
potential drop [48], [49], [65], [92], [93]. Crevice-corrosion attacks were registered only
in systems at high temperature.

Numerical analysis about results from crevice corrosion experiments was done by
Heppner et al [93]. Through modeling, they found the influence of the solution pH and
conductivity on the degradation due to crevice-corrosion. Likewise, the high influence of
the hydrogen reduction was found from the analysis of the data specially, in the
potential drop for Ti immersed in 0.5M NaCl at 70°C.

According to the crevice-corrosion studies mentioned above, it is expected that crevice-
corrosion does not occur in the hip joint configurations due to the fact that
temperatures are lower compared to the systems reviewed in this chapter. However, the
evolution of the electrochemical behavior of Ti alloys in experiments carried out at
longer times (maximum duration was 10 days) or at potentials outside the passive
region have not been reported. Then, it is uncertain if some changes in the
electrochemical behavior can occur under those conditions and derivate in a disruption
of the passive layer.

Crevice corrosion in CoCr alloys

The use of CoCr alloys in several fields led to the study of their crevice corrosion
resistance since the 70’s. In a review published by Kuhn [94], some contradictions were
found among the different results which brought as conclusion that CoCr resistance to
crevice-corrosion is associated to its chemical composition. The presence of Ni makes
this alloy prone to crevice-corrosion, while contents of Mo (>5%) in presence of Cr
(=20%) increase the material resistance.

Wrought and cast CoCr alloys were evaluated by Devine et al [95] under crevice
corrosion as well as stainless steel 316L (SS) in deareated 10% HCI - 1% FeC13 at 37°C.
Mild to severe crevice-corrosion damage was reported for cast CoCr alloys, and 316L SS
while no damage was found on samples made of wrought CoCr.

In the same year, Levine and Staehle [96] published a study focused on crevice-
corrosion degradation of biomedical alloys. The crevice-corrosion configuration



consisted of two metallic blocks separated by a crevice of 0.5 mm. Experiments using
CoCr alloys and Ti6Al4V were carried out in Ringer solutions at 37 °C. Results from
those tests demonstrated the stability of the potential registered for both alloys. Same
experiments were performed for CoCr/316LSS and CoCr/Ti6Al4V couples. Results
showed low current values (>1 x 10-¢) and fluctuations on the potential. However, once
the contacts were opened after 30 days only pitting was found on the stainless steel.

More recently, in 2002 Reclaru et al [97] published a work where CoCr alloy samples
were coupled with stainless steel, in order to check if galvanic coupling or crevice
corrosion occurred. In both cases the conclusion was that CoCr alloy did not suffer
crevice-corrosion and/or galvanic corrosion.

Finally, Goldberg et al [98] evaluated couples of CoCr/CoCr, CoCr/Ti6Al4V and
Ti6Al4V/Ti6Al4V on a simulator (under static an dynamic conditions) and fretting test
looking for crevice-corrosion evidence. Current, OCP, Cl;, O, and pH were measured
during the test. No significant evidence of crevice-corrosion was found in CoCr/CoCr and
Ti6Al4V/Ti6Al4V samples in all tests. Results from CoCr/Ti6Al4V couple showed a slight
decrease in oxygen concentration and pH and an increase in the Cl- concentration with
time (80h). However, no changes in current or potential (inside of the crevice) were
observed once the loading was stopped and no evidence of damage of the material
surfaces was reported.

In addition, despite the studies where biomedical alloys did not suffer damage in
simulated body solutions at room temperature [96], some contradictions are found
contrasting those results with studies where CoCr alloy samples deterioration was
reported [95], [98]. Unfortunately, those works did not registered potential drops or
significant current changes to be analyzed, neither the phenomenological evidence
about the failure.

Few studies controlled important parameters such as the crevice gap or performed the
tests changing the electrochemical conditions, which is extremely important due to the
incertitude about the active-passive transition of these alloys. In consequence, a
systematic study of crevice-corrosion focused on hip joint implants and able to control
geometrical and electrochemical conditions is required. In parallel, careful experimental
methodologies need to be developed in order to control electrochemical and
geometrical conditions as well as to measure characterizable variables of the system
and their evolution at long exposure times.

Nowadays theoretical tools to predict corrosion, adapted and applied to hip joint
configurations are needed. They must be able to take into account geometrical and
electrochemical conditions to clarify the degradation phenomena of modular hip joint
implants.
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2.3 Fretting Corrosion wear

2.3.1 Definition and generalities

Fretting corrosion is a material degradation phenomenon caused by reciprocating motions
of small amplitude combined to a corrosive attack by the surrounding electrolyte. As a
main characteristic, the contact size is larger than the amplitude of the movement [99]-
[103].

As already pointed out in chapter 1, fretting-corrosion phenomenon is an important issue
in medicine. Wear can be accelerated by the chemical degradation of the material leading
to the loss of asepsis and causing adverse reactions in the surrounding tissue [24], [62],
[98],[100], [104]-[106].

Two materials in a tribological contact, under load and relative movement, in presence of
an electrolyte are subjected to mechanical and chemical wear. The mechanical wear
corresponds to the material removed by the mechanical action while the chemical wear is
the material removed by the corrosion under tribological conditions [107]. Then, the
damage caused by fretting-corrosion is affected by the normal load, frequency, amplitude
displacement, the rigidity of the system, the electrolyte and the prevailing electrochemical
conditions [43], [108]-[110].

Figure 2-4 shows fretting loops, which correspond to a representation of the tangential
force (Fr, N) vs. amplitude displacement (Dy, um), where the slope corresponds to the
compliance of the contact [58], [110]. Those diagrams allow following the evolution of the
elastic and plastic accommodation of the system over time. Under fretting-corrosion, three
mechanical regimes can take place: Stick, partial slip and gross slip. Each regime is
associated to a mode of surface damage:

Figure 2-4a corresponds to the stick regime, which occurs at lower amplitude
displacements. Under this regime the tangential force produced during the movement is
equal to normal force (Fx) times the coefficient of friction (COF). In other words, stresses
produced by the small displacement are accommodated by the elastic deformation on the
contact, so low or negligible wear occurs. Figure 2-4b represents the partial slip, which
occurs at higher displacements compared to the previous regime. In this case, the normal
load times COF is higher than the tangential force. Therefore, under this condition stick
regime usually occurs at the center of the contact while in the extremes slip takes place.
Wear and corrosion occurs in a low proportion, damage is mainly attributed to crack
growth and fretting fatigue. Materials under stick or partial slip can be affected by fretting
fatigue. Finally, the third regime corresponds to gross slip Figure 2-4c, which occurs under
high displacements where the tangential force is higher than the product of COF and F.
Thus, the slip at the interface distributes or accommodates plastically the stresses in the
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contact area. A significant amount of material is worn under this regime by the effect of
wear and corrosion; especially for passive alloys where besides wear, passivation and
depassivation processes take place. When the material is worn, the passive metal is
removed, then fresh material contacts the environment and oxidizes. This combined
process between wear and corrosion increases the wear rate [57], [111]-[113].

a Elastic b Partial slip ¢  Grossslip
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Figure 2-4. Regimes as a function of displacement amplitude and tangential force a) stick, b)
partial slip and c) gross slip, adapted image [113]

Barril et al [58] carried out fretting tests in dry and in wet conditions (under cathodic and
anodic potentials) on a Ti alloy. The tests were done to analyse the influence of the
electrochemical parameters on the fretting behavior of the material. This study revealed
that higher wear volumes were obtained under anodic conditions, when the material is
passive. Thus, material is worn while passivation and depassivation processes are taking
place. In this case, metallic and oxidized particles are generated because of the
tribocorrosion action. Deformation due to stresses and chemical reaction transform those
particles in a tribofilm which gets trapped in the contact area [44], [61], [100], [114]. This
tribofilm may be lubricant or abrasive according to the conditions of the system [104].
Then, as it was mentioned before, these tribofilms behave as a third body, which in turn is
exposed to mechanical deformation and chemical reaction. In addition, this layer modifies
the velocity between the bodies in contact and also affects the distribution of the force
thus the wear rate, among others. Consequently, the way to address the study of the
fretting corrosion phenomena is through the third body concept.

2.3.2 Two body models

The first fretting model was proposed in 1954 by Uhlig [115], equation (9). In this model,
total wear depends of: Firstly, the chemical wear corresponding to the first two terms
related to the weigh lost by removing the oxide layer which is rebuild due to the chemical
action. Secondly, mechanical wear, that corresponds to the third term, which is the weight
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lost because of the ploughing action. Uhlig’s model depends on number of cycles (C),
frequency (f), amplitude of displacement (1) and normal load (Fn) [115].

Vp = (koLFy'/? - k@)% + kylFyC 9)

Later, in several works carried out by Mischler et al. [58], [61], [62], [114], [116], [117] a
similar Uhligh’s concept was followed. For tribocorrosion systems in absence of a third
body, a mechanistic approach describing the total wear volume as the addition of the
mechanical (Viech) and chemical (Vehem) wear (equation 10) was proposed [118].

Vi = Venem + Vinec (10)

For this mechanistic approach, mechanical wear is related to the material removed by
mechanical action. V.., follows Archard’s law (equation 11) and it can not be directly
measured through experiments [99].

F
Vinech = Klvs?N (11)

Here, V;j,ocp is proportional to the sliding velocity v, the normal force Fyy and and inversely
proportional to the hardness H. The wear constant is defined as Kj.

Chemical wear is defined as the material lost by wear-accelerated corrosion; it takes into
account material removed from the passive layer and from the substrate. A passive metal
under tribochemical conditions, suffers a material loss by the mechanical action but also a
material loss caused by the depassivation processes. When the mechanical action removes
the passive layer, the underlying metal in contact with the environment repassivates.
Under this context, wear induced depassivation and repassivation processes together with
the corrosion outside the area of contact increase the material loss [117]. The material
volume loss by the chemical action is calculated through Faraday’s law as shown in
equation 12, where, M corresponds to the atomic mass of metal, n is the oxidation number
of the metal , F is Faraday’s constant and p is the metal density. In tribochemical systems, I
corresponds to the anodic current registered during rubbing [114].

IM

Vehem = E (12)

This approach have been developed in several works [99], [114], [117], [119]-[122]. In
those works, the dependence of the wear rate and the coefficient of friction on the applied
potential (cathodic and anodic) has been proved. Under anodic conditions, wear rate
increased and a thick third body was generated when compared to the cathodic
conditions, in which the particle detachment was lower thus the third body film was
thinner.

Cao et al [121], [122] proposed a tribocorrosion model including the lubrication
phenomenon which was successfully applied to tribochemical degradation in the sliding
system found in hip joint implants, specifically in the acetabular cup/femoral head
junction. This model considered lubrication effects in the joint; wear accelerated corrosion
and mechanical wear caused by the plastic deformation of the asperities. Then, the total
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wear is calculated by expression (13) where lubricant properties like viscosity of solution
(n) and density (p) are considered. Mechanical parameters as the effective radius of
curvature (R"), Young’s modulus and effective Young’s modulus (E and E’, respectively),
harness (H) are used. kyecpn and kopem represent mechanical and chemical wear rate,
respectively. While considering that these processes affect passive metals, this estimation
considered the electrochemical effect on the passivation and depassivation process under
sliding conditions in the terms of (Qp) passivation charge density, atomic mass, oxidation
valence (n) and Faraday constant (F).

V k (E)O.6556 ) (Fn)1.3129(vs)0.0315 MQP(E,)O.3278 ) (Fn)0.6565(vs)0,5158
T — "mech ,0.9685 (R))11473y chem nFpn04843 (R')0573705

(13)

2.3.3 Third body models

A mechanistic approach for tribocorrosion systems in presence of a third body layer was
proposed by the model of Guadalupe et al [62]. This model was developed for third bodies
produced under sliding conditions at high temperature pressurized water.

The material affected by wear and wear-accelerated corrosion is based on mass balances.
The system is defined in terms of compartments, which represents the bulk material, the
third body and the material worn from the contact.

Four compartments were defined: Firstly, C1 is material from the substrate, which consist
of material from the bulk and the oxidized material from passive layer. The material
removed from this compartment by wear and wear accelerated corrosion feeds the third
body. Subsequently, this layer is made of compartment C2 and compartment C3. C2
represents the oxidized material in the third body, which is feed from the substrate and
from the metallic material in the friction film becoming oxide due to the contact with the
electrolyte. From this compartment the material is ejected to the electrolyte. Likewise,
compartment C3 is the metallic material that came from C1 and got trapped in the contact.
As mentioned before this layer is exposed as well to mechanical and electrochemical
action. As a consequence this layer is corroded, deformed and worn. So, at initial states it
is considered a dynamic system that reaches after a while the steady state. Finally, C4
corresponds to material ejected from the friction film to the liquid media, those particles
in the electrolyte can be redeposited and integrated to the third body layer, see Figure 2-5.

Guadalupe et al [62] also proposed, mass balances for each compartment as described in
equations (14) to (17). The mass (My) is defined as a function of time (t) and it is
correlated through the material flows described in equation 18 to 21. These material flows
are the dynamic path through which the material go from the base material to the third
body and from there to the electrolyte.
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—» Material flow

Metal

Figure 2-5. Material compartments and material flows relation of a system under
tribocorrosion conditions where a third body layer is formed experimentally under in high
temperature pressurized water, adapted image [62].

M (t) = —t(¢1 + ¢2) (14)
_ —CK¢ _ —tK¢4
My(©) = (¢ +22) oy + 19, + (0, (15)
¢s ba

_e Ko
M3 (t) — (161{—5)% (16)

¢s

_ —tK¢
M4(t) — (131{—4)‘% (17)

b4

Those material flows are related to the third body formation. Equation (18) describes the
first flow ¢4, which corresponds to the metal being detached from the substrate according
to Archard’s low. Secondly, the oxidized particles from the substrate feeding the third
body are the second flow ¢, in equation (19) that in turn, follows a wear-accelerated
corrosion expression. In addition, equation (20) defines the third flow ¢3, which
corresponds to the material ejected from the friction film. Finally, flows related to re-
deposition ¢, in equation (21) and to the oxidation of metallic material ¢5 inside the FF,
described by equation (22)) are considered as well [62].

1
¢1=K¢1'pmetal'a'FN'vs'; (18)

28



Mmo Fn\%°
B2 = Ky, - 222t - Q- (1) (19)

H
b3 = Kp, * Poxige " Fn " Vs " Tox (20)
b4 = Kp, " |M’], (21)
b5 = Ko+ [M°] (22)

Consecutively, flows are described in terms of [62]: normal force (Fy); sliding velocity
(vs); micro-surface hardness (H); oxidation valence (n); passivation charge density (Qp);
Faraday constant (F); atomic mass (Mmo); stoichiometric ratio metal/ oxide, rox; metal
concentration in the electrolyte IM°l,; metal concentration in friction film IM°l; as well as
metal and oxide density (pmeta and poxide, respectively); Ky and Ky .as wear coefficients;
and Ky, Ky, and Kg. o which are proportionality constants. Finally, the attenuation factor
(a) is considered as well in this work, as the possible lubricating or abrasive influence of
the friction film on the tribochemical response of the system.

This model provided the basis for mathematically quantifying the wear volume under
sliding conditions in presence of a third body layer.

2.3.4 Third body In-Vitro evidence. Observations

A fretting corrosion test was done to evaluate the tribochemical behaviour of
Ti6Al4V /Al;03 couple used in hip joint modular implants. Observations about wear tracks
revealed a third body layer similar to those found in retrieval implants Figure 2-6 [58].
The used parameters, wear rate, current, coefficient of friction among other results are
complete and well described.
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Figure 2-6. Third body layer from In-Vitro Test from a ball on flat configuration system. Conditions:
Ti6Al4V /Al,O; , adapted image [58].
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Barril et al [57], [58] found the influence of critical electrochemical and mechanical
parameters on the wear rate under fretting-corrosion, which means on the third body
evolution. For the described Ti6Al4V/Al;03 couple, potential, frequency, load, amplitude
and stiffness influence were evaluated through the response of the system in terms of
wear volumes, current and friction coefficient.

Clearly, Barrill et al [57], [58] found a strong effect of the electrochemical conditions on
wear volume. Several tests were done with different potential, load, oscillation frequency,
and displacement. Degradation was higher when load, sliding velocity and oscillation
frequency was increased while the system was under anodic potential and gross slip
regime. In turn, this degradation corresponds to higher currents registered during the test.

2.3.5 Ti6Al4V and CoCr under fretting corrosion tests

Tribochemical effects on passive metals correspond directly to the wear of oxidized and
fresh material. Furthermore, intrinsic mechanical and chemical material properties affect
the degradation response.

Material performance can be measured through total wear. Electrochemical answer can be
monitored through the evolution of the OCP and current, while the mechanical response
from the elastic accommodation and effective displacement observed in fretting loops.

As a passive material, under fretting corrosion condition, there is a drop in the open circuit
potential once the movement starts as a consequence of material depassivation. This
behavior is reported in works as the Baxmann et al [123] study, where samples of Ti6Al4V
where evaluated under fretting conditions at frequency of 1Hz, several normal loads (25N,
50N, 100N and 250N) and displacements (10 um, 25 pum and 50 um). Gross slip and
significant wear was observed from 50 pm for any load.

Similarly, increments in currents are registered once the movement started, which is the
case of the Ti6Al4V/Al;03 couple evaluated by Hiromoto et al [124], to understand the
influence of collagen and albumin on the fretting-corrosion performance. Conditions
imposed were: normal load of 10 or 30N were applied, at frequency of 1Hz, amplitude
displacement of 100 pm and applied potential of -1V and 0.5V. They found none effect of
the albumin and small effect of the collagen on the mechanical and tribochemical answer.
Wear-accelerated corrosion was attributed mainly to the potential applied and the normal
load.

Diomidis et al [125] evaluated several 8 Ti alloys under fretting condition at normal load
of 10N, amplitude displacement of 100 pm, frequency of 1Hz, at 2V vs MSE in Hank’s
balance solution with additions of bovine serum albumin, hyaluronic acid sodium salt
from streptococcus and dipalmitoylphosphatidylcholine. In general, the predominant
regime was gross slip. During a 3600s, wear volume registered was between 1,2 x 10-3 and
1,9 x 103 mm3. They found through the OCP and current evolution that repassivation
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phenomena are a function of the alloy composition. In this case they did not found a
significant effect of the additives on the electrochemical behavior, but the major influence
was on the mechanical wear.

Swaminathan et al [106] carried out fretting corrosion test in Ti6Al4V/Ti6Al4V in
phosphate buffered saline solution. Loads from 0.5 N to 50N were applied, frequency of
1.25 Hz and amplitude of 50 um. Potentials were applied according to the couple and for
Ti6Al4V/Ti6Al4V it was -100mV. Increments in current were registered until values of
20N-30 (166 MPa). From this point a change in the fretting regime was registered as it
was reported in several works cited above [57], [58], [123], [126].

Studies of fretting corrosion of CoCr alloys are scarcer compared to Ti alloys. Concerning
the fretting corrosion behavior of CoCr/CoCr couples, Swaminathan et al [106] found
currents which reached 1.2 mA/cm2 at -100mV. Even though there was also a current
drop, this occurred at higher contact pressures, so the fretting regimes change. It means
that gross slip regime remained until 650 MPa of contact pressure.

Ocran et al [127] carried out fretting-corrosion experiments in a pin-on-disc equipment
for CoCr/CoCr couple at OCP. Normal load applied was 330N, frequency 2 Hz and a wear
path of 1mm. Results were compared with dry condition. A decreasing in the wear and
third body layer were observed. However, in this study electrochemical behavior is not
described for experiments carried out in liquid.

In all cited studies for Ti alloys, friction films were observed in the wear track.
Tribochemical experiments have been used to model the third body phenomena and for
analyzing electrochemical effects on the degradation based on this approach.
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3

Objectives and strategy

As was discussed previously in the introduction, several degradation mechanisms have

been proposed to explain those findings without reaching a general consensus about all of

them. Deterioration mechanisms proposed include: pitting, hydrogen embrittlement,

galvanic coupling, crevice-corrosion, and fretting corrosion, with the latter being the most

widely accepted as the main cause. In consequence, considering the available information

in the literature about the role that each of these degradation mechanisms plays in the

modular hip joint implants, it can be conclude:
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For hydrogen embrittlement or pitting-corrosion no evidence have been found of
their occurrence in modular hip joint configurations in In-Vitro scale. Furthermore,
it is unlikely that the specific electrochemical conditions required for those
mechanisms to take place are fulfilled in modular hip joint implants.

In addition, the electrochemical characteristics inside the body are not still well
understood, which limits the comprehension of the role that mechanisms such as
galvanic coupling plays. However, to explain the main findings in retrieval
implants, this lack on the knowledge can be overcome by the fact that metallic ions
in the blood and tribofilms have been found also in configurations where the
femoral neck is ceramic.

Several hypothesis about crevice-corrosion occurrence in modular implants
configuration are not yet clear. Even though the geometrical configuration of
modular implants fit the conditions for crevice-corrosion, several studies carried
out using biomedical alloys have found that crevice-corrosion occurs only under
high temperature conditions (for Ti) or high concentration of halides. Following
this reasoning, it is questionable weather that aeration cells can be established for
biomedical alloys under modular configurations. Finally, according to the specific
geometrical and electrochemical conditions needed for crevice-corrosion to take
place, a systematic study on modular hip joints that evaluates several chemical and
electrochemical situations under a well controlled geometry is required.

As mentioned earlier, fretting-corrosion mechanism is known to occur in
tribological contact exposed to a corrosive solution such as body fluids under
chemical and mechanical conditions. However, the effect of the parameters
involved in the degradation caused by this phenomenon is not completely



understood. The elucidation of the key parameters to predict wear rates
contribute to the understanding of modular hip joint implants degradation.

* Finally, theoretical approaches to be used as a prediction tool for degradation
occurrence (in this case the crevice-corrosion) are needed.

3.1 Goal

The main goal of this work is to assess the degradation mechanism responsible for
Trunnionosis through a systematic approach. The focus will be on the two most probable
causes namely fretting-corrosion and crevice-corrosion. In addition, this study addresses
the parameters that influence the tribofilm build up which constitute the main evidence
found in modular hip joint degradation.

To meet the proposed goals, this work splits in two research focus: i) crevice-corrosion
occurrence in modular hip joint implants configuration and ii) fretting-corrosion and the
parameters interfering in the third body build up.

i) Crevice-corrosion approach

The crevice-corrosion study aims at assessing the occurrence risk of this degradation
mechanism in modular hip joints. For this, following tasks are performed.

* To design a system that allows evaluation of several chemical and electrochemical
conditions in a configuration imitating the geometrical configuration on the
femoral head/neck junction.

* To determine experimentally under which conditions, such as pH and potential,
crevice-corrosion can occur in modular hip joint implants configuration.

* To validate the applicability of the IR-Voltage model to crevice-corrosion in
modular hip joint implants configurations.

ii) Fretting-corrosion approach

* This fretting-corrosion investigation aims at developing for the first time a
predictive model for characterizing fretting-corrosion wear based on the concept
of the third body in hip joints through the understanding of specific chemical and
mechanical degradation phenomena and relevant parameters. For this, the work
will be organized around the following axes:

* To obtain third body layers under different electrochemical conditions in order to
characterized their properties.

* To propose a physical model to explain third body build up in order to explain
degradation under fretting-corrosion conditions.

* To determine the mechanical compliance effect of the third body on the system.

* To integrate the main electrochemical and mechanical parameters in the
development of a model to explain fretting-corrosion degradation.
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4

Crevice-corrosion

Previous studies lack of a clear explanation on whether or not crevice-corrosion
phenomenon occurs in hip joint implants. In particular, questions have been raised
about susceptibility of the specific geometry of modular implants to crevice-corrosion as
well as electrochemical and chemical conditions that have to be satisfied for crevice-
corrosion to occur. Furthermore, the use of existing theoretical tools to predict crevice-
corrosion can contribute to clarify the possible degradation of modular hip joint under
this phenomenon.

As a consequence, in this chapter an experimental approach is proposed to clarify under
which geometrical, electrochemical and chemical conditions, crevice-corrosion can take
place in modular hip joint implants configuration.

4.1 Crevice-corrosion experiments

To evaluate the electrochemical and chemical conditions required for crevice-corrosion
to occur, a geometrical configuration was designed to mimic a femoral head/neck
junction, where the femoral head is made of a ceramic and the femoral neck is made of
Ti6Al4V or CoCr alloy. The configuration offers the advantage of having one non-
reactive material in the crevice, which means that the electrochemical signals obtained
from the trunnion can be isolated to understand their origin.

Samples with this configuration were evaluated under several electrode potentials and
two different solution conductivities. After the experiments, surfaces were examined for
evidences of crevice-corrosion.

The experimental set-up is composed of: i) metallic and ceramic samples; ii) the
electrochemical cell to control and measure the electrochemical evolution of the system;
iii) the electrical assembly and iv) data acquisition adapted to this configuration.

All samples to mimic femoral head/neck, were produced by Atelier de l'Institut des
matériaux at EPFL.
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4.1.1 Materials

To produce trunnion and head samples, real femoral neck and head were characterized.
From the real trunnion (also called taper), characteristics such as diameter, length and
surface topography were measured (See Table 4-1). A surface thread was done in the
taper Table 4-2 shows. From this pattern, peaks, valleys and the amplitude between the
peaks were measured and presented in Table 4-1.

Taper samples were made as similar as possible to the real trunnion part. Materials
used to make the taper samples were Ti6Al4V and CoCr low carbon alloys.

Small differences were found between the thread made in the sample compared to what
was measured in the real trunnion. This may correspond to the tolerances of the
machining process. However, these differences should not affect the results of the test.
Table 4-1 presents the average of 5 measurements of Rc (Mean height of profile
elements) and Rq (Root mean square deviation) values. Amplitude between the peaks of
the thread was also measured. This surface characterization was performed using a
Laser Scanning Confocal Microscope, Keyence VK-X200 Series 3D. Data analysis was
done through the software MultiFileAnalyzer 1.3.0.115. Besides, profile measurements
were done with a profilometer UBM Messtechnik, GMBH

Table 4-1. Dimensions and thread profile on trunnion surfaces

Material/ Length Initial Rc Rq | Amplitude

(mm) diameter
Ty (pm) (pm) (nm)
Real Taper 13 12 29 5.7 215+ 10
Sample 13 12 20 4.6 265+ 10

The bottom part of the sample was designed with a cylindrical shape, which is not the
case for the real piece (see Figure 4-1a-b). This cylindrical part remains outside of the
taper/bore interface and increases the area of the cathode, which in turn enlarges the
cathode/anode ratio.

In addition, in this cylindrical part, an internal hole was made to ensure the electrical
connection as shown in Figure 4-1b. To reproduce the thread on the surface of taper
samples, the pattern should end at the same level as the trunnion finishes and changes
to a cylinder. Thus, the length of the surface pattern corresponds to the length of the
bore creating the crevice, as occurs in the real case. Pattern profile is shown Table 5.2.

Metallic samples were rinsed with water, cleaned in an ultrasonic bath in two steps.
Firstly, acetone was used to eliminate traces of grease from the machining. Secondly,
samples were cleaned using ethanol.
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b
Trunnion/
Taper
End of thread
Electrical
connection

Figure 4-1. Trunnion thread on a) real piece and b) sample

In parallel, a real femoral head was taken as model, no particular surface pattern is
observed in the bore. From this modular piece, depth and cavity were reproduced as
observed in Figure 4-2. Material used to reproduce the bore inside de femoral head was
MACOR®. This material is a glass-ceramic composite composed of 55%
fluorophlogopite mica and 45% borosilicate glass. MACOR® was chosen because of its
machinability. For the conditions used in this work, the weight loss is expected to be
insignificant at pHs used.

Figure 4-2. a) Real femoral head and b) ceramic sample mimicking the bore

Two cylindrical openings were created on the ceramic sample, through which the
electrolyte can pass. Those points were used to measure potentials at different heights
of the trunnion.

Ceramic pieces were cleaned with water and soap to eliminate impurities. Next, they
were immersed in ethanol in an ultrasonic bath during 1 hour, and dried with
compressed air.
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4.1.2 Cell configuration

To complete the system an electrochemical cell made of Poly-(Methyl Methacrylate)
(PMMA) was designed. Dimensions of the cell are given in Figure 4-3. The internal
diameter of the cell coincides as closely as possible with the external diameter of the
ceramic head to decrease the electrolyte leak. In addition, three O-rings are positioned
between the ceramic head and the cell to seal the contact and avoid leaks.

/_> Qexternal = 50mm

Qinternal =24mm

Figure 4-3. Crevice-corrosion cell

Three different potentials can be registered under this configuration. The first one
corresponds to the central reference electrode, which measures the difference in potential
between the reference and the working electrode. This central reference electrode (CRE)
is located outside of the crevice, on the surface. Second and third potentials can be
measured at two different heights of the trunnion, once the cell is assembled. The purpose
of those measurements is to register the potential drop along the crevice.

As Figure 4-4 and Figure 4-5 show, the cell has two cylindrical lateral openings, which are
aligned to the holes made in the ceramic head and connect with them through small
channels. Their purpose is allowing to measure the potential of the metallic taper at
different heights once the cell is assembled.

Heights where potentials are measured in the metallic taper length are shown in Figure 4-
4. Position 1 corresponds to registered potentials at the highest point in the trunnion (4.5
mm from the tip of the crevice mouth), reference electrode used here was called as RE1.
Position 2 is related to the deepest point where potential was measured (10mm from the
tip of the crevice mouth) with reference electrode RE2.

Two covers complete the cell. One of them is located in the bottom part to align pieces and
to close the cell using screws. The top cover avoids evaporation of liquids and its openings
help to position the electrodes, see Figure 4-5. Silicone taps were inserted in those
openings to decrease evaporation once the electrodes were installed.
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Figure 4-4. Lateral reference electrodes position respect to the

cone length

Working

electrode Reference

connectio electrode (2)

Central
Counter . Reference
electrode
58 electrode

Reference

electrode (1)

Figure 4-5. Crevice-corrosion cell cover

To carry out each experiment the cell had to be assembled. Every ceramic head was
introduced in the PMMA cell. The alignment and the bottom closure must be ensured to fill
the cell with the electrolyte. Once the liquid level of the lateral openings and in the ceramic
head is the same, the metallic cone was positioned.

To reproduce the fixation made in a normal surgery, every metallic cone was hammered
twice with an average force of 300 (N). The counter electrode and the three references
electrodes were positioned as well as the working electrode connection as Figure 4-6
shows.

All experiments were carried with Ag/AgCl reference electrodes. All electrodes were
calibrated with respect to the central reference one. A platinum wire was used as a
counter electrode; this electrode was surrounding the working electrode outside of the
crevice and its area was 38 mmz2.

To corroborate if crevice-corrosion conditions can be produced in the modular femoral
head/neck junction, the validity of this experimental approach was based in crevice-
corrosion tests carried out on samples made of stainless steel - FeCr15%. The sensitivity
of this alloy to crevice-corrosion conditions has been demonstrated in previous study by
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Stemp et al [120]. In consequence, metallic trunnions of this material were evaluated
under the configuration proposed in this work.

RE1
CRE
a RE2
Working
electrode
Water Top cover
level
Ceramic Counter
head lectrod
inserted electrode
in the cell

Figure 4-6. a) Taper and bore samples assembled b) Crevice-corrosion cell assembled

Geometrical considerations

Trunnion angle and the bore angle are defined in Figure 4-7. Angle mismatch between
those pieces was kept positive as it is recommended for ceramic femoral heads and

metallic trunnions.

@ =14mm

13m
N @ = 12mm Angle:

Angles: Head: MACOR: 5.65°
Cones: Ti6AI4V/CoCr: 5.63°

Figure 4-7. a) Design and b) assembly of metallic taper and ceramic head samples.
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This angle mismatch creates the gap, which is localized at the tip of the cavity (wider

distance), decreases along the length of the cone and disappears where the two pieces are
in contact. The gap considered in the model was the widest.

The initial gap between the metallic and the ceramic cone was defined, as the difference in
angles of the two cones as Figure 4-8 and the following calculations show:

L, i

L)
i
- J

(SR ——

Ceramic head

Figure 4-8. Gap geometry
Where,

= [ * tan(5.63°)

(23)

L, =l xtan (5.65°) (24)
g=L,— L (25)

In this configuration, initial [ value is 13mm. So, the initial gap is about 4.6um (0.029),
which is inside of the tolerances from current trunnion designs found in literature [17]

To mimic the insertion procedure followed during a normal surgery, each metallic cone

was hammered into the ceramic piece. Consequently, the initial gap was reduced because
of the elastic deformation of the metallic piece and the plastic deformation produced in the
peaks of the thread, represented in Figure 4-9.

/*> Position 1

Position 1
~ > Position 2

Ceramic head

This ga
Ceramic head §ap
Figure 4-9. Scheme about the taper displacement and gap change a) initial position and b) after

being hammered
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modification was analyzed for its possible impact on the system; the ohmic drop in the
crevice is inversely proportional to the dimension of the crevice gap. This in turn affects
the current distribution and therefore the critical distance for having crevice corrosion
[47], [69].

Taking this effect into account, the displacement of the metallic cone inside the ceramic
had to be measured to define the new length Li* and in consequence the final gap. For this
purpose 6 insertion tests were done using the three alloys assessed under crevice
corrosion configuration for implants. The initial and final (after hammering) height of
these two pieces assembled was measured and through a simple geometrical analysis the
new gap was defined.

4.1.3 Electrical assembly and data acquisition

The set-up designed for crevice-corrosion experiments is able to measure and acquire
data for six cells simultaneously. Data acquisition system was designed to collect potential
and current over time.

Potential was applied using an AMEL Potentiostat-Galvanostat (model 549, max. voltage
output 10V-12V). From the experiment design, the system had to be able to collect the
following data:

* Applied potential: corresponds to the measured potential between the working
electrode and the central reference electrode.

* Potential 1: Refers to the measured potential between the working electrode and
the lateral reference electrode 1 at position 1.

* Potential 2: corresponds to the measured potential between the working electrode
and the lateral reference electrode 2 at position 2

* Current: Potential between the counter and working electrodes was measured. A
resistance was installed in order to collect directly the current value.

The internal resistance of the instrument, the solution resistance and the external
resistance of the circuit were considered. For Ti6Al4V and CoCr configuration, the value of
the external resistance used was 200 K, which gives a precision of 20puA in the
measurement. For SS FeCr15%, the external resistance used was 10 , which allowed
registering the high current values for this system. However, the precision of the system
was compromised and reduced to 10mA.

The diagram in Figure 4-10 describes all the connections from the potentiostat to the cells
and from the cells to the board installed in a Macintosh PowerMac G4.
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Connectors/Board Position

1.
2.

Green: CE-Board
Red: External resistance —
Board

3. Black: WE- Board

4. Yellow: RE central — Board
5.

6. White: RE2 — Board

Blue: RE1 — Board

é 0@ O¢
Cell

Cell/Connectors

Red: Cell -External
resistance

Black: WE- Board

Yellow: RE Central - Board
Blue: RE1 — Board

White: RE2 — Board

Figure 4-10. Diagram describing potentiostat-cell-board connections

The model used for the card board was NI-6031E from National Instruments with 32
channels in differential, a resolution of 16bits, a maximum frequency of 100kS/s and an
input range of + 0.5V. All the data was collected through a software LabView version 5.1
adapted to the system. Figure 4-11 all the system assembled and working.

Figure 4-11. Image of the Crevice-corrosion test set-up

4.1.4 Chemical conditions

For the crevice-corrosion experiments on Ti6Al4V and CoCr alloy, NaCl 0.9%wt was
chosen as electrolyte to avoid the effect of the solution resistance and include de CI- ions.
At this liquid composition and two pHs of 2.3 and 5.6 were tested. The former pH was
adjusted by addition of HCl 0.1M. Solution conductivities are given in Table 4-3. For
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experiments where the material evaluated was the SS Fe15%Cr, a sulfuric acid solution
0.05M was used to guarantee the control of crevice corrosion growth.

Table 4-3. Solutions conductivities

NaCl, pH 2.3 1.71E-02
NaCl, pH 5.6 1.40E-02
H2S04 0.05M 2.83E-02

To analyze different electrochemical conditions, two different potentials were applied for
each pH. To select the applied potentials and to characterize the anodic, cathodic and
active zones, polarization curves for the three materials were measured using a typical
three electrodes configuration in all solutions at a sweep rate of 2mv/s. Potential ranges
studied for each material are indicated in Table 4-4.

Table 4-4.. Potentials scanned and solution pH used for polarization curves

CoCr 2.3
-1.5-1.5

5.6

NaCl 0.9%wt

Ti6Al4V 2.3
-2.0-2.0

5.6
FeCr 15% H,S04 0.05M 1.5 -1.2-1.5

Passive potentials were imposed to ensure the oxide layer formation. Potentials where the
oxide layer was not stable were also considered.

Ti6Al4V and CoCr were tested under crevice-corrosion conditions during 4 weeks. For
each potential and pH, two cells for every material were evaluated. Daily, solution
evaporation was checked and liquid adjustment was done at the top of the samples but
also in the channels that connect with the crevice.
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4.2 Results

4.2.1 Crevice-corrosion of Stainless Steel - FeCr15%

In the polarization curve presented in Figure 4-12, an active-passive transition is observed
around -0.3V(Vag/agc). Accordingly, potential chosen for crevice-corrosion experiments
was 0.5V(Vag/agal). At this potential the Stainless Steel (SS) FeCr15% forms a passive layer
on the surface.

1.5
20

-3.5

Log i (A/em?)

4.0
4.5
-5.04

-5.54

T T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Potential applied (V)
Figure 4-12. Polarization curve of SS FeCr15% in H,SO,4 0.05M solution

Crevice-corrosion experiments using FeCr15% samples were limited to a maximum
duration of 2 days due to the high degradation level reached during this time.

Figure 4-13 corresponds to the potential and current evolution of crevice-corrosion test
carried out for less than 20 hours. A potential drop of approximately 1V inside the crevice
(RE 1 and RE2) compared to the applied potential (CRE) was registered since the
beginning of the experiment. Small increases and instabilities of the potential are
registered, even though, no significant changes are observed in the current evolution.
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Figure 4-13. Potentials and current evolution of stainless steel FeCr15% sample under crevice-
corrosion configuration during 18 hours. Potential applied: 0.5V (Ag/AgCl), Solution used: H,SO,
0.05M
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Crevice-corrosion spots were observed on the thread pattern (Figure 4-14). Those areas
correspond to the initial points where material dissolution occurred. However, even if the
extension of the damage during the test was not enough to provoke a notable increase in
the current, crevice-corrosion takes place. Small areas affected by crevice-corrosion in
Figure 4-14 were located around 1mm to 1.5mm from the top of the crevice.

Figure 4-14. Stainless steel cone after 18 hours of test a) cone, b) crevice-
corrosion microscope image 10x, c) profile of the defect.

Afterwards, samples were evaluated during 32 and 38 hours. Figure 4-15a corresponds to
the potential and current evolution of a sample evaluated under crevice-corrosion
conditions during 32 hours, which is shown together with the linear polarization curve.
During the first five hours, a potential drop of approximately 1V inside the crevice (RE 1
and RE2) appeared with respect to the applied potential (CRE). Subsequently, both
potentials increase and stabilized around -0.2V, which corresponds to the active region as
observed in the polarization curve in Figure 4-15b.
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Figure 4-15. a) Potentials and current evolution of stainless steel FeCr15% sample under crevice-
corrosion configuration during 32 hours. Potential applied: 0.5V (Ag/AgCl), Solution used: H,SO, 0.05M,
b) Linear polarization curve.
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As consequence, material dissolution at this potential takes place inside the crevice as

observed by the corrosion damage in Figure 4-16, which leads to current increase,
represented by the green line.

A big crevice corrosion defect was found when the contact was opened, this crevice is
placed in the proximal area of the taper-bore configuration (Figure 4-16 a-d). The pH of
the bulk solution increases from an initial value of 1.5 to 3.0 at the end of the experiment.
This can be associated with the precipitation of oxide particles in the solution that was

observed at the end of the experiment. The limited oxygen transport at the bottom of the
crevice can vary with the reduction of the proton (water).

A linear surface profile of the taper was measured to characterize the depth and location
of the crevice corrosion (Figure 4-16b). In this profile, the inclination was inverted in the
sample holder, in order to cover a major part of the sample. Therefore, a green circle
marks the conic part (taper) while the upper part corresponding to the cylinder (outside
of the crevice) will be in black. A drop can be noticed in the profile at 1.5 - 2 ¢cm in the
proximal distance of the contact. This distance can be defined as the critical distance

where crevice-corrosion is going to take place. Figure 4-16¢ and d show details of the
damage in the crevice.
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Figure 4-16. Crevice corrosion in FeCr15% taper evaluated during 2 days under crevice-corrosion conditions. a)
taper, b) surface profile measured using a UBM scanning laser telefocus profilometer, c) crevice-corrosion
defect and d) defect profile measured using a laser confocal microscope, Keyence VK-X200 Series 3D
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Crevice-corrosion degradation occurs in sample evaluated during 38 hours in a less
extended surface area with respect to sample tested during 32 hours. This difference in
the damage can be observed in Figure 4-17.

Figure 4-17. Severity of crevice - corrosion degradation on FeCr15% taper in H,SO,
0.05M at 0.5V (Vag/agcl) @) Sample 1 (after 18 hours), b) Sample 2 (after 32 hours)
and c) Sample 3 (after 38 hours)

Differences in the level of deterioration can be explained by the potentials measured by
RE1 for sample 2 and 3. Contrary to the sample 2, in the experiment carried out during 38
hours, potentials registered by RE1 were lower than the potential applied but higher than
the potentials from the active domain, during the first 15 hours as shown in Figure 4-18.
After, potentials registered in position 1 decreased to reach active values leading to
material dissolution.
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Figure 4-18. a) Potentials and current evolution of stainless steel FeCr15% sample under crevice-
corrosion configuration during 38 hours. Potential applied: 0.5V (Ag/AgCl), Solution used: H,SO,4
0.05M, b) Linear polarization curve.

Moreover, values registered by RE2 for sample 3 are different of those registered for
sample 2. In the later case, potential initially dropped almost 1V compared to the potential
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applied, however, after 10 hours, this potential increased to more positive values close to
the upper limit of the active-passive transition.

Difference in potentials measured between samples can be associated to changes in the
position of the RE1 and RE2 with respect to the location where the crevice-corrosion is
happening. This difference in the height and potential is a direct consequence of the
variation in hammering force during the insertion process.

Current evolution of sample 3 shows stability during a period of 28-30 hours, even
though; a slighted increasing though stable rising trend was noticed. Afterwards, current
values increased dramatically, which indicates that to initialize crevice-corrosion,
potential drop inside the crevice is independent of the current.

Figure 4-19 shows the crevice-corrosion failure in detail for sample 3. Here it is evident
that damage has extended from the initial spots around the diameter of the trunnion and
has created deep holes as Figure 4-19c -d show.

269.799um
C. g

A -300
385,547 0. X ety . | -349.474

Figure 4-19. Crevice corrosion in FeCr15% taper 2 evaluated during 40 hours under crevice-corrosion
conditions. a) taper, b) crevice-corrosion defect, c) and d) zoom in big defects

Finally, the end of the trunnion sample was examined to check if there was any crevice-
corrosion at this height. No significant deterioration was found in neither of the two
samples. From Figure 4-20a and b show the microscope image and 3D surface topography
of the taper end after the test.

From the profile of the thread surface it can be noted that peaks are lower compare to the
profile shown in Table 4-1 where a comparison was made between real taper and the
designed sample before the experiments. This corresponds to the degradation of peaks
during the insertion process.
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Figure 4-20. a)

hours test, in H2SO4 0.05M at 0.5V(Vag/agci)-

4.2.2 Crevice-corrosion behavior of CoCr

From the polarization curves measured in solutions with pH 2.3 and 5.6, it is seen that
CoCr exhibited a clear plateau (Figure 4-21a and b) where the oxide layer is stable.

Crevice-corrosion experiments for CoCr alloy started with the most conductive solution.
Two potentials were chosen: -0.1V (Vag/aga) that corresponds to the anodic region where
the material is passive, and 0.5V (Vag/agc), where the oxide layer is unstable.

Because no noticeable effects were found in the experiments carried out in acidic solution,
one single electrode potential, -0.1V (Vag/agc1), was used for performing tests in the
solution with pH of 5.6.
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Figure 4-21. Polarization curve of CoCr alloy in NaCl 0.9% a) pH 2.3 and b) pH 5.6.

Figure 4-22 represents current and potential evolution of CoCr under crevice corrosion
conditions in pH 2.3 under passive condition. In this case, after 30 days, no significant
difference in potentials along the taper distance was registered. Values measured from
RE1 and RE2 were almost stable during the whole experiment and very close to the
applied potential.
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Figure 4-22. Potential and current evolution with time for CoCr in
crevice-corrosion configuration in NaCl 0.9%wt pH 2.3. under -0.1V

Furthermore, low current values were registered during the entire test. Some fluctuations

lower than 0.1 pA were measured, which can be attributed to small potential variations on
the electrical system.

For crevice-corrosion experiments carried out at 0.5V no obvious potential drop was
measured as Figure 4-23 shows. Potential difference between the potential applied and
those registered by RE1 and RE2 do not exceed 20mV.
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Figure 4-23. Potential and current evolution with time for CoCr under crevice-corrosion configuration in
NaCl 0.9%wt pH 2.3. Potentials applied 0.5V (Vag/agci)-

At the very beginning current values were high due to the initial passivation. But they
quickly stabilize at values lower than 0.1pA until the end of the experiment. Some
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variation were detected and can be attributed to system fluctuations as they are much
lower than those registered for depassivation.

In both cases, for passive and transpassive domains, potentials on the surface and inside of
the crevice are almost equal. This leads to the conclusion that the electrochemical cell
between the surface and the crevice, which is needed to generate crevice-corrosion, was
not established.

A similar result was found in the experiments carried out in NaCl 0.9%wt with pH 5.6 as
Figure 4-24 shows. Potential difference between the surface and RE1 and RE2 were very
small (less than 20mV) during the entire experiment.

Small variations in current (lower than 0.2uA) were recorded, positive and negative peaks
are abrupt but they recover to stable current. These variations are also attributed to
normal fluctuations of the system.
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Figure 4-24. Potential and current evolution with time for CoCr under crevice-corrosion configuration
in NaCl 0.9%wt pH 5.6. Potential applied -0.1V (Vag/agci)-

Once the test was finished after 30 days, the contact was open for all the samples. None of
them presented any defect or damage related to crevice corrosion. As Figure 4-25a and b
can corroborate, no significant change was found on the samples.

The thread finishing and the surface in general did not suffer alterations by crevice-
corrosion. However peaks heights are again different from the profile before testing. This
is because of the insertion of the metallic taper by pressure.
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Figure 4-25. a) CoCr taper b) surface image and c) surface profile after 1 month under
crevice-corrosion conditions. Potential applied -0.1V (Vag/agc). Solution NaCl 0.9% pH 2.3

4.2.3 Crevice-corrosion behavior of Ti6Al4V

Polarization curves carried out for Ti6Al4V in NaCl 0.9% pH 2.3 and 5.6 (Figure 4-26a and
b) show almost the same large potential range where this alloy is passive. Therefore,
passive potentials as 0.3V and 0.5V (Vag/agc1) were chosen.
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Figure 4-26. Polarization curve of Ti6Al4V alloy in NaCl 0.9% a) pH 2.3 and b) pH 5.6
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As titanium oxide layer thickness strongly depends on the applied potential [46], the
integrity of this layer under crevice-corrosion conditions has been questioned under
conditions where the layer is less thick. Therefore, additional experiments were carried
out under cathodic potential and close to the corrosion potential, Ecor in NaCl 0.9%wt pH
2.3, under the harshest conditions in order to identify if crevice-corrosion takes place
when the oxide film is thinner than under passive potentials.
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Ti6Al4V presented a similar behavior to the CoCr alloy. In Figure 4-27 the current and
potential evolutions under anodic conditions are represented for both solutions, NaCl
0.9% pH 2.3 and pH 5.6.
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Figure 4-27. Potential and current evolution with time for Ti6Al4V under crevice-corrosion
configuration in NaCl 0.9%wt pH 2.3. Potentials applied a) 0.3V (Vag/agci)-

In acidic solution, the dissimilarity in potentials registered at different heights is
negligible. Potentials measured along the taper was kept for one month without significant
perturbations in potential, that means, no region in the configuration reached a potential
that could destabilize the oxide layer. However, current evolution had some fluctuation
over time. The first current peak registered could be consequence of the passivation
generated by the applied potential and then oxide layer formation. Subsequently, once the
oxide was formed, the current stabilized. After, some variations were observed (lower
than 0.05pA) that can be attributed to fluctuations in the system.

A similar behavior was reported for potential evolution of the system evaluated in NaCl
0.9%wt with pH 5.6 as Figure 4-28 shows. Neither in this case, significant potential drop
was measured along the crevice. The small difference between the potential measured in
the surface and in the bottom of the crevice did not exceed 20 mV during the whole test.
Current fluctuations lower than 0.05pA, even at the beginning of the test, were less
noticeable.

Figure 4-29 shows no evidence of crevice-corrosion along the taper once the experiment
was finished after 30 days. Surface topography measurements in Table 4-1, specially the
thread finishing on the taper shows no significant changes.
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Figure 4-28. Potential and current evolution with time for Ti6AI4V under crevice-corrosion
configuration in NaCl 0.9%wt pH 5.6. Potentials applied a) 0.5V (Vag/agcl)-
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Figure 4-29. Ti6Al4V taper b) surface image and c) surface profile after 1 month under
crevice-corrosion conditions. Potential applied: 0.3V (Vag/agci). Solution: NaCl 0.9% pH 2.3

Likewise, potential and current evolutions registered from experiments carried out at -
0.5V (VAg/AgCl) are presented in Figure 4-30. At this potential that was close to Ecor,
differences of 20mV and 50mV were measured during the whole experiment RE1 and REZ2,
respectively. However, this decrease is constant along the test. No significant change in
current was remarked.
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Figure 4-30. Potential and current evolution with time for Ti6Al4V under crevice-
corrosion configuration in NaCl 0.9%wt pH 2.3. Potential applied: -0.5V (Vag/agci)-

The experiment carried out at -1V is represented by the potential and current evolution in
Figure 4-31. In this case, no crevice-corrosion effect was observed from the current,
neither a significant potential difference along the taper even though was registered
during the whole measurement.
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Figure 4-31. Potential and current evolution with time for Ti6Al4V under crevice-corrosion
configuration in NaCl 0.9%wt pH 2.3. Potentials applied -1V (Vag/agci)-
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Samples evaluated under -0.5V and -1V are shown in Table 5-5. No affected areas by
crevice-corrosion were found. Some conical parts (outside of the crevice) showed yellow
spots that probably correspond to some counter electrode reaction but nothing on the
cone thread finishing that corresponds to crevice-corrosion was observed.

4.2.4 Summary of results

* The developed crevice-corrosion experimental set-up reproduces the geometry of
typical trunnions found in hip joint with a ceramic head.

* Under this configuration, Fe-Cr 15% stainless steel suffered, as expected, of
evident crevice-corrosion in sulphuric acid.

* However, all the observations presented above, demonstrated that Ti6Al4V and
CoCr samples Kkept their passive behavior under different chemical and
electrochemical conditions in the crevice-configuration proposed in this work.
Therefore they do not undergo crevice-corrosion under the present experimental
conditions mimicking hip joints trunnions.
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Table 4-5. Taper samples evaluated under the crevice-corrosion configuration during one month according to potential applied and pH solution.
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5

Crevice-corrosion model

Predicting tools able to determine under which geometrical, chemical and electrochemical
parameters biomedical alloys undergo crevice-corrosion in a modular hip joint
configuration are needed. In this chapter, an existing model predicting crevice-corrosion
occurrence is analyzed and validated to be used in modular hip joint configuration. Finally,
experimental and theoretical results are compared to validate the proposed approach.

5.1 Crevice corrosion model applied to FeCr15% system

Besides the experimental approach, IR-voltage model was considered as an appropriate
tool to predict theoretically the occurrence of crevice-corrosion. However, the
applicability of this model to modular hip joint configuration must be verified.

The verification of the model was done based on the obtained results from crevice-
corrosion experiments carried out using FeCr15% samples, where crevice-corrosion
occurred and a critical distance was identified. Meanwhile, estimation for Ti6Al4V and
CoCr alloys is presented to identify under which conditions these biomedical alloys can
suffer crevice corrosion.

To apply the model, current values from the crevice were extracted from the test. The
current value used in the model (anodic current) was calculated by subtracting the
cathodic current from the average current recorded during the test. Although, the cathodic
current in the cell is unknown, estimation of this value was done based on the polarization
curve. To calculate the cathodic current, the linear part of the cathodic polarization curve
(logarithmic scale) close to E.r was interpolated according to Tafel method and
extrapolated to the selected test potential. The obtained current density was multiplied to
the area immersed in the solution outside of the crevice in order to obtain the cathodic
current at test potential. As the current from the crevice-corrosion test in the FeCr15% is
dominated by the dissolution, the cathodic current is considered negligible, which is not
the case for biomedical alloys test.
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Likewise, experimental values of solution conductivity, crevice length and gap were used
to verify the applicability of the model to this configuration.

Taking into account the terms in expression (8) or in its simplified version (9) in Chapter
4, some modifications according to the test had to be done. Those adjustments are
explained below:

ipass was taken directly from the current density measurement at the beginning of
the test. During the first few seconds, when the potential is applied, the passive
layer is formed. This value was considered more adjusted to the material
passivation process under the crevice - corrosion configuration.

* For an average hammering impingement of 0.040mm inside the cone, the new gap
was defined as 0.63 um.

* For FeCrl15% the ratio ipass/imax is equal to 0.011, which is lower than 0.05 and
consequently, the simplified model was used to calculate d. according to equation
(8). The parameters used to calculate the critical distance for FeCr15% under this
configuration are listed in Table 5-1

Crevice length (13mm) and gap (0.6 um) are the same values for all the materials since
those values come from the cell design.
Table 5-1. Experimental electrochemical parameters used for critical distance
calculation for FeCr15% in H,SO,4 at 0.5V.

Parameters Values for Fe/Cr
15%
Epass (V)* -0.3
ipass (A/cm?) 0.02x 10
1(A) 5.4x10¢
o (S/cm) 2.83E-02
Eap 0.5

The critical distance, d, calculated through IR crevice-corrosion model is 0.11 cm, which
is very close to the value found experimentally for this stainless steel evaluated in the
crevice-corrosion configuration.

In conclusion, the IR crevice - corrosion model is a valid tool to predict critical distances in
the crevice-corrosion configuration proposed by this work, and subsequently, to the
modular hip joint configuration

5.2 IR crevice - corrosion model in biomedical alloys

Results obtained from biomedical alloys in the crevice-corrosion configuration show the
resistance of the two alloys to the deterioration caused by this mechanism. As in the
previous calculation of d. some assumptions have to be done to get an estimation.
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Epass is an important parameter for crevice-corrosion conditions as mentioned earlier.
Nevertheless, the determination of this value for biomedical alloys such as CoCr and
Ti6Al4V is not straightforward, since these materials are spontaneously passive. Therefore
reasonable ranges for this potential were defined according to experimental results and
literature data.

Three criteria were checked to define a passive potential range: the first one corresponds
to active-passive transition in the polarization curve while the second one corresponds to
potentials from Pourbaix diagrams were the first oxides appear for the predominant
element of the alloy and give pH. Finally, studies from the literature where active-passive
transition was studied were taken into account even if those values correspond to a more
severe condition.

I. values were determined experimentally; they correspond to the anodic current
estimated as was indicated in 5.1.

5.2.1 IR-Voltage model parameters

To apply the IR-Voltage model to biomedical alloys, some consideration were done:

* Even though, the ipess/imex ratio cannot be verified directly, because the active-
passive transition was not clear in the polarization curve. The ratio was checked
for Ti and CoCr alloys in other media [25], [81], [128] where clear active-passive
zones were observed. In general, ipass/imax ratios values were lower than 0.05,
which means that it is reasonable to use also the simplify expression.

* ipss values were taken as previous from the experimental results when the
potential is imposed under the crevice - corrosion configuration.

* C(Crevice-corrosion gap considered was the value determined experimentally from
the geometry mimicking hip joint trunnion after hammering impingement (0.63

um).

5.2.2 CoCr alloys

For CoCr alloys, polarization curves measured presented in Figure 4-2 show a peak from -
0.7V to -0.6V (vs Ag/AgCl), especially for the more acidic medium. This value is close to
the potential (-0.8V vs SHE) where the chromium oxides are found in acid media,
according to Pourbaix diagrams of Cr [128]. In this case, the element that gives the
passivity to the alloy is chromium. Likewise, Kaesche [25] reported a clear active-passive
transition for Cr in 1N H2SO4, with a passivation potential (Epass) value of -0.4V (vs SHE)
and a passivation current density of ipass < 140 pA cm-2. If this ip.ss is considered, the
criteria ipass/Imax could be satisfied and the critical distance can be calculated through
equation (8).

Taking into account that the surface area immersed in the solution but outside the crevice
is 3.08 cm? and the cathodic current density from the polarization curve, anodic currents
are reported in Table 5-2.
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Table 5-2. Anodic current to calculate critical distance for CoCr in NaCl 0.09%wt at 0.5V according to the
solution pH

i cathodic I cathodic I measured I anodic

(107.A/cm?)  (107.A) (107.A) (107.A)

5.6 -0.7 -2.1 0.37 2.5

Based on the parameters presented in the Table 5-3, Figure 5-1(a-b) shows that the
critical distances for having crevice-corrosion in CoCr tapers are above 48.7 mm in acidic
media and above 51.1 mm in pH 5.6. As observed, the critical distance change as a function
of the passivation potential, critical distances for CoCr under pH 5.6 reach values around 1
cm for Epas values corresponding to systems under high concentrated acid solutions,
which is unlikely occurring in the modular joint.

Table 5-3. Electrochemical parameters used for critical distance calculation for CoCr in NaCl 0.09%wt at
0.5V as a function of the pH solution.

Parameters pH 2.3 pH 5.6
Epass (V vs Ag/AgCl) -1t0-0.6 -1to-0.6
ipass (A/cm?) 1.73x 105 5.87 x10°
[(A) 3.2x107 2.5x107
Eap -0.1 -0.1
5.0 ool
vl a. J o b.
g . ; 4.0
3.0F sol
10 09 -8 -07 -0s 10 09 “08 “07 ~06
Ep (V Ag/AgCl) Ep (V Ag/AgCl)

Figure 5-1. Critical distance as a function of the passivation potential of CoCr under Crevice
Corrosion conditions in NaCl 0.9%wt a) pH 2.3 and b) pH 5.6. Potential applied: -0.1V (Vag/agci)
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5.2.3 Ti6Al4V alloy

Epass estimations for Ti6Al4V samples were done using Pourbaix diagram and data for Ti
from the literature. Pourbaix diagram for Titanium [128], reports the first oxide species
TiO at -1.8V (vs SHE) for pH over 5 while the transition to TiO; is between -0.4V and -0.6V
(vs SHE) for acidic and basic solution. Likewise, an Epass of -0.6V (vs SHE) for pure Ti in
0.5N, 1N, 3N and 6N H;S0, is reported by Kaesche [25] while an Epass close to 0V (vs Satd
KCl) was found by Hosseini et al[81] for concentrations of 1M, 5M, 9M, 11M and 13 M of
H2S04. They also reported imax from 1x10% pA.cm-2, then, the ratio between ipass/imax
indicates that d. can be calculated through equation (8).

Analogous process than those described before to calculate the anodic current were done
for Ti6Al4V tests (Table 5-4 ).

Table 5-4. Anodic current to calculate critical distance for Ti6Al4V in NaCl 0.09%wt at 0.5V as a function
of the pH solution.

i cathodic I cathodic I measured I anodic

(10°.A/cm?)  (10.A) (10.A) (10.A)

5.6 -0.1 -0.31 2.8 3.1

Possible critical distance for Ti6Al4V samples were calculated based on parameters listed
in Table 5-5 for the electrolytes with pH 2.3 and pH 5.6. In all cases, critical distances
calculated for both pH under passive condition are over 95 cm as Figure 5-2(a -b) indicate.

As it has been reported, in general, synovial fluid’s pH is around 7 [55]. Accordingly,
critical distances expected under real conditions would be close to the value obtained for
pH 5.6. However, in the most optimistic case, where the Eass is OV reported for systems
under high concentrated acid solutions, this distance for Ti6Al4V tapers should be around
of 228 cm.

Table 5-5. Electrochemical parameters used for critical distance calculation for Ti6AI4V in NaCl 0.09%wt
according to the solution pH

Parameters pH 2.3 pH 5.6
Epass (V vs Ag/AgCl) -1.8to 0 -1.8to -0
ipass (A/cm?) 2x 107 1x10°
1(A) 1.3x108 3.11x10°
Eap 0.3 0.5
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Figure 5-2. Critical distance as a function of the passivation potential of Ti6Al4V under Crevice
Corrosion conditions in NaCl 0.9%wt a) pH 2.3, potential applied: 0.3V and b) pH 5.6, potential
applied: 0.5V (Vag/agcl)

5.3 Model extrapolation

In addition, an extrapolation of the model was done considering the following combined
effects on the critical distance: the passivation potential together with the conductivity,
the passivation potential with the crevice gap and finally, the combined effect of
conductivity and crevice gap.

For the first case, the conductivity range considered was between the values for water
(5x10-8 S/cm) and seawater conductivity (5x10-2 S/cm). Passivation potential range was
kept between -1 to -0.6V for CoCr and between -1.8 and 0V for Ti6Al4V. For each material
those extrapolations were done considering the highest anodic current value registered in
the crevice-corrosion tests, even though this current corresponds to solutions pH 2.3.

Later, the combined effect of Epass and crevice gap was done using the same values ranges
than before and crevice gaps from 4x10-6cm to 6x10-5cm, which correspond to the
mismatch angle accepted by the industry [15] and the value used in this work.

Finally, the effect of the conductivity together with the crevice gap was evaluated using
ranges mentioned in the experimental conditions.

5.3.1 CoCr alloy

Model extrapolation as a function of solution conductivity and passivation potential is
presented in Figure 5-3. According to this graph, crevice-corrosion takes place in distances
shorter than 15mm (which is the length of the taper indicated by the green plane
intercepting the graph) for the whole E,ass range for solution’s conductivity values lower
than 3x10-3S/cm. At those values, the high solution resistance favors potential drop inside
the crevice, leading to crevice-corrosion. However, those values are half of the lowest
value reported for synovial fluids (6x10-2S/cm).
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-1.0
Figure 5-3. Crevice-corrosion critical distances for Ti6Al4V as a function of

passivation potential and conductivity under modular hea/neck configuration.

The combined effect of the passivation potential and crevice gap is graph on the critical
distance is shown in Figure 5-4. To obtain critical distances shorter than 1 cm, the solution
conductivity value was to be fixed in 0.01S/cm. In this case, the model predicts than under

short distances (<3x10-5cm) crevice-corrosion can occur under passivation potential
values of high concentrated acid solutions.
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2.x107%

— 6.x1075
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-0.8

Ep (V) ‘ -10

Figure 5-4. Critical distance for CoCr as a function of passivation potential and crevice
gap Configuration: modular head-neck, material CoCr

Finally, to analyze the combined effect of the conductivity and the crevice gap on the
critical distance an extrapolation was done as observed in Figure 5-5. Critical distances
lower than 1cm are reached in all gap range only when the conductivity is lower than the
1.5x10-3cm conductivity, which is lower than the value reported for synovial fluids [55].
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Figure 5-5. Critical distance as a function of conductivity and gap. Conductivity: 5x10°to
5x10-3(S/cm), gap: 6x10to 4x10-6(cm). Configuration: modular head-neck, material CoCr

5.3.2 Ti6Al4V

Analogously to the predictions presented above, the combined effect of conductivity and
passivation potential on the critical distance are presented in Figure 5-6. The effect of
these two parameters does not have a visible effect at 15mm, which is the length of the
taper indicated by the green plane that in this case it does not intercept the graph. In
consequence, to have a closer look to the area of interest a zoom was done as Figure 5-7
shows. Critical distances are shorter than 1cm for lower conductivities than 1x10-6S/cm.
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Figure 5-6. Crevice-corrosion critical distances for Ti6AI4V as a function of passivation
potential and conductivity under modular hea/neck configuration.

66



4.x1073

o (S/cm)

0.100
0.050

a: (Cm)

0.010
0.005

-05
Ep (V) ' 18

Figure 5-7. Critical distance as a function of passivation potential and conductivity. Conductivity
range 5x10°to 5x10-6(S/cm). Configuration: modular head-neck, material Ti6Al4V

Moreover, the second combined effect analyzed, crevice gap and passivation potential, on
the critical distance is presented in Figure 5-8. In this graph, critical distances reached 3m.
However, the effect of those parameters cannot be distinguished even though a plane
intercepts the curve at 15mm due to the minimum critical distance is 30mm. Those values
are obtained when the gap is lower than 1x10-6um and for the higher passivation

potentials around 0V, which is the condition for expositions to high concentrated acid
solutions.
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Figure 5-8. Crevice-corrosion critical distances for Ti6AI4V as a function of passivation
potential and crevice gap under modular head/neck configuration.
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Likewise, the critical distance for Ti6Al4V alloys as a function of the conductivity and gap
shows that crevice-corrosion can occur in all the range of crevice gaps Figure 5-9.
However, conductivity has to be equal to the deionized water conductivity.

g (cm) 2.x10"3

Figure 5-9. Critical distance as a function of conductivity and gap. Conductivity: 5x10° to 5x10°(S/cm),
gap: 6x10° to 4x10-%(cm). Configuration: modular head-neck, material Ti6Al4V

Despite of the possibility for crevice-corrosion to occur, still the critical distances
calculated in all cases are higher than the trunnion dimensions.

These 3D graphs are useful tools that allow the determination of critical distances in
systems were the effect of two critical parameters is considered. According to the model
predictions, critical distances shorter than 1cm can be found under the combined effect of
conductivity and potential as well as conductivity and crevice-gap as long as the
conductivity is lower than 5x10-3 S/cm, which corresponds to the conductivity of sea
water, and the passivation potential take values reported in literature for high
concentrated acid solutions.

Based on the experimental and model results, modular hip joint configuration is a suitable
geometry to crevice-corrosion occurrence. However, passivity of CoCr alloy and Ti6Al4V
alloy is not affected under this geometrical configuration in a wide range of potential
applied and under different pHs. There is no chemical surface activation to generate the
potential cell. In other words, biomedical alloys such as Ti6Al4V and CoCr unlikely fail by
crevice-corrosion conditions.

Furthermore, the IR-Voltage model adapted to the hip joint trunnion geometries is a useful
tool to predict under which electrochemical (Eap, Epass), chemical (o) and geometrical (g, 1)
conditions crevice-corrosion occurs.
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5.3.3

Summary

The IR-voltage model could accurately predict the occurrence of crevice-corrosion
at a defined depth d. as measured in the experiments.

The model also predicts the insensitivity of CoCr and Ti alloys to crevice-corrosion
in the tested set-up as observed experimentally.

Application of the crevice-corrosion model to the limit conditions found in hip
joints with ceramic heads lead to the conclusion that crevice-corrosion is mostly
unlikely.

69






6

Fretting-corrosion experiments

Fretting-corrosion is accepted as one of the main mechanisms responsible for
degradation in modular hip joint implants. Similarities on tribofilms found in retrieval
studies and fretting-corrosion In-Vitro tests confirm that the prediction of fretting-wear
rates and most important the influence of well defined parameters requires the
development of a model based on well identified mechanism. This chapter presents the
results of a fretting-corrosion study of Ti6Al4V alloy aimed at identified relevant
chemical and mechanical mechanisms and their influence on wear. These results will
serve as basis for developing the model presented in the next chapter.

6.1 Instrumentation and materials.

In-Vitro experiments were carried out in a fretting-corrosion tribometer developed by
Barril et al and described in [56]. Rig configuration consists of a rigid structure, where
the load is applied through the compression of a spring, which stiffness is 9.81Nmm-1.
Normal and tangential force applied on the system are measured using a force sensor
Kistler 9251A. The displacement is imposed through a piezo-actuator, values are
imposed through a voltage value fixed from LabView software in a relation 1V - 10 um.
The system is triggered to record transients and mean values at the same position,
which usually is fixed at half of the displacement. In addition, an electrochemical cell is
adapted to the tribometer and connected to a potentiostat to measured electrode
potential and current. Average coefficient of friction and current reported are taken
from the mean values taken every minute during the rubbing in the region of sliding. In
the case of the average current value, the base current (current produced by the
potential applied but not by the rubbing) is subtracted, since this effect does not
correspond to the tribochemical action.

Material used to carry out experiments was Ti6Al4V alloy (provided by Godfelllow,
England) of an elasticity module of 106-114 GPa. The material was received as rods of
20 mm diameter and cut in disk of 3 mm of thickness. Surface roughness for all samples
was fixed at Ra>0.05pm. Alumina balls of 5mm radius and Rq<0.02 were used.
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After the test, surface analysis to identify the morphology of the wear track was done
using a Scanning Electron Microscope Scanning (SEM), Zeiss GEMINI 300 scanning
microscopy at high vacuum environment. All images were done using an acceleration
voltage of 3 kV and a working distance of 6 mm.

Chemical composition in the wear track was obtained using Auger Electron
Spectroscopy (AES), AUGER PHI 680 spectrometer. The acceleration voltage in the
electron gun was 10 keV with a primary current of 1 uA. Wear tracks were sputtered
using Ar ions of 2keV energy on a raster of 2x2 mm or 1x1 with a sputter rate of 5
nm/min. Software used to process profiles was Multipack 9.5.

Total wear volume was measured using a 3D White Light Interferometer Smart-WLI and
processed with MountainsMap® Imaging Topography version 7.0.

Micro-hardness measurements were performed using a Micro-hardness Leitz Miniload
2. Aload 25 gr was applied during 15 seconds to make the indentation.

Every sample analysed by means of those techniques were cleaned after fretting-
corrosion tests with distilled water and ethanol in an ultrasonic bath for one hour and
half.

6.2 Experimental conditions

Fretting-corrosion tests were carried out using a tribometer shown in Figure 6-1a. The
geometrical configuration used was ball on flat as represented in Figure 6-1b. All
fretting-corrosion experiments were carried in NaCl 0.9%wt solution at room
temperature. For the tribochemical cell, a reference calomel electrode was used (all
potentials are given respect to this RE) as well as one platinum counter electrode of area
214.3 mm?

Reference
electrode
Counter

Sample holder

Figure 6-1. a) Fretting-corrosion tribometer, b) detail of the configuration used.
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Based on previous studies where third body layers were produced (See chapter 2.2),
two potentials, one anodic at 0.5V and one cathodic at -1V, were chosen. These
differences in potential allow analyzing the effect of the electrochemical conditions on
the third body characteristics and properties. Parameters imposed were equal in both
cases: normal force (Fyx) 10N, frequency 1Hz, rubbing time 3600s and amplitude
displacement 50pm.

An additional test at 0.5V was performed with the same parameters except the normal
force, which value was 30N. This experiment was performed to analyze the role of the
normal load over the third body layer.

Once the contact and the load were fixed, potential was imposed during 30 min to
homogenize the potential surface. Subsequently, the amplitude displacement was
imposed. Variation in the normal force, tangential force, potential, displacement and
current were registered during the whole experiment.

6.3 Results

To illustrate results obtained from the fretting-corrosion test Figure 6-2, Figure 6-3 and
Figure 6-4 show the fretting-corrosion loops, the coefficient of friction (COF) as well as
the current evolution for the Ti6AL4V/Al;03 couple evaluated under a normal force of
10N and applied potential of 0.5V. Figure 6-2a-c present fretting loops evolution for
systems evaluated at cathodic and anodic (under two different normal load) conditions.
Every experimental condition was evaluated at least in duplicate; average results of COF
and current listed in Table 6-1 correspond to the average values obtained between
samples. Differences in the mechanical accommodation between experiments under
different conditions are observed.

Figure 6-2a shows the fretting loops evolution for experiments carried out under an
applied normal force of 10N at 0.5V. As observed, different elastic and plastic
accommodation took place during the test. Initially, a friction force plateau is observed,
which indicates that during the first cycles, the material was being worn significantly.
Subsequently, there was a decreasing in the sliding and it seems that there was more
elastic accommodation although in the final part of the experiment the loops are
widened until reaching the initial size. These loop transitions correspond to the
evolution observed in the coefficient of friction presented in Figure 6-3a. Increments in
the COF at the beginning and at the end of the cycles were registered as observed in
Figure 6-3a. Those variations correspond to changes in the fretting regime along the
test.

In comparison, fretting loops obtained for the experiments carried out under 10N of
normal load at -1V. Figure 6-2b shows the evolution of the mechanical accommodation
under these conditions. In comparison with the system under passive potentials, more
elastic accommodation is observed in the fretting loops slope. In consequence, volume
of the worn material from the system evaluated under cathodic conditions must be
lower. In addition, a small difference was found as well in the effective displacement,
which is determined by the amplitude of the loop. It affects directly the fretting sliding
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velocity reported in Table 6-1. The sliding velocity of the system is proportional to the
ratio between the effective slip distance and the time for one stroke [57]. With respect
to the COF evolution, a decrement was noticed for experiments performed at -1V
(Figure 6-3b). Since the rubbing started, the COF was stable, which corresponds to the
mechanical evolution found in loops Figure 6-2b, where none transition was observed.

Finally, a total different mechanical behavior was observed for fretting corrosion
systems at anodic condition (0.5V) under higher normal load, 30N. No sliding is
observed in fretting loops but the stick regime with high elastic accommodation
dominates in Figure 6-2c. In this case, tangential force is lower than the normal force.
Then, the ball indented the substrate surface and does not move enough to reach the
sliding regime in one part of the contact. As a consequence, the effective amplitude
displacement is shorter than those obtained for experiments carried out under 10N
either in passive or cathodic condition. In addition, the COF registered values did not
correspond to the sliding proportion of the movement, which means that it can not be
compared with those taken for 10N under anodic and cathodic condition.

Likewise, current evolution observed in Figure 6-4 shows the initial peak corresponding
to the onset of the potential. The subsequent peak of current is related to the onset of
rubbing. The increment in the current is caused by the corrosion reactions (material
dissolution) and the wear accelerated corrosion taking place during the rubbing.

Typically, in fretting-corrosion experiments this increment remains until the movement
stops. Current values during the rubbing time are reported in Table 6-1 for every
condition and they are used in the calculation of the chemical wear based on equation
12 (except in the tests at applied cathodic potential in which the measured current is
negative as observed in Figure 6-4b). At -1 V, even though there is wear accelerated
corrosion and material oxidation, the negative current is dominated by a superimposed
cathodic reaction (water reduction).

As expected, higher currents were reported for experiments carried out under applied
normal force of 10 N at 0.5 V (Figure 6-4a). As was noticed from the fretting loops,
sliding deformation occurs during the rubbing, which is the main source of current. In
consequence, it is expected that the material surface of the samples presents higher
wear compared to the others.

Current values registered under anodic conditions at higher load (30N) are lower
compared to the current measured at 10N, Figure 6-4. Even though, a significant
increase in the current was observed when the potential was applied, but no changes
were noticed with the onset of rubbing due to the absence of sliding during the
mechanical accomodation. This agrees with previous studies were changes in current
were related to sliding regimes [108].
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Figure 6-2. Fretting-corrosion loops Ti6Al4V/Al,O couple for samples evaluated under a) normal
force 10N at 0.5V, b) normal force 10N at -1V and c) normal force 30N at 0.5V. Experimental
conditions: amplitude displacement 50um, frequency 1Hz in NaCl 0.9%wt.
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Figure 6-3. Coefficient of friction of Ti6AI4V/Al,O3 Ti6Al4V/Al,O couple for samples evaluated under

a) normal force 10N at 0.5V, b) normal force 10N at -1V and c) normal force 30N at 0.5V.
Experimental conditions: amplitude displacement 50um, frequency 1Hz in NaCl 0.9%wt.
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Finally, material volume worn during the fretting test was measured on the wear track
by interferometry. The profilometer images of the wear track from the three
experiments are presented in Figure 6-5a-c.

Wear tracks obtained under a normal force of 10N at passive condition were bigger than
those obtained under cathodic conditions, as was expected. This indicates that wear
during the same time was higher under the anodic condition (0.5V) as data from the
total volume worn confirmed.

No significant wear is observed in the samples tested under anodic conditions at 30N,
which corresponds to the behavior reported in Figure 6-2c, where no sliding was
observed.

Clearly, wear tracks are noticeable different for the three conditions evaluated.
However, to understand and analyze in a detailed approach differences on the contact
area between the cathodic and the anodic condition, surface analysis needed to be done.
The condition under 30N was not checked because the wear was not significant
compared to results under 10N.

Finally, Table 6-1 presents a summary of the experimental conditions and observables.

Table 6-1. Fretting-corrosion experiments observables

Parameter 0.5V -1V
Normal force, Fn (N) 10 30 10
Effective displacement 2542 240 20+6
(nm))
Sliding velocity (m/s
8 y (m/s) 5.0 0.4 4.0
1x10-05
COF 0.55+0.06 0.095+0.045 | 0.21+0.09
Current (pA) 1.24+0.23 0.27+0.001 | -1.46+0.5
Chemical wear (cm3)
1.25 0.00272 -
1x10-07
Total wear (cm3)
13,3+2.6 15.5+0.04 1.07+0.29
1x10-08
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Figure 6-5. 3D image of the wear track after fretting-corrosion test of Ti6Al4V/Al,O couple for
samples evaluated under a) normal force 10N at 0.5V, b) normal force 10N at -1V and c) normal
force 30N at 0.5V. Experimental conditions: amplitude displacement 50um, frequency 1Hz in
NaCl 0.9%wt.
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6.4 Surface characterization

6.4.1 Anodic conditions (0.5V)

Surface characterization of the wear track from the fretting-corrosion experiments is
presented in Figures 6-6 a-d. From the wear track overview it is observed that an
important part of material has been removed. Besides four regions can be identified as
observed in Figure 6-6a. The difference between those regions is discussed below.

The first zone corresponds to the base material, which was not exposed to fretting-
corrosion and between this area and the wear track a sort of ring is noticed (2nd
region). SEM image (Figure 6-6b) focused in this region reveals that this dark ring is
formed by small debris particles ejected from the contact.

A closer examination on the wear track revealed the presence of a deformed and
smeared thin third body layer in the most external parts of the wear track (region 3) as
well as in the center, where the region 4 is located. Figure 6-6¢c-d shown the tribofilm
formed on the surfaces, as well as some spots where the alloy is exposed (third body
free) and debris particles. Indeed, a big particle detached is observed in the upper part
of Figure 6-6¢. One particle of this size is fragmented and broken while rubbing in
progress, which generated smaller debris particles that either are ejected from the
contact or remain on it to be re-incorporated to the third body layer by deformation and
mixture with material on the surface.
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Subsequently, to characterize the thickness of these layers, 3D profilometry was done
inside the wear track. To determine the thickness in the area shown in Figure 6-7,
vertical distance was measured from the surface the areas with respect to the third body
and the vertical distance from the surface, where the third body is, to the exposed alloy.
The difference between those distances corresponds to the layer thickness. From Table
6-2, values obtained from the third body thickness at 0.5V are approximately between
1pum and 2.2pm).

10.261pm

Figure 6-7. Wear track 3D image after fretting-corrosion test. Experimental
conditions: normal force 10N, amplitude displacement 50um, and frequency 1Hz
in NaCl 0.9%wt at 0.5V.

Table 6-2. Vertical distance from the top of the surface to third body layer and to the
exposed alloy inside the wear track. Conditions: normal force 10N, amplitude displacement
50um, and frequency 1Hz in NaCl 0.9%wt at 0.5V.

Vertical distance from the

Measured point surface (um)

From the surface to the exposed alloy 2.37 3.94 3.66

From the surface to the third body

1.31 1.79 1.74
layer

Furthermore, a chemical characterization of the third body layer and debris particles
was done by Auger analysis. An area of 2x2mm was sputtered during 20 min with an
approximated rate of 5 nm/min. Chemical composition of selected points is listed in
Table 6-3 together with three profiles to graphically illustrate the differences (Figure 6-
8a-c) among eleven points indicated in Figure 60a. Three types of areas can be
distinguished: Oxidized third body points 1 to 4, metallic third body points 5 and 6 and
debris particles (point 7 to 11).

Finally, to obtain a proportion of the oxidized and metallic particles in the third body,
Auger mapping was done in the same area. Figure 6-9b and Figure 6-9c correspond to
Oxygen and Titanium map, respectively. As observed, regions rich in oxygen where the
third body is more oxidized (around 60% of the area evaluated) can be discriminated

81



from those regions where the friction film is metallic after 100nm of sputtering.
Furthermore, a second Auger map done on the wear track of a second sample evaluated
under same conditions. Figure 6-10 a-d shows the oxygen evolution map as a function of
the sputter depth. As observed after 50 min of sputtering at 5 nm/min and 50 additional
min at 20 nm/min, oxygen was still found in some areas of the third body.

Table 6-3. Atomic concentration of third body layer and debris particles in the wear track
after sputtering.

Profile Composition Point 0% | Ti%
— 1 59 | 41
Oxidized g 2 67 | 33
third § 40+
body 5 L 3 50 | 50
5 0 5 10 15 20 4 57 43
Sputtering Time (min)
g o 5 8 92
Metallic § ol
third ¢
body <"
o 6 7 93
? ° Splsmering T:;e (min) * “
—o 7 33 68
s 8 38 | 62
;‘g 60
Debris 8 @ 9 44 57
particles S
5 10 55 45
OA\/‘/—\—/
0 5‘) 1b 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0 55 11 55 45
Sputtering Time (min)

Figure 6-8. Profiles composition of a) oxidized third body, b) metallic third body and c) debris
particles
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6.4.2 Cathodic conditions (-1V)

Characterization of samples evaluated under fretting-corrosion in cathodic condition
reveals the formation of a third body layer as it was reported above for anodic
conditions. In spite of the similarities between layers formed in both conditions such as
the presence of debris particles outside and inside the contact some difference on the
morphology and in the characteristics of the layer were found.

As observed in Figure 6-11a, a dark ring was found also outside of the contact. However,
the thickness of that ring and the distance to the contact is lower compared to the debris
ring formed under anodic conditions. This difference lies in the amount of material worn
from the contact, being significantly lower under the cathodic condition.

Furthermore, a thicker third body layer is formed at -1V as observed in Figure 6-11c and
Figure 6-11d compared to the layer generated under anodic condition. While in that
case the thin layer was clearly smeared and deformed, the third body observed under
cathodic condition is also deformed but some cracks are observed.

In general, the morphology of the third body layer under cathodic conditions differs
from the observations under anodic conditions. Not only in the thickness but also in the
failure mode. Third body edges are sharp compared to those observed under anodic
conditions that seems to be more smeared.

From experiments at -1V, debris particles are also observed inside the wear track.
However, they seem to be in lower proportion compared to the anodic condition.

Measurements of layer thickness were done following the same procedure as described
earlier for anodic conditions. In the wear track shown in Figure 6-12, height differences
between the lowest points were the substrate is exposed and the third body layers
(Table 6-4) indicate that the thickness of this tribofilm is above 2.5 pm (3.3 pm to 2.7
um), which is higher compare to values obtained in layers obtained under anodic
conditions.

Table 6-4. Vertical distance from the top of the surface to third body layer and exposed
alloy inside the wear track from samples evaluated at -1V.

Vertical distance from the

Measured point surface (um)

Exposed alloy 4.21 3.67 4.09

Third body layer 1.39 0.42 1.35
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Figure 6-12. Wear track 3D image after fretting-corrosion test. Experimental
conditions: normal force 10N, amplitude displacement 50um, and frequency
1H in NaCl 0.9%wt at -1V.

Auger profiles were carried out in 6 points on the third body layer and on the debris
regions indicated in Figure 6-13a. All points taken on the third body layer (points 1 to 3)
exhibit a certain oxidation degree. The chemical composition of the debris (points 4 to
6) shows that those particles are also oxidized. Values are presented in Table 6-5
together with one profile to graphically illustrate the elements proportion in depth
(Figure 6-14).

In addition, Auger mapping was done on the layer, Figure 6-13b and c, showing the
extension of the oxidized third body. Not defined metallic third body area was found,
which differs from the third body formed under anodic condition where both third
bodies, oxidized and metallic, were found. Under these considerations, it is suggested
that at -1V, particles worn from the substrate remain a longer time in the contact getting
a more homogenous oxidation degree and thicker third body film under cathodic
conditions compared to the layer formed at anodic conditions.
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Table 6-5. Atomic concentration of third body layer and debris particles in the wear track
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Figure 6-14. Profiles composition of a) oxidized third body, b) metallic third body and c) debris particles

Finally, micro-hardness measurements were done on wear tracks. Micro-hardness values
obtained inside of the wear track are listed in Table 6-6 corresponding to the third body
layers formed under cathodic and anodic conditions. The differences in the micro-
hardness depending on the prevailing electrochemical conditions can be associated to the

oxidation degree of the third body, which is higher for third body layers produce in
cathodic potentials.

Table 6-6. Micro-hardness test inside the wear track after fretting-corrosion test respect to the
applied potential vs SCE

Potential applied (V) Microharness (HV)
0.5 126.8 111.2
-1 140.2 149.2
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6.4.3 Acting mechanisms

Differences in chemical composition, failure morphology, thickness and mechanical
properties of the third body may have a direct relation to the wear rate of both systems. At
0.5V, a higher amount of material is worn and ejected from the contact, in consequence
even if a third body layer is formed, it is quickly worn. On the contrary, under cathodic
conditions, material accumulates and forms a thicker layer. Therefore, the question can be
focused on which are the differences in the phenomena causing this dissimilarity in the
wear rate. Probably, the difference lies on the effect of the applied potential on the particle
oxidation degree, which in turn could affect the surface energy of those particles and
therefore they agglomeration or wear.

SEM images presented in Figure 6-15a and b show broken particles next to third body
layers obtained from Ti6Al4V sample tested under fretting-corrosion conditions in
0.9%wt NaCl solution at 0.5V(ag/agcy and -1V, respectively. However, currently it is not
possible to distinguish between the particles proportion is ejected from the contact and
the amount that are reincorporated. Surface images show that the proportion of the
particles re-deposited on the wear track is considered negligible compared to total wear
(dark ring around the wear track).

In addition, several studies [129]-[132] have reported changes in the surface energy and
in the charge of titanium surfaces with respect to the formed oxide, particle size or surface
characteristics. Then, small differences in the particles (size, oxidation degree, surface
energy, among others) could make them being ejected from the contact. The study of
debris particles properties is beyond the objective of this work. However, this evidence
can motivate future studies about the physical characteristics of particles, such as surface
energy or repulsion forces, produced under different electrochemical conditions. This
would contribute to explain the difference in the amount of material that is ejected from
the contact.

In addition, some clue about the role of thick layers is given in Figure 6-11c. Let’s focus in
the highlighted region with a white circle. In the central part, a part of the substrate
material is exposed and surrounded by a third body layer at the left and the right side.
Broken edges of the lateral layers seem to match perfectly (see borders pointed with the
white arrow). It suggests that during the rubbing, the third body layer could slide over the
metal exposed, and then a metal on metal sliding contact is produced. This can be a
hypothesis about the evolution of the COF registered in this sample.

Furthermore, with respect to the failure mode and based on SEM images, the third body
edges of samples evaluated under -1 V seem to be sharper, which suggests that the third
body layer formed under cathodic conditions may be harder as also confirmed by the
microhardness measurements performed inside the wear track

Experimental results showed that mechanical and electrochemical parameters govern the
third body layer properties. The nature of this tribofilm plays a role in the tribochemical
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behavior of systems under fretting-corrosion conditions, which constitutes a step forward
towards the understanding of deterioration in modular hip implants caused by fretting-
corrosion

a
Mag= 3.00 KX EHT = 3.00 kV Signal A = SE2 Chamber Status = at HV
2 um WD = 6.0 mm Aperture Size = 30,00 pm Chamber = 0.00e+00 Pa
Image Pixel Size = 37.22 nm StageatT= 00° Date :27 Feb 2018

'

Mag= 5.00K X EHT = 3.00 kv Signal A = SE2 Chamber Status = at HV i
1 um WD = 6.0mm Aperture Size = 30.00 ym Chamber = 0.00e+00 Pa
Image Pixel Size =22.33nm  StageatT= 00° Date :27 Feb 2018 ]

Figure 6-15. Third body layer and debris particles on the wear track of Ti6Al4V sample after
fretting-corrosion test under a) 0.5V and b) -1V. Experimental conditions: Normal force 10N;
amplitude displacement 50um; frequency: 1Hz and applied.
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7

Third body model

Based on experimental results presented in previous chapter, mechanical and chemical
conditions govern third body properties. Indeed, it was observed a clear difference in
the oxidation degree, thickness and hardness between layers generated under different
electrochemical conditions. Then, the next description step consists in the proposition of
a theoretical frame, which integrate electrochemical and mechanical parameters that
influence the third body build up. A third body model is proposed in this chapter
adapted to fretting-corrosion conditions. In addition, predictions of total wear rate are
obtained from the model and compared with results from In-Vitro fretting corrosion.

7.1 Physical model

The model proposed in this work is inspired by the model proposed by Guadalupe et al
[62] reviewed previously in chapter 2.3.3. Flows are associated to the role that plays the
composition in the properties of the third body layer so in the tribocorrosion behaviour
of the system. The effect of the third body layer on the wear rate was investigated by
Barril et al [57], [58]. They found that wear rates were higher under anodic than in
cathodic polarization condition.

According to experimental results obtained in chapter 6, the build up process,
properties and the role that the body play in the contact are function of several
mechanical and electrochemical factors. To illustrate the third body build up process, a
physical model is proposed in Figure 7-1(a-c).

Initial state: A ball on flat fretting configuration under small amplitude movements,
load and in presence of an electrolyte are under a tribochemical process. Due to the
rubbing, metallic and oxidized particles from bulk material and the passive layer,
respectively, are detached.

Third body layer formation: Under fretting conditions, the contact area is a confined
space where those particles get trapped into the interface, being exposed to wear,
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corrosion and deformation. This deformation and mixture of those particles drives to a
third body layer formation as Figure 7-1b shows.

Third body layer deformation: Once the layer is formed is also subjected to the
mechanical action, which produces crack propagation and fragmentation (Figure 7-1c)
as was observed in experimental results.

These fragmented particles either are ejected from the contact or are reincorporated to
the third body. Therefore, particles leaving the contact are considered worn material
while the particles that remain in the contact are called the redeposition. Figure 7-1d
described these material flows.

Third body layer oxidation: Besides the mechanical process, the third body gets
oxidized as well. Those metallic particles in the third body film get in contact with the
electrolyte and become in oxidized particles, changing the initial proportion of
metal/oxide in the layer. In consequence, electrochemical reactions taking place inside
the third body have to be considered as well.

As observed in the experimental results, the third body layer (also known as friction
films) modifies the velocity and normal force distribution in the contact. It means that a
brittle and rigid friction film (cathodic) modifies the distribution of the applied force in a
different proportion than a soft layer (anodic); in consequence wear rates can be
different.

In previous studies [62], [133] the mechanical effect of the third body in the system was
considered and defined as the attenuation factor. Although, it is known that this effect
depends on the third body layer thickness, which in turn depends on the
electrochemical conditions, none mechanical expression has been found to describe this
attenuation factor.

According to the physical model described above, a model describing wear is proposed
in this chapter. This model is based on material flows, which in turn take into account
critical mechanical and electrochemical parameters. This wear is related directly with
the third body build up process. In addition, an expression to calculate the mechanical
effect of the third body in the system in terms of the mechanical properties of this layer
is also developed.
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Figure 7-1. Third body formation a) Initial state, b) Third body layer formed in the
interface by metallic and oxidized particles, c) fragmentation, d) third body evolution.
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7.2 Compartments and flows

Four compartments are defined, which are the state variables of the system describing
the total mass of the different materials of the system. For instance, C; is related to the
total mass of the metallic substrate, C; is the compartment related to the metallic
particles in the friction film, Cs is the compartment that contains oxide particles in the
friction film and Cs4 is the metal particle concentration in the electrolyte or the re-
deposition compartment. Because the compartment C; can be considered infinitely large
compared with the size of the friction film. It can be considered as infinite source of

metal particles.
Assuming these considerations, the model for third body physical system proposed is

presented in Figure 7-2, where material compartments can be related through mass
flows, which in turn are described by well established laws.

Electrolyte Particles in
the

electrolyte

Oxidized
particles

Metal
particles
c2

Third Body Layer

Substrate

Figure 7-2. Schematic representation of the mass flow balance in the third
body layer

Material flows from substrate to third body layer (C1 2 C2+C3):

Once rubbing starts, metallic and oxidized material particles are detached from the
substrate. ¢, and ¢, represents these materials flows respectively that the third body.

* ¢4, corresponds to metal particles removed from the substrate by mechanical wear
and follows Archard’s law. As a consequence this material flow has a proportional
relation with the normal force (Fy); metal density (p,e¢); the sliding velocity under
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fretting conditions (vy), and to K; which is a proportionality constant (wear rate
constant of the metallic material) and an inverse relation to material hardness (H).
Two additional considerations should be done: Firstly, under fretting sliding velocity
corresponds to the effective distance divided by the time that takes one stroke.
Secondly, as the removal material from the substrate is affected once the third body
layer is formed, an additional term taking into account this mechanical compliance
effect should be introduced. This is called stress transmission factor (STF). This
factor represents the alteration of the maximum stress transmitted to the substrate
as a function of the third body layer thickness and must depends of the mechanical
properties of the layer.

F
b1 = Kl'pmet'vs'FN'STF (26)

¢, is the oxidized material detached from the substrate due to the wear accelerated
corrosion, which is defined by equation (27), v the sliding velocity, Mr is the
molecular weight, n is the metal oxidation state and F is the Faraday constant. In
addition, this flow is related to the passivation charge density (Q,) and the stress
transmission factor STF. Finally, K, in the expression correspond to a
proportionality constant of the wear rate constant of the oxidized material.

1
by =Ky oL Q- vy - (SLSTF) /2 (27)

Material flows from the third layer to the electrolyte (C2+C3—> C4):

¢3 is the mass flow leaving the contact from the third body in form of wear.
Therefore, as observed in equation 28 this flow follows also Archard’s law. Then the
proportional effect of the normal force, the sliding velocity and the inverse
proportion with hardness are considered. However, as this material flow is ejected
from the third body, oxide density p,,, oxide stoichiometric relation (r,,), the third
body hardness (Hrg) as well as the proportion of oxidized particles in the third body
w3 are introduced in this expression to considered the effect of this layer on the total
wear. Finally, a proportional constant is included; K5 corresponds to the wear rate

coefficient, which value must be close to the total wear rate of Ti alloys.
LE!

¢)3=H_'pox'rox'vs'FN'W3 (28)
TB

As mentioned before, the third body is a mixture of metallic particles (compartment
C>), which fraction is w,, and oxidized particles (compartment C3) represented by the
fraction ws, relationship between them is given by equation 29. According to Auger
analysis in chapter 6, all material ejected from the contact is oxidized.

Wy + W3 = 1 (29)

¢4 represents the fragmented material particles broken because of the third body
deformation. Those particles do not leave the contact and they reincorporate to the
layer again. This flow is a portion of the total wear (¢3). Then, these particles
reincorporation can be written as the probability of being ejected or to remain in the
contact, which is potential dependent as equation 30 shows.

¢s=K4 ¢, P(E)O<x>1 (30)

However, based on the experimental results presented in chapter 6 (SEM images),
the proportion of material redeposited on the surface is considered negligible in
relation to the total wear. Therefore, ¢, is neglected.
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Material flows inside third body layer (C2> C3):

* ¢, represents the chemical oxidation of metal particles inside of the friction film. It
follows the wear accelerated corrosion law and it is considered proportional to the
metal particles proportion (w;) in the third body layer. The amount of metal
particles in the third body limits the amount of material that can get oxidized.

1
¢5=K5'%'Qp'vs'(F_N) /Z-Wz (31)

Hrp

From this model, chemical volume rate and total volume rate the system can be
obtained as observables and described by equation 32 and 33. Chemical volume rate can
be calculated by the sum of the flow of material subjected to wear-accelerated corrosion
phenomena of the bulk material and the flow, which represents the oxidation of the
metallic particles inside the third body. While the total volume rate is the material than
leaves the contact.

Vc,hem = ¢+ ¢5 (32)
Vior = ¢3 (33)

7.3 Mass balance

The dynamics of this system can be described by a set of ordinary differential equations
in order to interpret the third body phenomenon through a mass flow process. Then, the
evolution of the mass compartments C,, C; and C, are described by equation 34 to 36.

2=y — s (34)
=y~ 3+ s (35)
= ¢ (36)

The friction film generated between two materials in contact under a tribochemical
action evolves with time as is defined by equations 34 and 35.

Along the time, the third body formed reaches a constant thickness where the
proportion of material feeding the layer is equal to the proportion of material being
ejected from the contact (equation 37).

b3 =P1+ b, (37)

Therefore, the sizes of the compartments C; and C3 are constants over time. This stage is
known as the steady state and equations 38 and 39 can be written as:

P2+ s —p3=0 (38)
p1—¢Ps=0 (39)
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7.4 Model calibration

To solve these equation systems to obtain total wear and chemical wear rate, six
parameters related to the substrate and to the third body needs to be calculated. Those
parameters are: Ky, K3, K3, K5, @, and STF. Then, in order to get those unknowns values,

the model calibration was divided in two steps

* Parameters related to substrate: To calculate the passivation charge density @,
and wear rate constants K; and K5, data from the literature was used.

* Parameters related to the third body: To obtain STF, K; and K; a set of
experimental data from a specific fretting-corrosion condition carried out in In-Vitro
condition described in chapter 6 was used.

In both cases, the steady state was assumed.

Calculation of parameters relative to the substrate

7.4.1 Passivation charge density

The passivation charge density, Qp, is the charge needed for the electrochemical
formation of the protective oxide layer on the metal surface by unit area. Considering
that a uniform oxide layer is formed on the metal with a thickness d.y, the volume, Vo,
and the mass, moy, of the oxide layer can be defined as;

Vox =dox - A (40)
Mox = Pox * Vox (41)

The number of moles forming the oxide layer, nox, can be calculated if the composition is
known:

Dox 5 f = LoxVox , (42)

Q = N(motox)-2-F = Mo Mg,

Where the M,,, is molecular weight of the oxide. Using the Faraday’s law, which relates
the charge transferred in an electrochemical process and the mass transformation, it is
possible to define the passivation charge density as:

Mox
Moy

N(mol 0x) = (43)

Where, 1,1 05 1S the oxide mol number (mol), z is valence number of ions in the oxide
and F is the Faraday’s constant (C eq.). Finally, the passivation charge density is defined
as:

Q _Pu -4,
— _ Mox % g F 44
2 A M (44

[2'¢

For practical reasons, an area (4) of 1 cm2 was considered and TiO; as the oxide formed.
To calculate the oxide thickness (equation 45) as a function of the potential, a linear
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growth is assumed with a rate of 2nm/V [134]. The intercept was calculated based on
the oxide thickness data as a function of the potential (P) reported by Verges [134].
Calculated oxide thicknesses are listed in Table 7-1.

dox(nm) =2 ("M/,) - P(V) + 5(nm) (45)
Table 7-1. Titanium oxide thickness and passivation charge as a function of potential (Vse).
Potential -1V 0.3V 0.5V 1v
d (cm) 3x107 5.6x107 6x 107 7x107
Qp (Cm2) 61.2 114 122 142

7.4.2 Proportionality constants K; and K,

Constants K; and K, are associated to metallic material worn from the substrate in
absence of third body layer. Then, equations 38 and 39 are reduced to:

b2 —Pp3=0 (46)
p1—¢P3=0 (47)

From a literature search, Galliano et al [119] work was chosen. In this work a
Ti6Al4V/Al,03 couple was evaluated in a ball on flat configuration under sliding
tribocorrosion test, none third body layer was observed after 1 hour of test as was
indicated in the surface analysis reported.

Therefore, K; and K, were determined using Galliano et al [119] data listed in Table 7-2
to feed equations 32-33, 46 and 47. These equations were solve using the software
Wolfram Mathematica 11.

Calculated values for K; and K, are 1.46x10-3 and 2.15, respectively.

Table 7-2. Parameters used to calculate K; and K. Galliano et al [119]

Parameter Value

Fn(N)* 2

H (N/m2)* 3.17 x 10°
Sliding speed (ms-1)* 1.28x 102
Potential (V)* 0.3
Qp(C.m2) 114
Vror (cm3) 2.52x 105
1(A) 7.9 x 105
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Calculation of parameters relative to the third body

7.4.3 Stress transmission factor

In order to determine the mechanical effect of the third body on the system, the stress
transmission factor was developed.

STF = Ointerface (48)
Osurface

This factor is defined as the ratio between the maximum shear stress in the third
body/substrate interface (Gintertace) and the shear stress contact in the surface (Osurface)-
Stresses were calculated through a MATLAB code following the von misses yield
criterion [135], [136], which allow to analytically determine all the components of the
tensions in any point of a semi-space for a contact of a sphere sliding on a plane. This
criterion is a combination of Hertzian stresses and the stresses under sliding given a
unique value for all the stresses acting. The maximum stress varies as a function of the
third body thickness, therefore the stress transmission factor also change with it.

Shear stresses represented in Figure 7-3a were calculated for the ball on flat
configuration used for Ti6Al4V/Al,03 couple in the fretting-corrosion experiments
described in chapter 6.

As the Von Misses stress is calculated taking into account the mechanical properties of
the materials couple and the coefficient of friction, theoretical values for Ti6Al4V and
Al;O3 properties were assumed, such as the elastic modulus and Poisson ratio (115GPa,
0.34 for Ti6Al4V; 350GPa, 0.21 for Al;03). COF values were taken from values obtained
during experiments (Table 6-1). Accordingly, the STF was calculated for three COF
under two loads, which corresponds to the experimental values registered under
cathodic conditions (-1V, Fy=10N) and anodic conditions (0.5V, Fx=10N and 30N).

Figure 7-3a represents the distribution in the vertical plane below the point of contact
(as sketched in Figure 7-3b shows) and in the direction of the movement to the right.

Maximum shear stresses (marked on the Figure 7-3a with a red cross) according to the
depth are calculated. This depth is the equivalent of third body thickness. Therefore,
maximum stresses values respect to the third body layer thickness are listed in Table 7-
3.

As presented in the sketch, the thickness 0 corresponds to the material surfaces and the
colored lines represent the isometric stresses around the contact area. Maximum
stresses are localized in the top and decrease as a function of the depth. Horizontal axe
corresponds the distances to the contact point, which is localized in 0.
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Figure 7-3. Contour of shear stresses in a Al,03; /Ti6Al4V ball on flat configuration a) vertical stress
distribution b) schematic representation of the contact schematic representation of the contact for
which tensions were calculated

From values in Table 7.3, the STF under fretting-corrosion conditions is represented in
Figure 7-4. The STF calculated for the system under cathodic conditions and anodic
conditions at the highest loads increases after the first two micrometers (curve green

and purple). The shear stress distribution changes dramatically when the COF is lower

than 0.25, which corresponds to theory, maximum stresses at lower COF are registered

in the bulk material [137].

Table 7-3. Maximum stress calculated by the Von Misses criterion respect to the third body thickness

Von misses stress (MPa)
Thickness (um)
10N/0.5V 30N/0.5V 10N/-1V
0 812 1166 377
2 761 1116 333.
4 724 1076 339
6 696 1041 352
8 673 1012 367
10 656 987 382
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Figure 7-4. Stress transmission factor as a function of the third body thickness

7.4.4 Determination of unknown parameters K; and K

Finally, to calculate K5 and Ky values w the differential equation system presented in
equations 38 and 39 had to be solved. Replacing flow expression in those equations,
they can be rewritten as following:

1 1/
M, F 2 M, Fy\ /2 K.
Ko e Qs (T STF) 2 4 K 2 Qv () 20 (1= wa) = 5w T Vs Py = 0 (49)

1

, M F /2
Vchemsz'T;'Qp'Vs'(FN'STF)

1
/
+ Kyt Qv (32) L (1= wa) (50)

H'I'B

Data from the experimental results were taken to calculate K; and Kg values, the
condition chosen had to be well described conditions and observables as well as a third
body build-up. According to these requirements, experimental data from fretting-
corrosion test carried out under a normal force of 10N at 0.5V was used. Those values
are listed in Table 7-4 as well as the values of the calculated parameters presented
above.

Calculated values K3 and K5 are 3.7x10-15 and 3.7 for respectively.

K5 value, which is the third body wear rate values were confronted to values reported in
literature for Ti and Titanium oxide wear rate. Due to the third body layer is a mixture of
metallic and oxidized particles, K3 values should be similar to values reported in Table
7-5 as it is the case.
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Finally, K, value, which corresponds to the amount of material available for oxidation, it
means in metallic state in the friction film. Its value should be close to the value for the
substrate, it means the calculated K.

Table 7-4. Experimental data and material properties used to calculate K5 and Kz

Parameter Experimental
values
Potential (V) 0.5
Normal force, Fy (N) 10
Sliding velocity (m/s) 9.0 x10-5
Total volume rate (Kg/s) 1.72x10-13
Chemical wear rate (Kg/s) 1.54x 1013
t (s) 3600
M (g/mol) 48
n 4
F (C/mol) 96500
Pmetal (g/cm?) 4.43
H (N/m?2) 3.17x10-9
Hrg(N/m2) 1.19x10-°
Vs (m/s) 1.28x10-2
Fn (N) 10
Qp (C/m?) 122.5
Poxide (g/cm3) 4.23
K; 1.46x10-3
K, 2.15
STF 0.94
A 0.40
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Table 7-5. Wear rate for different Titanium Alloys.

Author Year Wear Rate
(mm3/Nm)
AF.Yetim [138] 2010 1x10-10 - 4,5x10-12
K.M. Chen, Y. Zhou, X.X. Li, Q.Y. Zhang, 2015 1.5x10-15 - 6.5x10-15

L. Wang, S.Q. Wang [139]

K. Aniotek, M. Kupka, A. Barylski, G. 2015 4x10-12 - 1x10-13
Dercz [140]

G. D. Revankar, R Shetty, S. S. Raoc, V. 2016 3.2x10-13 - 5x10-13
N. Gaitonde [141]

Q.Y. Zhang, S.Q. Wang, Y. Zhou, K.M. 2016 3x10-15 - 1.5x10-14
Chen, L. Wang, X.H. Cui [142]

Finally, the calibrated mass flows are presented in the following equations.

1 = 146X107% - ppyge - Vs - L+ STF (51)
_ M, Fn 1,
2 =215, v, (SLSTF) (52)
¢3 = 3.7x1071%  poy  Ton " Vs * Fy - Wy (53)
Y.
M, F 2
s =37-22.0, v, (2) 7w, (54)

7.5 Model prediction

Once all parameters are defined, chemical volume wear rate and total volume wear rate
could be predicted for a system under fretting corrosion conditions. Data from an
independent study was taken to compare the prediction of the model to experimental
data.

Third body layers were obtained by Barril et al [57], [58], [108] work, using a ball on flat
configuration for Ti6Al4V/Al;03 couple. In this study, parameters and observables were
in detail described for different loads and electrochemical conditions. Calculation were
made with parameters reported by the author [108] and listed in Table 7-6 and the STF
value was taken from a curve calculated with the COF reported in this study
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Table 7-6. Experimental data from Barril et al [108]

Parameter 0.5V -1V -1V
Fx (N) 10 30 10 10
. Amplitude 50 100 50 100 50 100
displacement (pm)
Sliding velocity 8.x105 | 1.80x10% | 5.0x105 | 1.5x10* | 4.x105 | 1.3 x10*
(m/s)
Total wear 0.55 1.2 9.84 6.76 0.25 0.86
(x10-13Kg/s) 2 4.5 1.6 0.35
Chemical wear
0.73 1.60 0.79 5.48 ; ;
(x10-13Kg/s)

Total wear volume rate was calculated for two amplitude displacements and two
potentials, Figure 7-5. The model follows the effect of the amplitude displacement and
electrochemical condition. However, predicted values are one order of magnitude
higher than the total wear reported. Difference in values can correspond to dissimilar
stiffness in the system. If the stiffness is higher the contact is closed, as consequence
more particles get trap into the contact and third body layers are thicker. In addition, if
the particles remain longer in the contact they will be deformed and in contact with the
electrolyte during more time. So, more oxidized third body is expected.
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Figure 7-5. Comparison results from the model to values from the literature of the total wear
volume rate as a function of the displacement and potential a) 0.5V and b)-1V

In order to check difference in the stiffness, a comparison was done between the slope
of the transients loops reported by Barril et al [108] and the value obtained in the
experiments carried out in this work. The stiffness values correspond to the loops
registered under a normal load 10N, frequency 1Hz at 0.5V, which are the conditions
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used to calibrate the model. Stiffness value reported by Barril et al [108] is 1.1N.um-
while the value calculated from the experimental loops from Figure 6-2a is 0.5N.um-1.
Accordingly, under the same load, frequency and electrochemical condition, thicker and
more oxidized layers were found in Barril’'s work compared to the third body layers
described in chapter 6, which corresponds to the difference in stiffness.

Different stiffnesses can be related to different factors as the sample holder but also to
the mechanical properties of the contact, which depends of the material, the
electrochemical conditions and surface properties of the sample (such roughness and
hardness). The combined effect of these properties has an influence on the properties of
the third body particles, which in turn affect strongly the stiffness [108]. Therefore,
dissimilarities identified in the third body layers formed under the same load, frequency
and electrochemical conditions but different stiffness, indicate a reciprocal effect. The
stiffness drives to longer or shorter residence time of the particles in the contact, leading
changes in the thickness and oxidation degree. This influences finally the mechanical
properties (as hardness) and the surface energy of those particles modifying the wear.

In other words, under systems where the stiffness is higher the redeposition will have a
strong influence on wear, as a consequence it cannot be neglected. Therefore, the
dissimilarity between the total wear value reported in the literature and the value
calculated through the model corresponds to the redeposition flow, ¢a.

The prediction for the chemical volume wear rate was also done. To evaluate the model
prediction, the same electrochemical condition was considered (0.5V) but under
different loads. Because of the negative currents (hydrogen evolution masking the
oxidation current of metal) chemical wear cannot be determined at -1V applied
potential.

Values calculated for chemical volume follows the effect of the amplitude displacement
and load as Figure 7.6 shows. Values obtained are in the same order of magnitude. Barril
et al [57], [58], [108] already probe experimentally that difference in the stiffness do not
affect the chemical volume rate obtained from the current.
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Figure 7-6. Comparison results from the prediction of the model and from experimental
results from the literature of the chemical wear volume rate as a function of the
displacement and normal force a) 10N and b) 30N
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From these predictions values is noticed the influence of load, amplitude displacement
and specially the electrochemical condition, which corresponds to what is observed
experimentally.

The third body model proposed for fretting-corrosion is a promising tool to predict total
wear but also to understand the evolution of the system as a function of mechanical and
chemical key parameters. Comparison of model results and data from the literature
shows that the model is able to predict total reasonable wear and chemical wear for
systems where the mechanical response of the material in terms of elastic and plastic
deformation is different.
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Discussion

In recent years a large part of the discussion related to elucidating the degradation
mechanisms of modular implants degradation has focused on crevice-corrosion
phenomenon. One of the elements that supported this degradation mechanism lies on the
geometrical configuration of head-neck and neck-head junctions, since once the prosthesis
is assembled small crevices are created between the pieces.

Experimental results from the stainless steel Fe-Cr 15%, evaluated under the
configuration mimicking the femoral head-neck junction, demonstrated the fact that this
geometrical disposition promotes crevice-corrosion for alloys sensitive to this degradation
mechanism. In addition, results from biomedical alloys evaluated under the same system
show that even if the configuration, is able to reproduce crevice - corrosion deterioration,
biomedical alloys resist and do not corrode under these conditions.

No deterioration evidence was found in Ti6Al4V and CoCr after crevice-corrosion
experiments in several conditions using a geometry mimicking the femoral head-neck
configuration. Those results demonstrated that crevice-corrosion unlikely occurs even
though the geometrical configuration favors the occurrence of this mechanism.

Both alloys were evaluated under several potentials. CoCr alloys were evaluated in passive
and trans-passive potential while Titanium alloy samples were evaluate in passive and
cathodic conditions as well as in a potential close to Ecr In none of those cases
deterioration signs were found over time, and what is even more meaningful no change in
the potential between the surface and the interior of the crevice was recorded. In other
words, even if the conditions favor crevice-corrosion conditions, the differential aeration
cell is not sustained since there is no potential drop within the crevice that leads to a
significant potential difference between the crevice and the surface. Consequently, the
passive layer is not affected under these conditions.

Based on the experimental results, some assumptions were done to check the applicability
of the IR-voltage model to modular hip joint configurations. The agreement of the
experimental results with those obtained from modeling, support the validity of the
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experimental approach and the applicability of the IR-Voltage to a crevice-corrosion
approach mimicking the modular head-neck geometry.

As well as the experimental approach, results from modeling show no risk of crevice-
corrosion occurrence under two pH conditions for a wide range of passivation potential.
Moreover, 3D maps built from this model make possible to analyze under which
conditions (chemical, geometrical or electrochemical) the system is prone to develop
crevice-corrosion. 3D representations of the critical distance as a function of the combined
effect of crevice gap, passivation potential and conductivity were done. From them, it was
determined that crevice —corrosion occurs in configurations that mimics a modular joint
for solution conductivities lower than 5x10-6S/cm, which corresponds to pure water.

According to the relevant role of the solution conductivity and to extrapolate the system to
the hip joint condition, estimations of dc were done using synovial fluid conductivity
measured in In-Vivo conditions by Igual et al[55]. For values in the range of 6x10-25/cm to
0.1S/cm, crevice corrosion occurs above 558 cm for Ti6Al4V and 29 cm for CoCr taking as
crevice current the highest value measured experimentally (acid pH). If this critical
distance is calculated with current values measured at pH 5.6, which is closer to the real
pH measured of the synovial fluid, critical distances are above 1630 cm for Ti6Al4V and 37
cm for CoCr. Taper’s length are approximately 14 mm (0.14 cm)

As a consequence, based on the presented experimental and theoretical approach, crevice-
corrosion of biomedical alloys, Ti6Al4V and CoCr, in trunnion/ball contact geometries is
unlikely to occur and this because the necessary corrosion cell is not electrochemically
sustainable in typical biological conditions.

Therefore, based on these results the attention should be focus on fretting-corrosion.

Indeed, this mechanism has been widely accepted as a degradation driver in modular hip
joint implants. In addition, as shown earlier similar tribofilms to those found in retrieval
studies have been originated in fretting-corrosion In-Vitro experiments. This indicates
that degradation modular hip joint implants can be approached by the study of the third
body build-up and the main conditions that interfere in its formation during fretting-
corrosion.

As shown before in chapter 5, tribofilms, also called in this study as third body layer,
properties depend largely on the electrochemical and mechanical conditions. Difference in
composition, thickness and hardness were found as a function of the potential applied. The
characteristics of this layer may have an influence in the wear rate of systems under
fretting-corrosion. As a consequence, this work proposes a third body model based on
mass flows from the base material to the electrolyte environment via a third body. This
model describes wear and third body build-up in terms of the mechanical and
electrochemical parameters

As observed in chapter 7, there is a discrepancy of experimental results obtain under very
similar conditions but different contact stiffness. The stiffness is supposed to modify the
redepostion flow (¢4 in Figure 7-2) that was considered negligible in the model
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calibration. A further development of the model will consist in quantitatively linking ¢4 to
the contact stiffness and integrating into the model. In this way, crucial clinical parameters
affecting contact stiffness such as geometry an impaction force could be directly related to
implant degradation.

Furthermore, to check the applicability of the third body to real hip joint conditions, data
about the mechanics in the body and from the electrochemical conditions inside of the
body are required as well as a careful inspection and characterization of tribofilms from
retrieval implant.
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Conclusions

Degradation of modular hip joint prosthesis has been associated to health complications

such as adverse tissue reaction and high level of metallic ions in the body. Therefore,

several deterioration mechanisms have been proposed to explain modular hip joint

degradation, such as fretting-corrosion, crevice-corrosion, galvanic coupling, hydrogen

embrittlement and pitting. However, as explained earlier from the mechanism proposed

two of them possibly can take place in the implants, those mechanism are fretting-

corrosion and crevice-corrosion. Consequently, this work aimed elucidating the

occurrence of these phenomena under hip joint conditions and so, determining key factors

governing the degradation. Therefore, based on the experimental and theoretical

approaches carried out by this work the following conclusions are highlighted:

Laboratory simulations of crevice-corrosion configuration mimicking hip joint
trunnions were carried out in NaCl solution under different pH and applied
potentials. Results determined that CoCr and Ti alloys do not suffer of crevice-
corrosion under those conditions.

Furthermore, it was found that the Pickering IR-Voltage model of crevice-
corrosion correctly predicts the occurrence or not of crevice corrosion in the
developed laboratory test set-up. Extrapolation of the [R-Voltage model to hip joint
trunnions shows that crevice corrosion of CoCr and Ti alloys cannot take place in
In-Vivo, under plausible chemical, electrochemical and geometrical conditions
established in the modular configuration.

This work shows that Pickering IR-Voltage is an effective tool to predict crevice-
corrosion occurrence in a trunnion/ball contact geometry.

Fretting model for Ti alloys based on chemical and mechanical induced material
flows within the contact was developed and calibrated using dedicated laboratory
experiments.

Fretting-corrosion model describes wear as a function of critical mechanical and
electrochemical parameters. This theoretical approach constitutes the first step to
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integrate in future works, important parameters such as: stiffness and third body
particles properties, due to their strong influence on wear.

This work shows that a rigorous scientific approach based on established
theoretical and experimental concepts can bring solid progress in the
understanding of corrosion and retting corrosion of hip joints, this despite the
complexity of the topic.
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