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ABSTRACT

Metallic medical devices have been widely used in clinical applications,
especially for joint arthroplasty or joint replacement surgery. Fretting corrosion, one of
the most common forms of mechanically-assisted corrosion (MAC), has become a major
concern associated with orthopedic medical devices. Crevice corrosion, a second
mechanism of corrosion related to metallic medical devices, is a second factor of
corrosion for many circumstances in medical devices that is an additional factor in the
overall corrosion performance of these implants. It is a form of localized corrosion of
metal surfaces present within the gap or crevice between two adjoining interfaces. The
relationship and interplay between fretting and crevice corrosion is poorly understood
and the observed damage seen in retrievals, which includes pitting, selective dissolution,
intergranular and interphase corrosion has not been adequately duplicated in in vitro tests

of mechanically assisted crevice corrosion.

CoCrMo alloy, T-i6Al-4V alloy and stainless steel are the principal alloys in use
today in orthopedics and are the focus of corrosion related studies. In addition, alternative
materials, including ceramic materials with trusted biocompatibility, are also playing an
increasingly-important role in medical device implantation. Here, we performed a series
of studies intended to explore the fundamentals of fretting crevice corrosion of metallic
biomaterials for orthopedic implants. We first studied CoCrMo alloy fretting corrosion
debris generation and distribution using a range of characterization techniques and a

custom-made fretting corrosion testing system. These several analytical surface



techniques include SEM/EDS, AFM, and XPS. They were used to determine what debris
was generated and to where it was distributed. Also, solution chemistry measurement
(using ICP-MS) after testing was included to determine which ions and in what
proportion remained in the solution. Next, a tribocorrosion model, which linked fretting
mechanics, current and potential, was developed to predict currents and potential shifts
resulting from fretting corrosion based on tribocorrosion theory. The model was tested
against controlled fretting corrosion test conditions for its ability to predict the current-
time and potential-time response. This model established a strong connection between
mechanical and electrochemical aspects to demonstrate that potential and current affect
each other during tribocorrosion and both are affected by other electrochemical factors
(electrode area, impedance, contact mechanics, etc.) In the next step, fretting-initiated
crevice corrosion in stainless steel alloys was observed and described, where fretting
disruption of the surface initiated a self-sustained crevice corrosion reaction that
continued even in the absence of additional fretting. The result was to comprehensively
investigate fretting initiated-crevice corrosion (FICC) mechanism of stainless steel and to
explore the factors, including potential and fretting duration that leads to this process.
Lastly, device testing using the MTS servo-hydraulic test frame was performed to
measure fretting corrosion performance of SisN4 heads/Ti-6Al-4V modular tapers for
total hip replacements in vitro and compared their behavior to standard CoCrMo
heads/Ti-6Al-4V modular tapers tested under identical conditions. It was shown that
using a SisN4 ceramic head on metal trunnion significantly reduced the fretting corrosion

reactions present.
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1. Introduction

1.1 Metallic Biomaterials and Total Joint Arthroplasty (TJA)

Total joint arthroplasty (TJA) is considered as one of the most successful
orthopedic surgeries performed today. Within this category, the number of cases of total
hip arthroplasty (THA) shows a rapidly increasing growth trend with an increasing rate
since 2002 [1-2]. There are many reasons that may lead to THA procedures, such as
femoral-neck fracture, osteoarthritis, degenerative arthritis and even tumor etc. [3-5]. The
average age of the patient population who receives these surgeries shows a decreasing
trend which indicates that long-lasting implants are a mandatory aspect to consider when
developing new orthopedic implants related to THA [6].

Metallic orthopedic devices, such as modular hip joint replacements, have been
widely used in THA over decades. Many metallic biomaterials like stainless steel
(316LSS), titanium-based alloy (Ti-6Al-4V) and cobalt-chromium alloy (CoCrMo) have
been documented as suitable implant materials [7]. The main reason behind these popular
materials is that they have excellent mechanical properties and biocompatibility. CoCrMo
alloy and Ti-6Al-4V are widely used in total hip arthroplasty surgery, where CoCrMo
alloy is mainly for manufacturing femoral heads due to its excellent wear properties,
while Ti-6Al-4V serves as the stem to avoid stress shielding and enhance bone in growth
[8-9]. 316L stainless steel has been used for bone plates, bone screws and cardiovascular
stents due to its excellent corrosion resistance and reasonable cost. However, compared
with CoCrMo or Ti-6Al-4V, the surface oxide of 316L stainless steel is highly dynamic

under many physiological conditions [10] and is more susceptible to breakdown.



A typical artificial hip joint for THA is made by several components: a metallic
acetabular shell (typically Ti-alloy), a liner that is usually made from a polymeric
material (ultra-high molecular weight polyethylene, UHMWPE) sits in the shell, a
femoral head (made from CoCrMo or ceramic), and a stem (typically Ti-Alloy or
CoCrMo, and sometimes 316L SS). This modular design allows each different material to
achieve their maximum contribution to the overall design. The modular components are
easy to assemble in different sizes and shapes, which allow for highly customizable
implants to be considered based on each individual circumstance. Also, this design allows
the surgeon to easily revise portions of the construct during revision surgery without
having to remove the whole device and potentially induce significant damage to the bony
structures of the joint.

The common connection type used in THA to connect components is a physical
locking connection of a conical tapered construct known as the modular taper (Figure
1.1). Multiple modular junctions exist in a range of hip replacements and each consists
of a pair of modular components fitting together, one male the other female. More
specifically, this could happen between the shell and liner, within the stem, between the

stem and neck, and most commonly, head and neck taper junction.



ﬂ Shell-Liner

Metal-on-Metal

Head-Neck Taper

Neck-Stem Taper

Modular-Body Taper

< Implant-Bone or Cement Interface

Fig. 1.1. A schematic of modular taper junction of common total hip arthroplasty [53].

The stem-bone connection is usually by biological fixation, where a porous
meshed surface is created on the stem surface for bone cells, e.g., osteoblast, to grow into
and to create bone in the interstitial spaces [11] locking the implant in place. Physical
fixation of components to each other, using modular taper junctions, can raise potential
concerns after patients received THA, such as wear and stress concentration, and could
directly lead to device failure, e.g., dislocation and fracture, which has been well-

documented over decades [12-13]. This is because the activities of daily living, e.g.,



walking, could apply forces and torsion on each junction, which will cause undetected
micromotion (i.e., fretting), and lead to corrosion. The associated electrochemical
(corrosion) reactions could cause metallic material degradation and disfunction of the

device may eventually occur.

a 1.2 Mechanical Assisted Crevice Corrosion (MACC)

Even though different implant materials used within modular designs provide a
variety of choices for THA, metallic implant materials are still required within modular
junctions and these may still suffer from MACC-based failure modes. Many failures
have been reported in vivo related primarily to corrosion processes, which can
significantly limit implant lifetime [14-16]. Metal-metal or metal-ceramic modular
connections (e.g., modular taper junctions) cannot avoid the generation of corrosion and
fretting debris that may result in biocompatibility concerns. Implant corrosion, which
may in some cases be associated with revision surgery, is associated with loosening, local
tissue reactions and other issues. Biological reactions, like local inflammatory reactions,
stress shielding, pain in the joint and osteolysis, to name a few have been associated with
metal degradation processes [17-18].

1.2.1 Corrosion Mechanism

Corrosion is an electrochemical reaction that occurs with metallic materials. The
alloys commonly used as orthopedic implant materials are, typically, Ti-6Al-4V,
CoCrMo and 316L stainless steel alloy, which are all demonstrated as corrosion-resistant

materials. All these materials form a nanometer-scale layer of oxide film on their surface



to prevent the metals from acting as continuously active corrosion surfaces. The oxide
film provides a kinetic barrier between the bulk material and aqueous phase that limits
the rate of oxidation by slowing transport of ionic species from metal to solution. The
thickness of the oxide film is between 2-5 nm in equilibrium condition but can be
affected by many aspects, e.g., potential [19], solution, etc. The composition of the oxide
film for different alloys is also variable. For Ti-6Al-4V, this oxide is mostly composed of
TiO2 while CoCrMo and 316L stainless steel alloy have chromium-based oxide.

As a bearing surface for many implant devices, especially THA, oxide film
surfaces can provide a stable surface covering for the alloys. However, for many
junctions, e.g., head-neck taper junction, oxide film can be disrupted by mechanical
processes. Any time the oxide film is damaged or removed, the bare metal alloy will
immediately react with the aqueous phase, which is body fluid, to generate a new passive
oxide film and release metal ion at the same time prior to film reformation. This process
is called repassivatation, which only last for a few milliseconds. Corrosion is the
combination of oxidation and reduction reactions or redox reactions, which lead to metal
ion release or oxide formation and electron accumulation within the metal phase. Further
on, these electrons, which under the bare metal surface, will react with water molecules
and oxygen molecules to form hydroxide and hydrogen gas. These redox reactions can be
explained using the following reactions:

Oxidation reaction: nM + mH20 — MnOm + 2mH" + ne”
M — M" +ne”

Reduction reaction: 02 + 2H20 + 4e” — 40H



2H,0 +2e” — H, + 20H™

The redox reaction can not only lead to ion release but also have strong
connection with debris generation. Studies has shown that large amounts of Co ions were
detected, and large Co/Cr ion ratio was observed in serum from patients who have
CoCrMo alloy implant inside their body [20]. The disrupted oxide film could form into
debris particles or react with molecules like phosphate to form metal-phosphates. These
degradation products can move within the body and attach in tissue to initiate an adverse
local tissue reaction [21].

1.2.2 Mechanical Assisted Corrosion (MAC)

Once the oxide forms on the metal surface, it acts as a kinetic barrier which limits
further redox reactions. However, whenever the oxide is removed or disrupted
mechanically, the underlying metal is re-exposed to solution, and repassivation occurs
until fresh oxide film grows thick enough to dramatically slow the electrochemical
circuit. This mechanically assisted corrosion (MAC) process is due to an interaction
between mechanical and electrochemical factors leading to accelerated damage [22].
MAC happens at the interface of two phases and may damage both surfaces. Figure 1.2
demonstrates the process of MAC. Oxide film is abraded by an asperity (a small
protrusion from the opposing surface), thus exposing the underlying fresh metal surface
to the surrounding solution. Once the redox reaction is initiated, metal ions dissolve into
solution and metal oxide formation begins. Both release free electrons which remain at

the metal surface, where they attract water molecules and transfer negative charge to the



solution. This reaction could affect the solution chemistry and eventually cause a loss of

bulk metal as it repeatedly occurs over time.

= bulk metal
= surface oxide Sliding asperity

R

/w o)
2H,0 %0.+H.0 O \ | Debris
Y zo;u 2H
20H M, O,
T T chn;s]v;mowT M™

ne
ne
Reduction M T
Dissolution
M

Fig. 1.2. Schematic showing MACC of a passive metal and the associated redox
reactions. Abrasion by an asperity removes the metal oxide and initiate repassivation.
[23]

When MAC occurs repeatedly in very small scale, e.g., micro-level, the corrosion
process is defined as fretting corrosion. It consists of cyclic micro-motion, which is less
than 100 pum, between two surfaces that disrupt the passive oxide film and accelerates
corrosion. Asperities on both surfaces will abrade the surface oxide film, when fretting
motion is initiated and it will give rise to a series of redox reactions due to abrasion of the
two surfaces. The repassivation process, subjected to redox reactions, will shift the
potential of the implant to more negative potentials and generate fretting-corrosion
currents. The potential of oxide-covered surfaces is relatively stable if there is no fretting
motion causing oxide disruption. The potential when no oxide disruption occurs is called

the resting Open Circuit Potential (OCP) and it depends on the characteristics of the



metal itself, the oxide film and the reduction reactions present. When the oxide film is
disrupted, oxide repassivation and metal ion release will generate significant drops in
electrode potential as these burst reactions generate the accumulation of free electrons in
the metal (lowering the potential) until reduction reactions can consume these electrons
and depolarize the surface. Due to the asperity-like nature of the surface roughness,
crevices exist in most metal-metal taper contact interfaces. Crevices are a small space that
allows for a small amount of fluid to enter from the outside environment. Corrosion
occurs within this space and is called crevice corrosion. Evidence of crevice corrosion
occurs on metallic implant materials has been reported in many retrieval studies and has
become a concern that may affect implant lifetime [24-25]. However, only limited in-
vitro testing methods are developed to simulate crevice conditions [26], and there is a
lack of demonstration of in vivo observed crevice corrosion processes in vitro. During
MAC, the continuously repeated redox process consumes the free oxygen in the crevice.
Because of the tiny space, oxygen concentration is very low. In this circumstance,
oxidation rate is limited by oxygen, which allows metal ion concentrations to rise within
the crevice. Metal ion then will react with nearby chloride ions to form metal-chlorides.
Further, metal-chlorides can form metal hydroxide and hydrochloric acid with water
molecules, eventually lowering the pH within the crevice environment. This process is
considered as mechanically-assisted crevice corrosion (MACC). MACC requires that the
metal oxide be abraded, and crevice geometry existence, which will restrict fresh media
flushing into the space to provide enough oxygen species. So, cyclic surface abrasion like

fretting corrosion could quickly create MACC conditions and it can be named as fretting



crevice corrosion. This process can cause implant failure by releasing metal ion species

and debris particles, which has been documented in several studies [27-28].

1.3 MACC on Metallic Implant Materials

Clinical evidence of MACC on head-neck taper junctions began in the late
1980’s. An increasing number of complications in patients who have metal-metal contact
surfaces showed that corrosion products, e.g., oxide debris, existed in periprosthetic
tissue and inflammation of the joint region was associated with this debris [29]. These
products have been associated with a chronic inflammatory reaction. MACC can create a
highly aggressive environment that increases the implant’s electrochemical reactivity and
may accelerate implant degradation. These adverse tissue reactions have been associated
with pain, loosening, osteolysis, and fracture, which all lead to revision surgery to replace
the dysfunctional implant devices [30-31].

Gilbert et al. first proposed the theory of MACC as the reason for in-vivo
corrosion of the head-neck taper region for metal-on-metal contact interface and found
evidence of fretting corrosion in metal head-neck junctions [32]. Another study
confirmed that greater amounts of fretting corrosion damage in mixed metal couples
(CoCrMo/Ti-6Al-4V) than similar materials combinations [33]. One of the popular
methods for studying MACC is to retrieve the implant from patient and perform a series
examinations and analyses, which is known as retrieval analysis. Retrieval analysis could
help to determine the reasons for implant failure and complications. However, these

studies are not sufficient to generate conclusions regarding of the impact on metal



damage. Reasons for the defects could be due to selection bias of each implants, or the
inherent variability in surgical technique and even patient health history could affect
implant behavior.

Instead of using retrieval studies alone to assess MACC on metallic implant
devices, in-vitro testing methods provide more in-depth and systematic exploration of
metal degradation and the factors that affect it. Such methods allow for any investigation
into the performance of different materials under varied test conditions, which becomes
an important part of pre-clinical study. The test method itself could be varied depending
on the samples and other parameters. However, the general purpose should involve
measuring and acquiring the correlated electrochemical and mechanical data at the same
time. Typically, an in vitro testing method for MACC or more specifically, fretting
corrosion, includes a metal sample, electrochemical chamber, and mechanical system,
which can abrade surface oxide so as to create a corrosive environment. The mechanical
system could be composed of displacement sensors to measure relative distance between
samples, and load part that can apply constant load during testing and actuator that can
provide cyclic movement in the micron range for abrasive conditions for one or more
sample surfaces [34-35].

Usually a three-cell potentiostatic electrochemical setup is used for measuring
current in the electrolyte. This setup is made by a working electrode (WE), which is the
test sample itself, a reference electrode (RE), which usually use Ag/AgCl or SCE, and a
counter electrode, which usually made by carbon, platinum or gold. In a potentiostatic

experiment, the potential is held fixed in order to measure the currents. In other

10



experiments the potential is not held fixed but is allowed to vary with testing and currents
can be measured between the abrading electrode and a second electrode on which the
reduction reactions will predominantly take place.

The magnitude of the potential and current can reflect the extent of abrasion-
repassivation process of oxide film. The rate of oxide repassivation can be quantified as
current when fixed potential is applied to the system. The common electrochemical
environment for measuring MACC for metallic material is under potentiostatic
circumstance, where fixed potential is applied, and current is easy to characterize. Any
time the working electrode (WE) is abraded, current transients will flow from the samples
to the counter electrode as the oxide reforms. lonic conduction through the electrolyte
solution allows the current to pass from the counter to the working electrode, completing
the circuit. One thing worth noticing about MACC measurement is that metal ion release
exists during repassivation, which is also considered as part of the contribution to the
current generation. However, current due to ion dissolution is typically much less than
the current generated by oxide repassivation for these alloys and experimental conditions,
and hard to be distinguished when the system is held at a fixed potential [36].

Other testing methods, which can reflect surface electrochemical properties, are
also introduced to study MACC between different materials. Anodic polarization testing,
cyclic voltammetry, and electrical impedance spectroscopy (EIS) are three most common
techniques for analyzing electrochemical behavior of metallic materials. Anodic
polarization test, which applies a slow scan of a range of potentials between working

electrode and reference electrode and measures the current response [37]. It can
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characterize different regions, including the active region, passive region and transpassive
region, for any testing materials. Cyclic voltammetry is an electrochemical technique
which measures the current that develops by cycling the potential of a working electrode
and measuring the resulting current [38]. EIS is performed by applying a small sinusoidal
voltage over a static voltage using a range of frequencies. The current response is then
used to calculate the interface’s impedance, which can be related to a resistive-capacitive
circuit model to characterize its electrical properties [39]. Results from these tests can be
used to characterize material’s susceptibility to corrosion before and after MACC occurs,
where damage region could exhibit different results compared with the rest of the area.
As one of the most representative modes of MACC, fretting corrosion has been
studied over decades. in vitro testing methods have been developed to simulate the
corrosion damage which may occur within human body, such as ball-on-platform and
pin-on-disk etc. [40-41]. Among all of them, pin-on-disk (POD) testing method has been
demonstrated as an effective way to characterize corrosion during fretting motion under
various electrochemical and mechanical circumstances. This testing method usually
involves a cone-shape pin with small amount of exposed area and a disk with known
surface geometry. A constant force and periodical fretting motion, which is less than 100
pum with fixed frequency, is applied between two sample surfaces under constant
potential. A variety of information can be obtained during this test, including sliding
displacement, frictional force of the pin and fretting current. Since the general goal of this
dissertation is to study the fundamental mechanism of fretting crevice corrosion between

different implant materials, pin-on-disk testing method would become a major technique
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of the studies presented here. It is a very useful technique when studying fretting crevice
corrosion at the materials-level. Previously developed American Society for Testing and
Materials (ASTM) guidelines for modular implant interfaces will also be applied to
assess fretting corrosion resistance of implant devices, especially for hip implants [42].
This method involves seating the femoral head onto the femoral stem component,
submerging the implant in solution, and applying an incremental cyclic load to the
implant at fixed frequency after an initial loading period. A potentiostat with a three-
electrode system, which same as is used in POD testing, holds the setup at a fixed
potential and measures current during the test. This guideline, and other similar methods,
have been used to investigate fretting corrosion behavior of modular implant devices

regarding of different circumstances.

1.4 Challenges

Even though corrosion of metallic implants has been studied over decades, there
are still many challenges that are not well-understood or explored, e.g., clinical
observation, materials selection and model prediction etc. The studies included in this
dissertation will fill some of the gaps and provide new insight for future studies of
metallic implant corrosion.

Retrieval studies have shown evidence of fretting corrosion at head-neck taper
junctions, which could cause ion dissolution. Clinical research shows that Cobalt (Co)
and Chromium (Cr) ion was detected in THA patients’ blood samples, where Co has a

much higher ion concentration than Cr ion [43]. Similarly, chromium oxide and
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phosphate solid debris are formed in vivo and typically gets retained within the taper
crevice, lodged in the periprosthetic tissue, or transported systemically [44]. Thus, the ion
release process comes along with debris generation during fretting corrosion. So far, there
is no experimental evidence to demonstrate both occurs simultaneously or how the
partitioning between cobalt ions and chromium solid produces occur.

To better understand the mechanisms of fretting corrosion and explore its
potential mechanical or electrochemical factors, many theoretical models or analysis
methods have been developed. For example, finite element analysis (FEA) has been
adapted to simulate fretting corrosion at alloy interface [45-46]. Fallahnezhad et al.,
developed an algorithm that can predict the repassivated oxide volume based on some
conditions. This model can also simulate the fretting corrosion consequence for various
sliding regime. However, one of the limitations of current FEA models is that the model
does not consider surface resistive and capacitive properties could affect oxide
repassivation on the contact surface.

Since fretting crevice corrosion, which is the representative of MACC, is a
combination of fretting corrosion and crevice corrosion, there could be other potential
unexplored phenomena that may exist between these two types of corrosion. Crevice
corrosion usually happens within a tiny space without mechanical influence. However, no
studies have demonstrated whether mechanical factors could trigger crevice corrosion
which then continues even in the absence of fretting. Some clinical studies show that
localized corrosion damage is observed in metallic implant for TKA [47]. The damage is

not due to typical fretting corrosion but more like crevice corrosion or pitting corrosion.
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Exploring new corrosion mechanism that are affected by fretting corrosion could provide
a potential explanation for corrosion damage observed in retrieval studies that remain

unexplained (e.g., selective dissolution, grain boundary corrosion, etching, etc.).

In order to protect implants from MACC in THA, ceramic materials have also
been chosen to replace metallic materials due to their non-conductivity and excellent
biocompatibility. Common ceramic materials used in THA are Alumina and zirconia-
toughened alumina since they have shown biocompatibility and corrosion resistance in
taper junction [48-49]. Recently, silicon nitride (SizsN4) has been drawing more attention
for their clinical application, including cervical and thoracolumbar spine fusion.
However, most of the research so far on silicon nitride has focused on the bearing
properties rather than fretting corrosion performance against the commonly used titanium
alloy, e.g., Ti-6Al-4V. Filling this gap could provide supportive evidence for surgeons to

choose more suitable materials in THA.

1.5 Goals

The goal of this dissertation is to increase our current understanding of the
fundamentals of fretting crevice corrosion of orthopedic implant materials. More
specifically, works in this study can provide more information to fill the gaps that were
mentioned in challenge section. To date, we have shown how metallic implant materials
react under different circumstance in vitro and develop strong relationship between
theoretical aspect with experimental aspect. Continued research related to each aim will

provide additional data to assist people in understand the basic mechanism of fretting
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crevice corrosion. We expect to have more understanding of the interactions and factors
that are involved during these electrochemical processes and use them in the future to
design orthopedic implants which have better corrosion resistance. This work is
significant to the field of orthopedic implants because it looks to understand fretting
corrosion of metallic implant materials and may, in the long term, lead to smarter
biomedical alloys development and dynamic implant coatings that have greater corrosion
resistance. This could ultimately lead to more predictable implant lifetimes with an

increase is efficiency and safety.
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2. Aims and Hypotheses

A series of experiments was performed to provide information and evidence of
several aspects of the fretting crevice corrosion behavior of metallic implant materials
and devices including debris generation, model development, electrochemical reactions
and materials combination. We plan on investigating the fretting corrosion behavior of
different materials in various experimental conditions and establishing a theoretical
model of the process to predict the electrochemical changes during fretting corrosion.

Each goal, specific aim, and hypothesis is outlined below.

2.1 In vitro fretting crevice corrosion damage of CoCrMo alloys in phosphate
buffered saline: debris generation, chemistry and distribution

Goals: To demonstrate the debris generation processes and to show that Cr-phosphate
rich solid corrosion debris and preferential Co-ion release into solution was the result of
fretting crevice corrosion.

Specific Aim: A custom-made “two-dimensional” pin-on-disk fretting test system was
used to generate debris. The whole system was placed under a digital optical microscope,
which allowed the user to observe debris generation directly at the contact region. The
test was performed after a certain amount time and the debris was isolated from solution
using a syringe and was analyzed for morphology and chemistry. Surface characterization
using several analytical surface techniques (SEM/EDS, AFM, XPS) after testing and

solution chemistry measurement (using ICP-MS) was also included in this study.
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Hypothesis: The hypothesis is that the debris generated from fretting crevice corrosion of
CoCrMo alloy is partitioned between ionic and oxide chemistries, as observed in vivo,
where Co ions predominate in solution, and solid Cr-oxides and phosphates are formed

and adhere to the surface in a location dependent way.

2.2 A metallic biomaterial tribocorrosion model linking fretting mechanics,
currents, and potentials: Model development and experimental comparison

Goal: The goal of this study is to present a coupled set of heredity integrals to describe
the abrasion-current-impedance-voltage behavior during tribocorrosion. This model will
link the abrasion mechanics with the fretting currents and also to link currents to the
electrode potentials over time for any arbitrary abrasion-time process.

Specific Aim: In this test, the pin and disk sample comprised one electrode, while a
second electrode, also made from CoCrMo alloy was connected to the pin and disk
through a zero-resistance ammeter. A freely corroding condition was established and
monitored. The frequency of fretting sliding was varied, and the fretting currents and
electrode potentials was captured in each test for comparison. Comparisons were made
between the experimental potential-time and current-time response for each frequency
and the model prediction based on the measured sliding displacement time behavior and
parameters related to the contact mechanics such as hardness and normal load, and

impedance values.
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Hypothesis: The hypothesis of this aim is that this model can well-predict the potential
and current behavior based on the pre-set parameters. The model will be compared to

experimentally obtained fretting currents and potential shifts to assess its capabilities.

2.3 Fretting initiated crevice corrosion of 316L VM stainless steel in physiological
phosphate buffered saline: potential and cycles to initiation

Goal: The goal of this study is to investigate fretting initiated-crevice corrosion (FICC)
behavior of stainless steel in physiologically representative saline solution in an in vitro
pin-on-disk fretting corrosion model.

Specific Aim: The material used in these experiments was 316 L Stainless Steel (ASTM
F138) alloy pins and disks. Fretting corrosion tests were conducted using a pin-on-disk
system. All electrochemical measurements were obtained through a potentiostat. The
potential of the working electrode was varied from -700 mV vs Ag/AgCl to 250 mV vs
Ag/AgCl with an increment of +50 mV or 100 mV between each voltage. Damage
induced at the fretting interface was investigated using several analytical surface
techniques (SEM/EDS, AFM, XPS) after testing.

Hypothesis: The hypothesis is that FICC requires the existence of a crevice and may be
affected by the electrode potential. Also, this phenomenon can develop easily with just a

few cycles of fretting motion.

2.4 Fretting corrosion of SisN4 vs CoCrMo femoral heads on Ti-6Al-V trunnions
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Goal: The goal of this aim is to measure fretting corrosion performance of SizN4
heads/Ti-6Al-4V modular tapers for total hip replacements in vitro and compare their
behavior to standard CoCrMo heads/Ti-6Al-4V modular tapers tested under identical
conditions.

Specific Aim: The test group consisted of samples where the trunnion coupon was a
cylindrical sample made from Ti-6Al-4V rod with a trunnion machined into it. The head
component was made from SisN4 or CoCrMo with identical taper features with
commercial quality taper surfaces. Seating tests were initiated at beginning and followed
by incremental cyclic fretting corrosion (ICFC) tests, where cyclic loads were applied
vertically to the head of the head-neck taper construct. Immediately after ICFC testing, a
long-term fretting corrosion test was performed, which total number of cyclic loading
reached to 1 million times. At the end of the one million cycle test, the samples will be
subjected to a pull-off test where the head is distracted from the trunnion in a static
mechanical test. After disassembly, the taper surfaces will be imaged using optical and
electron microscopy methods. EDS analysis will be carried out to observe material
transfer. Fretting current and mechanical signal was captured during the whole process to
assess fretting crevice corrosion damage between head-neck taper junction.

Hypothesis: The hypothesis is that SisN4 will provide better corrosion resistance

compare to CoCrMo alloy when both are tested against Ti-6AIl-4V.

20



3. Invitro Fretting Crevice Corrosion Damage of CoCrMo alloys in
Phosphate Buffered Saline: Debris Generation, Chemistry and

Distribution [27]

3.1 Introduction

Metallic orthopedic devices, such as joint replacements, spinal screws, and bone
plates, have been widely used for decades. Many metallic biomaterials like stainless steel
(316LSS), titanium-based alloy (Ti—-6Al-4V) and cobalt-chromium alloy (CoCrMo) have
been documented as suitable implant materials. However, implant material failures have
been reported in vivo and many of them occur prior to the ideal lifetime of implant
systems [50-53]. Many retrieved implants show evidence of corrosion and wear
phenomena [54].

Fretting corrosion, one form of mechanically assisted corrosion, consists of cyclic
relative motion between two surfaces of less than 100 um and may be present in head-
neck, neck-stem, and acetabular taper junctions in total hip replacements [55]. In order to
have a better understanding of the failure mechanisms of metallic implants, test systems
and mathematical theory have been established to help understand fretting corrosion [56—
67]. However, most of these test systems focus on the mechanical aspects of wear, such
as friction force and energy loss and pay less attention to the details of fretting corrosion,
like debris generation, electrochemical processes of ion release and changing of
electrochemical parameters (e.g., voltage and fretting current). In addition, there have

been no direct observational tests of in vitro fretting corrosion debris generation
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previously published that seeks to correlate the debris composition and generation
processes to in vivo observed results, particularly as they relate to the nature of the solid
debris as well as the chemical distribution of the ionic debris generated. It is useful to
combine electrochemical and mechanical testing with visualization to better understand
the fretting corrosion process, especially in debris generation. Visualization of the fretting
corrosion process using optical microscopy methods provides direct information about
fretting debris generation, deposition and propagation processes.

As one of the most common metallic biomaterials used in total hip replacement,
CoCrMo alloy (ASTM F-75, ASTM F-1537) has been used as femoral head for decades
due to its ideal biocompatibility and wear resistance [68—70]. However, the degradation
products that come from CoCrMo fretting corrosion processes have been implicated to
cause clinical concerns [77]. In particular, it has been shown that when modular taper-
based mechanically assisted corrosion processes occur, two unique aspects of the
degradation are observed in vivo. First is the generation of chromium phosphate particles
that have been identified in the periprosthetic tissues surrounding hip implants with
corroded modular tapers [72]. Second is the relatively high ratio of cobalt to chromium
observed in patients’ blood serum with corroding modular tapers [73—75]. The reasons
for these observations and the mechanisms for their generation have not been studied
previously in an in vitro test to determine if this is a physicochemical consequence of the
fretting crevice corrosion mechanism or has other biologically-based reasons. Most wear
debris or particles used in biological response studies come from wear simulators, which

generate particles using large scale sliding motions and do not contain crevice conditions.
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Fretting crevice corrosion is another way to generate debris which has not been well
developed, characterized or utilized in such studies.

In this study, a 2-dimentional (2D) fretting corrosion test system was developed to
perform direct visualization of the fretting corrosion process and debris generation [76].
Thin-sectioned CoCrMo alloy pin and disk samples (about 500 um thick) are fixed
between two glass slides between which a small volume (less than 2 ml) of solution was
added to simulate fretting corrosion conditions and to directly observe debris generation
mechanisms. The transparent glass above and below the sample allows the operator to
use a microscope to observe and record the details of fretting corrosion at the interface
during the whole process. It is hypothesized that a simple fretting corrosion pin-on-disk
test system and phosphate buffered saline solution can generate similar fretting corrosion
degradation products (CrPO4 debris and high Co ion solutions) as seen in vivo when
CoCrMo alloy pin and disk are tested. The goal of this work is to demonstrate the debris
generation processes and to show that Cr-phosphate rich solid corrosion debris and
preferential Co-ion release into solution is the result of MAC in a fretting crevice
environment. This work will also document the debris accumulation process and
morphology and chemistry of the solid debris generated within fretting crevice regions.
This combined set of capabilities enables us to explore a range of research questions

associated with the process of fretting corrosion.

3.2 System Development
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The test system (Fig. 3.1a) was custom built and consists of a customized load
cell, which includes a double-cantilever design with an aluminum mount, two brass
cantilevers, a linear variable differential transformer (LVDT) (DC 750-50, Macro
Sensors, Pennsauken Township, NJ, US) and a brass rod support. This load cell had a
spring-like system with lateral rigidity to achieve its function of applying a controlled
normal load and an ability to slide laterally while measuring lateral forces. The two
cantilevers bend when pin and disk are in contact and apply a known load between them.
Lateral stiffness of the cantilevers provides for an ability to impart fretting displacements.
Fretting motion was induced by a saw-tooth voltage waveform applied to a piezoelectric
actuator (Burleigh, Queensland, Australia), which was connected to an amplifier (PZ-
300M, Burleigh, Queensland, Australia) and a function generator (FG-8002, EZ Digital,
Melrose, MA, US). Three mechanical parameters: normal load, friction force, and
relative displacement was measured separately. Normal load was measured by the
described load cell converting LVDT displacements into normal load. Frictional force
was obtained through a non-contact differential variable reluctance transducer (DVRT)
(SN3327, Micro-Epsilon, Raleigh, NC, US). This sensor measured the lateral deflection
of the pin, which changed with fretting motion and the lateral force was proportional to
the measured lateral pin deflection. True pin-disk relative displacement was determined
by subtracting pin deflection from stage movement measured by a second LVVDT sensor.
The raw data captured by computer data acquisition methods was converted to force or
displacement based on the manual calibration of each sensor using either known weights

or precise displacement calipers. The electrochemical circuit is shown in Fig. 3.1b, which
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represents the pin & disk contact region in Fig. 3.1b. Here, the thin-sectioned disk and
pin, both about 500 um in thickness, are the working electrodes and solution was injected
between the two glass slides, both of which were connected to the disk sample. The
solution was held in place by surface tension and fully immersed the working, reference
and counter electrodes in a small volume of solution (about 1.5 ml). The load was applied
along with the negative x-axis direction and the system performed back-and-forth fretting
movement along y-axis. The observation direction was through z-axis, which focused on
the contact interface. The wire reference (Ag/AgCl wire) and counter (Au wire)
electrodes were positioned within the solution. Because the disk-pin contact region was
near the edge of the glass slides, solution was able to fully cover the contact region. Only
the contact region was exposed, the rest of working electrode surface area was covered
by an isolating lacquer material. A metal screw penetrated through the top of a plastic
holder and contacted with the disk sample to ensure electrical connection outside of the
solution. A custom written LabVIEW (National Instrument, Austin, TX, US) program

was developed to capture and graph the data.

3.3 Materials and Methods
CoCrMo alloy (ASTM F1537, low carbon, see Table 3.1) slices and cone-shaped
flat-bottomed pins (interfacing surface area nominally: 0.002 cm? to 0.009 cm?) were

tested in each test round.
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Fig. 3.1. (A) schematic of the fretting corrosion test system. Note that pin and disk are
recognized by smaller rectangle and will be detailed in the electrochemical section below.
3D schematic (B) of electrochemical part. Note that WE are the working electrode, RE

stands for reference, CE stands for counter electrode.
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Table 3.1. Composition of CoCrMo [77]

Co Cr Mo Ni Fe Si Mn N C
Bal. 26.0- 5.0- <1.0 <0.75 |<1.0 <1.0 <0.25 |<0.14
30.0 7.0

The disk slice was cut using a low-speed diamond saw in a rectangular shape
(200-500 um thick). Each pin and disk slices were polished on the thin section by hand
to 600 grit using emery paper under flowing water until the scratches were aligned
yielding an approximation of a ground finished surface as seen in vivo. After polishing,
the samples were cleaned in ethanol and deionized water to remove any possible
remaining particles from the emery paper. In order to have a consistent electrochemical
environment, a relatively constant area, approximately 0.0045 cm? (nominally: 0.003 to
0.006 cm?), was exposed while the rest of the surface was covered by an electrically
insulating lacquer material. Three trials (n = 3) were performed for each test. The
Ag/AgCl reference electrode used in this study was a chlorided silver wire that was
subjected to a 2 s open flame treatment followed by a 10% bleach solution, dried and
then immersed in the test solution.

3.3.1 Observation of debris generation

In order to visualize debris generation during fretting corrosion, the whole system
was combined with a digital microscope (KH-870, Hirox, Tokyo, Japan). Both the pin
and disk were immersed in phosphate buffered saline (PBS) (P3813, 0.135 M NacCl,
0.0027 M KCl, 0.01 M NaHPO4 and 0.002 M KH2PQ4, SigmaAldrich, St. Louis, MO,
US) solution for 2200s at room temperature (RT) before each test. A three electrode

potentiostatic test (—100 mV vs Ag/AgCl), was controlled by a potentiostat (Model
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263, EG&G, Princeton Applied Research, Oak Ridge, TN, USA) during fretting. In order
to have a better debris generation rate, 5 Hz and 0.7 N was used with 65 um sliding
amplitude. A 350x magnification was used to provide high resolution imaging during
fretting. Videos, which lasted for 5 s, were first recorded at 12 min after the test started
and again recorded at 20 min, 30 min, 60 min, and 120 min.
3.3.2 Debris and surface characterization

In order to generate fretting debris to obtain composition, morphology and
deposition characteristics, fretting tests were performed at —100 mV vs Ag/AgCl, 0.5 N
normal load, 65 pm displacement at 3 Hz for 10 h were performed. This potential was
chosen because it is at, or near, the non-mechanically-abraded resting Open Circuit
Potential for this alloy in PBS. The load and displacement conditions were selected for
optimized conditions for the test system (i.e., prevent sticking) and to develop
representative contact stresses within the contact region as well as sliding distances that
are seen in retrieved modular taper junctions. Three Hertz was selected to provide
sufficient cycles within 10 h, but to also keep within a frequency where full oxide film
repassivation can occur with each cycle of sliding. After each trial, solution was extracted
from the fretting region and stored in a test tube. Both pin and disk were dried out in
room temperature and then subject to a digital optical microscopy (Keyence VK-8700,
Itasca, IL, US) for initial observation. Then the disk was imaged using a scanning
electron macroscopy (SEM) (Hitachi S-3700 N, Tokyo, Japan) equipped with energy
dispersive X-ray spectrometer (EDS) (Oxford Instruments X-Max, United Kingdom) to

firstly image the overall surface topography. Debris were partially removed using
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adhesive tape so the backside of debris and the covered surface could be analyzed. Both
tape and the sample were re-examined using the same SEM & EDS system to image
debris, the fretted surface and to determine the chemical composition of solid debris.
Post-test disk samples were investigated using an X-ray photoelectron
spectroscopy (XPS) system. It was conducted on a Quantum 2000 Scanning ESCA
(Electron Spectroscopy for Chemical Analysis) microscopy (Physical Electronics,
Chanhassen, MN, US) system, using Al radiation Ka=1486.6 eV with passing energy of
117.40 eV, and 50 pm probe size. The takeoff angle between the sample surface and
analyzer was 45°. Sputter Depth Profile mode were conducted on the fretted area and
unfretted area on CoCrMo surfaces. Depth profile results provide information about
element depth profiles from the surface. Surface argon sputtering of CoCrMo samples
was conducted for 30 cycles at intervals of 0.3 min, which led to a total sputter depth of
7.5 nm (0.25 nm at each interval). Analysis of XPS spectra was performed using the
MultiPark software (Physical Electronics, Channhassen, MN, USA). Atomic
concentration of O1s, P2p, Cr2p, Co2p, Mo3d peaks were plotted versus etch time/depth
and shift of binding energy of each peak at different depth was analyzed. Both regions
where fretting contact occurred and regions outside of the fretting zone were analyzed.
The surfaces of disks after fretting corrosion tests were also imaged by contact
mode Atomic Force Microscopy (Dimension ICON AFM, Brukers, Billerica, MA, US),
to investigate the nanometer scale topography of fretted regions and regions immediately

adjacent to the fretting site. Wear-resistant diamond-coated AFM probe (NMTC,
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Brukers, US) (Spring constant 350 N/m) was used for imaging the surface. Deflection
sensitivity of the probe was 84.95 nm/V.

The ionic concentrations of the three major metallic elements: cobalt (Co),
chromium (Cr) and molybdenum (Mo) were measured in the solution using inductively
coupled plasma mass spectrometry (ICP-MS) (ICAP RQ, ThermoFisher Scientific,
Waltham, MA, US). This equipment can detect metals and several non-metals in liquid
samples at very low concentrations. Since the solution did not contain any organic or
cellular tissue, samples for ion measurement were prepared following a similar protocol
which was reported in the literature [78]. Samples were allowed to settle for 30 min and
centrifuged at 15,000 g for 10 min at 20 °C. Then the supernatant was poured off and
diluted 10-fold with deionized water. The mixture was then measured in the ICP-MS.
Both debris and ion tests were repeated a minimum of three times for each.

3.3.4 Statics analysis

Statistical analysis of the solution ion results was carried out using ANOVA and

Tukey post-hoc tests. The critical value p is equal to 0.05 (p = 0.05) to determine

significant differences between or within each group.

3.4 Results
3.4.1 Observation of debris generation

Video microscopy of the fretting corrosion process (Fig. 3.2, images at various
time points from 12 min to 120 min) captured the development and extrusion of debris

from the interface. The pin (dark, on left) and disk (bright, right) moved vertically in the
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image as the microscope looks down from above. The interface-generated debris started
as early as 12 min and continued over the 120 min test. Debris first showed up at the
fretting interface and continued to develop with time. After 120 min newer-formed debris
pushed the older debris to the peripheral area. This led to a phenomenon where the outer
layer of debris was pushed away from the center and led to some of the debris becoming

disconnected from the original generating area.

30 min

60 min 120 min

Fig. 3.2. Digital microscope image of debris generation from CoCrMo pin and disk at
different time. Note that visible debris first showed up in 12 min after test begin. Arrow
indicates debris extruding from the interface which increases in quantity with time.
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100 um c

Fig. 3.3. (a) Optical micrograph of the fretted surface covered by debris. (b) A colored
halo region was observed around the debris region. (c) A higher magnification optical
image of the rainbow area. Red arrows (a and b) point to the contact zone between pin
and disk, while the white arrows point to generated debris. Note that a and b have same
scale. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Digital optical micrographs of CoCrMo disk samples (Fig. 3.3a and 3.3b) were
taken after 10 h of fretting corrosion, where solution was extracted for further analysis.
Evidence of surface wear (bright burnished regions, red arrows) and debris generation

(dark regions, white arrows) can be seen in these images. The bright burnished contact
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regions were surrounded by a debris field that outlined the outer dimensions of the pin.
Only a small portion of the nominal pin area actually made contact with the disk. The
remaining region was a crevice geometry that provided space for fluid and for debris
accumulation. Virtually all of the debris generated remained within the fretting crevice
region as only a few visible debris particles were seen in the solutions subsequently
collected from these tests. It was typical that a halo of debris and discoloration was
observed at outer layer of debris which coincides with the transition from under the pin
area to outside. The colored surfaces (Fig. 3.3b) associated with the halos are regions
where corrosion products adsorbed to the surface of the alloy at the crevice-to-outside
junction region in a very thin layer. A rainbow area associated with the perimeter of the
debris field can be seen in Fig. 3.3c. The repeating fringe color pattern indicates a
progression of thickness of the corrosion-deposited layer from the thinnest outside toward
thicker layers as one moves inward. This occurs at the edge of the pin contact region with
the disk.
3.4.2 Debris characterization

Scanning electron microscopy (SEM) images (Fig. 3.4) were taken of selected
fretted surfaces as well as from the debris that had been adhered to the disk surface after
testing. Fig. 3.4A and 3.4B shows the same sample before (Fig. 3.4A) and after (Fig.
3.4B) partial removal of the debris from the surface with tape. These images (both
backscattered electron images) show the overall pin geometry, where the actual contact
took place (bright region in Fig. 3.4A), which only comprised about 20 to 50% of the

nominal contact region, and the accumulated fretting corrosion debris field within the
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crevice. Even after partial debris removal, some adhered debris remained (Fig. 3.4B). Fig.
3.4C is a backscattered electron micrograph of the CoCrMo fretting contact surface after
fretting against the CoCrMo pin. Evidence of burnishing (plastic deformation) and sliding
can be seen. Also, some of the individual grains of the microstructure can be seen in this
image within the fretting contact region. The surface is, for the most part, very smooth
and shows little evidence of particulate debris. Fig. 3.4D and E is backscattered electron
micrographs of the debris (Top side of the debris: Fig. 3.4D, and bottom side, Fig. 3.4E)
to reveal the nature of the debris accumulated process and structure. These debris formed
a dry lake-bed appearance that is likely due to the process of accumulation taking place
and not from dehydration after testing, (Fig. 3.4D). This was confirmed by imaging the
debris field in the digital optical microscope after fretting corrosion while still immersed
in the test solution and the plate-like dry lake-bed appearance was seen (data not shown).
The debris also formed an integral interface on the backside (Fig. 3.4E) with the metal
substrate as can be seen by the imprinted polishing scratches on the surface of the debris.
This indicates that the debris was compacted into the surface by the fretting corrosion
process. There are almost no bright metallic particles seen within these images of the
debris which implies that almost all of the metallic fretting corrosion debris are
subsequently converted entirely into non-metallic oxides and phosphates over time of
fretting corrosion. Fig. 3.4F shows an EDS spectrum with a backscattered SEM
micrograph of the debris. Chemical analysis shows the presence of Cr, P, O with only
small amount of Mo, Co, and salts. This indicates that the principal chemistry is one of

phosphates and oxides of chromium being present in the debris.
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Fig. 3.4. SEM pictures of sample surface and debris. (A) and (B) were took before and
after debris were removed. (C) shows pitting corrosion was found in contact region. (D)
and (E) are debris outlook which took from top and bottom. (F) is the EDS result of
debris characterization. Note that A,B and D,E have same scale.

Energy dispersive X-ray mapping results (Fig. 3.5) present an assessment of the

composition of the debris deposited during fretting corrosion. The debris appears to be
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entirely made from reacted metal degradation products comprised primarily of Cr-
phosphate/oxide and Mo-phosphate/oxide. No metallic particles were observed in this
solid debris. The debris filled the crevice space between pin and disk not in direct
contact. Optically, the debris had a green appearance similar to that seen in retrieved
tissue samples containing Cr-phosphate. There is a notable absence of Co from the solid

corrosion debris and is only evident from the alloy itself.
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Fig. 3.5. EDS mapping result of fretting surface. Note that debris region rich in
chromium (Cr), oxygen (O) and phosphate (P) but contact region reveal original
elemental composition of CoCrMo alloy.

XPS results (Fig. 3.6) show the sputter depth concentration profiles for a fretted
(Fig. 3.6a) and unfretted (Fig. 3.6b) regions of the alloy surface for O 1s, P 2p, Cr 2p, Co

2p and Mo 3d. A decrease of O1s concentration with depth into the sample was observed

with high oxygen levels present in the fretted area compared to the unfretted area. The
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individual XPS spectra for Cr (Fig. 3.6¢ and 3.6d) and Co (Fig. 3.6e and 3.6f) for fretted
and unfretted regions are also presented. About 50% decrease of O1s concentrations
occurs with 2 nm in both cases. The fretted area exhibited a thicker region where the O1s
concentration remained well above the 5% level throughout the sputtering time, while the
Ol1s concentration on the unfretted area fell to below 5% after 4 nm depth. Co was the
dominate element after 1 nm depth. It reached to above 50% in both cases. However, Co
2p concentration in the fretted area was slightly lower than that of the unfretted area
reflecting small losses of Co from the near surface region. Cr 2p, Mo 3d show similar
concentration vs depth profile with small variation with depth for fretted and unfretted
areas. Only small amount (within 5%) of P 2p was observed in both cases although the
fretted area exhibited slightly stronger signal. A shift in binding energy of Cr 2p from
higher energy states (Cr.0z and Cr(OH)z3 to lower state (metallic Cr), started from the
second layer in both cases, was observed. However, the gradual shift stopped after the
fifth layer on the fretted area case while it ended on the third layer for unfretted area,
indicating difference in Cr depth profile was caused by fretting corrosion. No shifts of Co

2p peaks as depth increases were observed in both situations (Fig. 3.6e and 3.6f).
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Fig. 3.6. a,b) show atomic concentration variation; intensity and binding energy of Cr2p
(c, d) and Co2p (e, f) peaks at different depth on fretted and unfretted areas. (a, c, e for

fretted area

; b, d, f for unfretted area).
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Fig. 3.7a and b shows AFM contact mode images (30 um x 30 um) of the
CoCrMo surface at the boundary between the debris accumulated area and surface
outside of fretted corrosion affected zone. Debris, ranging from sub-micrometer to 5 um,
appears in dome-like shapes and accumulated and aggregated, forming different debris
layers. Fig. 3.7c and d shows height and deflection images that reveal possible grain
boundary dissolution of CoCrMo alloy surface around the debris-accumulated region just
outside of the fretting contact zone (but still within the crevice). The observation could
also due to the dry lake-bed effect of debris, mentioned earlier, since the observed region
was close to the debris accumulated area and confirmatory results could not be found
under SEM due to the shallow depth change of the boundaries, about 100 nm, which was
hard to detect using SEM. The possibility that this is evidence of grain boundary
corrosion comes from the height image (Fig. 3.7c) where there is no significant rise in the
topography from left (just inside the fretting deformation zone) to the right (where the
boundaries are present) that would correspond with an attached corrosion layer, but rather
the height is roughly consistent until the grain boundaries appear. There is some attached
corrosion debris in these images that overlay the substrate surface which are distinct from
the substrate. The depth of the grain boundary grooves increased from outside towards
fretting corrosion center. Corrosion, even at one single grain, was not uniform, some

grains were only partially subjected to dissolution at their boundary.
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Fig. 3.7. AFM contact mode images (30x30 pm?) of surface after fretting corrosion test.
a,b) Height Sensor and Defection Error images shows surface of debris accumulated
region. c,d) Grain boundary dissolution (red circle) was observed at debris accumulated
regions outside fretting contact region.

The ICP-MS results are plotted in Fig. 3.8. Among the three of them, Co (1.46
ppm) showed significantly higher solution concentrations than other two elements: Cr
(0.07 ppm) and Mo (0.05 ppm) (p <0.05). This indicated that most of the cobalt in the

alloy was oxidized into Co ions and released into solution, while the other two metallic

elements, Cr and Mo, did not oxidize into an ionic form in solution but rather became
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solid corrosion products of Cr/Mo oxides and phosphates. These results support the

earlier EDS results which showed that Co was deleted in the fretting debris.
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Fig. 3.8. ICP-MS result. Cobalt (Co) has significant higher concentration (p<0.05)
compare with the rest of two elements, Cr and Mo. Note that error bar stands for the
standard deviation.
3.5 Discussion

The goals of this work were to directly observe the process of debris generation
microscopically using a 2D fretting corrosion test system and microscope and to
detail/characterize the degradation products and damage modes coming from fretting
crevice corrosion of CoCrMo alloys. The whole device can be placed under a digital
microscope to visualize the process of fretting corrosion directly. The sample chamber is
made of two glass slides and hold much less solution volume. This feature can be used to
study the products of fretting corrosion. In addition, the small thickness of the disk
sample provides small contact areas which is useful for studying the fundamental theory
of fretting corrosion. We have demonstrated that principally chromium-based phosphates

and oxides are generated during fretting corrosion and cobalt is principally dissolved in
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an ionic form into the solution. Little to no metallic debris (i.e., zero valence metal
debris) is generated during fretting crevice corrosion. The fretting crevice corrosion
process mostly sequesters solid degradation products within the crevice, with some debris
egressing from the contact region. Also, some of the corrosion products are transported
away from the fretting region and deposited on the metal surface near to the edge of the
nominal pin perimeter where the crevice region ends. This deposition appears to be
chemically driven and not a physical adsorption as the rainbow-colored regions that form
is not removable, even with cleaning.

All the solid debris was either metal oxide or metal phosphate. There were no
observable metallic particles present within the debris. This indicates that the
mechanically assisted corrosion process reacts (oxidizes) the metal into virtually 100%
corrosion reaction product (both ions and oxide/phosphate). The solid debris accumulates
just outside of the contact zone but still within the nominal pin contact area. Debris can
also be extruded from this region into the larger solution space as additional fresh debris
is generated in the contact zone. Such debris extrusion likely occurs in vivo and results in
accumulation into the peri—prosthetic space, as has been observed in vivo.

Debris particles are generally too small to be observed directly or even in an
optical microscope. The isolation process used in this work was only able to harvest a
small amount of debris since most of the debris remained attached to the fretted surface.
It is only when they are agglomerated together to form a larger piece that they are visible.
Visible debris first showed up at 12 min after test began. The junction formed by pin and

disk filled with debris that has fluffy appearance on the outward surface. As time
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progressed, more debris was created and compacted with each other to form larger
pieces. As the fresh debris was generated in the contact zone, the older debris was either
compacted into the metal surface or forced out from the center. This could lead to some
large piece of debris to be removed from the fretting region and to egress from the
crevice. The compacting debris resulted in the dry lake-bed appearance of accumulated
debris and the observations of tape-removed debris undersides showed that the surface
topography (scratched) was imprinted into the back side of the accumulated debris.
Halos appeared on both fretting interfaces and the side observation surface after
the solution was removed. The fretting region was surrounded by the halo, where the
inner portion transitions into fretting debris. The halo exhibited color variations (rainbow)
from its outer edge to the inside, with a repeating rainbow appearance. This interference
effect, similar to anodization effects, indicates an increasing thickness of the corrosion
products in this region. The process of halo formation is likely due to corrosion product
deposition which has been reported in several studies [79-80]. Halo formation likely
results from a gradient of corrosion product accumulated within the crevice between pin
and disk. When pin and disk came into contact, a crevice formed between the two
surfaces that could lead to a gradient of ionic concentration due to the redox reactions
during fretting corrosion. Debris, which is generated along with the electrochemical
reactions, began to spread from the contact zone but still within the crevice. The halo
only appeared around the pin’s edge indicating there was a concentration difference
between the inside and outside space of pin’s edge. This could include pH gradients,

anion gradients and others leading to a precipitation process. Another study from
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Stevenson et al., detected a halo and wear debris in serial tribology experiments using
bovine calf serum (BCS) and human synovial fluid (HSF) as electrolyte [81]. Thus, halos
can develop not only in inorganic (PBS) solutions, as in this study, but also can be
formed in more physiological, protein-containing environments as well.

The ionic corrosion products are preferentially enriched in cobalt (Co) ions, where
the Co:Cr ratio was about 20, a ratio much higher than the alloy ratio and consistent with
the reported higher ratio of Co to Cr in blood samples associated with corrosion modular
taper junctions. Studies have shown that metal-on-metal modular taper interfaces produce
a significantly higher systemic release of cobalt compared to chromium when significant
corrosion of the tapers occurs [75,82]. They also point out that cobalt ion level is higher
than chromium after measuring the ion concertation from patients who have total hip
replacements for 12 months [83]. Their results and conclusion are consistent with the
observation of this study. lon generation is mainly due to oxidation reactions during the
repassivation process. Both cobalt ion generation and chromium (and Mo) oxide and
phosphate generation can contribute to electrochemical currents generated at the surface.
This small volume controlled fretting test system may be able to quantitively study the
partitioning of degradation products by measuring dissolution currents while also
capturing debris, ions and volume losses. In this way, the links between multiple
measurement methods could be used to obtain a better understanding of the overall
processes involved.

Increased oxygen concentration in the fretted area compared to unfretted area

(XPS figure a, b) was contributed to by wear debris on the CoCrMo surface in the fretted
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area. This is supported by the EDS results on the wear debris, where high levels of oxides
were observed. Oxide film thickness results based on XPS depth profiles in unfretted
areas was approximately 2.5 nm, which is consistent with previous studies [84], while
that of fretted area, affected by wear debris, exhibits thicker oxide on surface (more than
7.5 nm at least). Meanwhile, slower shift of Cr 2p peak to lower binding energy (metallic
form) within first 5 layers in fretted area indicates more Cr were in oxide form (Cr.Oz or
Cr(OH)z3) on fretted area surface compared to unfretted case. This could be caused by
wear debris on the surface or changed chemistry of the native CoCrMo alloy oxide itself.
More depletion of Co was observed in the fretted profile, implying that oxide film
chemistry was altered due to fretting corrosion. It should be noted that shifts of the Co
peak due to tribocorrosion was observed in a previous study in protein-rich environment
(50% serum). Co was found to be changed from metallic form to oxidized and
organometallic status [85] during tribocorrosion. Thus, protein plays an important role in
the oxide film chemistry of CoCrMo alloy in fretting corrosion.

Previous studies show preferential grain boundary corrosion initiation in CoCrMo
alloy due to Cr depletion [86-87]. Intergranular corrosion and carbide boundary
dissolution have been reported [88-89]. However, grain boundary corrosion of CoCrMo
alloy have only been seen above the transpassive potential, which is pH dependent
(around 0.6 V vs Ag/AgCl). Our study is the first to show grain boundary corrosion on
CoCrMo alloy might occurred in the passive region under potentiostatic (—100 mV vs
Ag/AgCl) control. However, it should be noted that this grain boundary corrosion was

not able to be identified using the SEM, only the AFM. This is because the dissolution
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depth was only around 100 nm or less. The evidence of grain boundary corrosion shown
in Fig. 7d could also be the result of a dry-lake effect of surface debris due to this
phenomenon was observed near the debris accumulated region. Additional work is
needed to confirm these results. It is worth noting that if grain boundary corrosion exists
around the fretted region, it might be due to localized surface potential, grain boundary
energy and solution chemistry, which favors dissolution at grain boundaries closer to the
center of the fretting corrosion. Future study will focus on investigating grain boundary
dissolution and its relationship to potential fretting-initiated corrosion in the passive
potential region, which has only been observed on stainless steel [90].

This study provides new directions for the study of fretting corrosion using pin-
on-disk fretting system. However, there are some limitations. First, no fretting currents
were captured during this testing to use to assess the relative electrochemical processes.
In addition, volume loss was able to be measured from digital optical microscopy, but the
debris mass is difficult to measure. In order to measure the mass of debris precisely,
debris from the surface and solution must be collected accurately and completely, which
is hard to ensure. In addition, the amount of debris is very limited due to the tiny contact
area and short fretting duration. Due to these two difficulties, this study was not able to
provide quantitative analysis of mass loss during fretting corrosion. With this limitation,
debris generation rate is also not quantitively calculated in this study. It is worth noticing
that debris can be easily generated and agglomerated together quickly after fretting
corrosion was initiated. Further investigations are needed to understand the details of

fretting corrosion debris generation. This may include, for example, better control and
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measurement of crevice solution chemistry and its changes with fretting corrosion, local
in situ nano-scale fretting corrosion testing using AFM methods and other approaches to
address the fundamental metallurgical, electrochemical and tribological processes

involved.

3.6 Conclusions

This study documented debris generation between CoCrMo alloy pin and disk
samples, and the surface deformation resulting from fretting corrosion. It was found that
debris was generated rapidly during fretting corrosion and that some of the debris
egressed from the crevice site while also accumulating within the crevice area as fretting
continued. The debris generated was comprised of ions and solid products. The ions were
heavily comprised of Co and low levels of Cr and Mo, consistent with blood ion levels.
The solid products were virtually entirely comprised of oxides and phosphates of Cr and
Mo. This is consistent with observations of debris and ions from clinical patients and
retrievals. A halo of corrosion deposition products was also observed at the outer junction
between crevice and outside on the alloy surfaces. Finally, visualization of the fretting
process using video microscopy methods could provide new insights into the damage
modes and debris generation processes and is a useful tool for the study of these

MiCroscopy processes.
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4. A Metallic Biomaterial Tribocorrosion Model Linking Fretting
Mechanics, Currents, and Potentials: Model Development and

Experimental Comparison [19]

4.1 Introduction

Mechanically assisted crevice corrosion (MACC) of metallic biomaterials in
orthopedics, spinal and dental applications represent a significant concern for clinicians,
researchers and implant designers. MACC consists of the conjoint effects of surface
disruption of oxide films on passive alloy surfaces of titanium (Ti), cobalt-chromium-
molybdenum (CoCrMo), and stainless-steel alloys (316L SS), and the electrochemical
responses associated with surface oxide disruption. The process of fretting crevice
corrosion in modular tapers (a particular form of MACC) has raised concerns related to
release of corrosion and wear debris and metal cations, and the local tissue reactions that
may arise [91-95].

Recently, significant work has been undertaken to experimentally study passive
oxide film disruption due to fretting and to understand the corrosion response of surfaces
to these events [96-101]. These efforts, however, have yet to fully elucidate the links
between surface abrasion mechanics, fretting current response and the changes in
electrode potential that occur over time during abrasion or immediately after abrasion.

Efforts by Papageorgiou, Mischler et al., and Neville et al. [99,102-105] have
provided some of the underpinnings of tribocorrosion processes to model current and

potential changes. These works, while providing insights, do not account for all of the
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elements of the behavior of the system that are important to the overall response. This
includes not accounting for the potential dependence of oxide film growth, or the
possibility of non-equilibrium electrical transients wherein the instantaneous balance
between anodic and cathodic currents intrinsic to the mixed potential theory may not
hold. Mischler et al., have, for example, proposed using a Tafel-based approach for the
reduction reactions to determine the cathodic potential excursions observed during
tribocorrosion [105]. However, this proposed approach fails to account for the
diminishing oxide repassivation response with more negative potentials and the limiting
effect his has on the cathodic excursions possible. This model also does not account for
the capacitive nature of the electrode interface and the high energy transient reactions
associated with repassivation which are not likely to be instantaneously balanced with
reduction reactions, but rather may result in a transient capacitive accumulation of charge
at the interface. This capacitive effect and other impedance characteristics of the
electrode surface are likely to be important in describing the electrode current and
potential response.

Kolman et al., modeled current behavior for titanium during film disruption due to
scratching, fracture or plastic strain in several publications to assess the true current
densities arising from near-instantaneous disruption [106-109]. These studies identified
many limitations associated with potentiostatic repassivation experiments, including
solution resistance effects on potentiostatic repassivation measurements and their effects

on high field modeling by comparing the result of scratch test and thin-film fracture on
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titanium. However, many of these effects or concerns are reduced or eliminated when
slow speed scratch testing is undertaken where the speed of disruption is slow.

They also graphically described a superposition model for summing multiple
dislocation-based plastic deformation events leading to disruption of the oxide film and
the individual currents associated with the repassivation process [109]. Each individual
transient event can be summed over time into a total current response, similar to what is
being developed here with a more formal mathematical description. That is, the basic
concept of current superposition was laid out by Kolman and Scully, however, this
approach was never formalized into a mathematical model and it was not coupled with an
analysis of the potential excursions that also arise.

Recently, Gilbert et al., described an approach to relate fretting currents, electrode
impedance characteristics and electrode potential transients [110]. In this work, a link
was made between the asperity-based contact mechanics of metal-hard surfaces and the
fretting corrosion currents that arise from oxide film disruption resulting from the sliding
contact mechanics. An approach was proposed, using a Duhamel integral (also known as
Boltzmann’s superposition or heredity integral) in conjunction with the area-dependent
surface impedance properties, to describe the potential-time response of the fretting
electrode. This approach provided a conceptual framework to link the mechanics of
oxide film abrasion with the currents and electrode potential changes that an electrode
experiences and established a path for a completer and more holistic model of fretting

corrosion.
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The goals of this study are to extend this approach to develop a coupled set of
heredity integrals to first link the abrasion mechanics with the fretting currents and
second to link currents to the electrode potentials over time for any arbitrary abrasion-
time process. It incorporates several new concepts including an oxide volume disrupted -
fretting current transfer function, a hardness and voltage-based link between contact
mechanics and volume of oxide abraded, the oxide film high field growth physics, and
the impedance characteristics of the electrode surface into a series of expressions that
predicts both current versus time and voltage versus time behavior for an arbitrary
abrasion process and electrode area. Then, a series of pin-on-disk and single asperity
diamond tip abrasion experiments with a range of cyclic sliding frequencies from 0.2 to
10 Hz and sliding speeds between 140 and 550 um/s were performed to capture
impedance, current-time and potential-time behavior under controlled mechanical and
electrode area conditions. The model was then analyzed for a fixed set of impedance and
physical parameters for the same frequency and sliding contact conditions and the
correspondence of the model, in terms of current-time and potential-time behavior, to the

experimental results, are compared.

4.2 Fretting Corrosion Model

The fretting corrosion model to be described has several distinct elements. These
include: 1. high field oxide film growth, 2. surface contact mechanics concepts for metal-
hard contacts (e.g., metal-metal, ceramic-metal), 3. fretting sliding mechanics, 4. current-

oxide volume transfer function, 5. electrode impedance concepts and 6. voltage-
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impedance-current relationships. Table 4.1 is the nomenclature table for terminology

explanation.

Table 4.1. Nomenclature table for parameters terminology

Parameter Name
p oxide density
n valence
Mw molecular weight
0/®(pnF/Mw)
H surface hardness
Fn normal load
T time constant for repassivation
m anodization rate
Eo onset potential
Rs solution resistance
Rox oxide resistance
Cox oxide capacitance
Tox oxide time constant

The impedance elements of the model are intended to incorporate the capacitive
and the resistive nature of the interface where both interfacial charging and reduction
currents can occur. While the associated reduction currents (also called the return
currents) are distributed over and depend on the surface area and solution resistive paths,
the impedance of the electrodes in this model is assumed to be in a lumped parameter
condition reflective of the area of the electrode available for such return currents [110].

It should be noted that the current densities defined here are the result of both
oxide film formation and ionic current passing the abraded surface. While both sources
of current are included in the analysis, this work will focus mainly on the oxide film-
based currents. High-speed electrochemical scratch tests have shown that Ti alloy and

CoCrMo alloys experience spike-exponentially decay current transients due to oxide
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abrasion which are well-described by the Ambrose Model [111-113]. lonic dissolution
current densities were considered as part of the terms of the peak current. However,
within the range of potentials investigated in this work, it was estimated that only 10% of
the peak current was due to dissolution and 90% or more was due to oxide film regrowth.
The estimation of film current densities (due to oxide formation) are much larger than
ionic dissolution current densities that may arise at the abraded metal interface and
therefore, in this work, the ionic dissolution currents were not included in the analysis but
are discussed later.
4.2.1 High Field Model of Oxide Growth and Linear Thickness-Voltage
Relationship

The high-field low temperature growth model of oxide films, first articulated by
Cabrerra and Mott, and Gunterschulz and Betz [114,115], shows that the oxidation

currents associated with repassivation can be described according to equation 1:

B Aexp[BV ‘XVoj Eq. (1)

where i is the film based current density, V is the electrode potential (i.e., the potential
drop across the film), V, is the potential above which oxide film can form
thermodynamically (i.e., the onset potential [112-114] or passivating potential [118]), X is
the film thickness and A and B are material-specific constants. This function shows that
the film current density drops rapidly with thickness, X, and the corresponding drop in the

electric field (see Figure 4.1).
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(a) Film Current Density vs Oxide Thickness (b) Oxide thickness high field growth
(Gunter-Schulze Betz Eq)
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Fig. 4.1. High field film currents with oxide thickness based on Gunter-Schulze Betz Eqn
(iL=10'7 Alem’, A=10"" AJem’, B =3x10" cm/V). Film growth to a limiting thickness is
predicted to be linearly dependent on electrode potential.

If one assumes that the oxide film will regrow up to a limiting film thickness, xu,

this will occur when the current density reaches a limiting value, i., and this expression

can be recast as

x =Bl H(V V,)=m(v-V,)

m=B In{'—L}
A

where m is the so-called anodization rate (nm/V) for the oxide. Typical values for m are

Eq. (2)

about 2 nm/V for Ti and CoCrMo oxide films [112-114]. This shows that the high-field
model predicts a linear relationship between oxide thickness and voltage above the
passivating potential and is consistent with studies showing a linear increase in scratch
currents with potential [114] in the passive potential region at least up until another set of
electrode reactions may arise (e.g., transpassive dissolution of oxides). Thus, oxide film

thickness is directly related to the potential across the electrode interface for the range of
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potentials where the film remains stable (i.e., above V, and below the transpassive or
breakdown potential).
4.2.2 The role of Contact Mechanics and Sliding Displacements on Current
Generation

The next element of the model is the contact mechanics and the link between
volume of oxide abraded to the volume of oxide repassivated. Prior work has shown that
one can relate fretting currents to contact mechanics [100]. These currents depend on the
surface contact and sliding mechanics present. For hard-on-metal surfaces, contact areas
are a direct consequence of the normal load between the two surfaces and the effective
hardness of the materials given as a stress. That is, from basic contact mechanics

analyses, the real contact area can be estimated by

A=-N Eq. (3)

where Fn is the normal load across the surface, and H is the hardness of the surface [119].
This real area of contact is not dependent on geometry or roughness (for small
roughnesses) but relies only on the fact that hard-on-hard surfaces will result in the
surface plastic deformation needed to just carry the load. These areas are typically only a
small fraction of the total nominal contact area.

To find the sliding area, or area of abrasion, if one assumes that the contact area is
approximately circular, then the diameter, d, of the contact area (assumed to be circular in

this case) is approximated by:

g z[F_ij Eq. (4)
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If the contact area is made up of multiple circular asperity contact points, then the
above equation needs to be modified to account for the sum of all the asperity contact

diameters as

n y 1/2
d:Zdi:ndi:Z{nFN} Eq. (5)

i 7H

where d; are the individual contact asperity diameters (assuming circular asperity contact)
and n is the number of asperities in contact. Equation 5 shows that the length of fretting
contact, d, depends on the number of asperities in contact and their average diameter.
However, for small contact regions, (i.e., pin-on-disk contact less than 500 um), as in this
study, the contact can be approximated as a single asperity (n=1) of diameter, d.

Because the repassivation rate of oxides disrupted under these conditions is rapid
(on the order of milliseconds) compared to the rate of disruption, the rate of repassivation
will be limited by the rate of disruption and for most cases of fretting, the two can be
equated (i.e., Rate of repassivation = Rate of disruption). Thus, during pin-on-disk
sliding (or generally fretting motion), the rate of volume of oxide repassivation during
sliding is equal to the rate of volume abraded and the volume of oxide repassivated can

be determined using

da ds . (Fy )" ds
E = dXL E = Z(mNj m(\/ _VO)E Eq (6)

where @ is the volume of oxide abraded (and repassivated), and dé/dt is the instantaneous
sliding speed of the pin on the disk. The oxide thickness, x., and the approximate asperity

diameter, d, are approximated by Egs. 2 and 4, respectively. This equation assumes that
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everywhere where asperity contact occurs (where the stress of contact is at yielding) the
oxide film will be completely removed from the surface.

Thus, this expression combines information on the contact mechanics (hardness
and normal force), oxide film repassivation (high field growth), and the sliding behavior
of the contact (do/dt) to predict the rate of disruption/formation of the oxide film. One
assumption in this analysis is that the sliding speed is slow compared to the repassivation
speed such that the rate of volume disrupted is equal to the rate of the volume
repassivated (i.e., repassivation rate is limited by the depassivation rate). In addition, the
contact diameter and oxide film thickness are assumed not to be strong functions of time
and their variation with time will be accounted for in the coupled numerical integrals to
be developed (see below). Thus, Eq. 6 provides a link between fretting abrasion and
oxide film repassivation.

4.2.3 The Current-Oxide Volume Abrasion Heredity Integral

Next in the model is the need to link the film repassivation currents to the rate of

oxide film volume repassivation. To do this, a heredity integral, also known as a

Duhamel integral, is required [118]. This integral is of the form
b do
1(t) = AT (©)@(0) + [ AT (t - 2) 4 Eq. (7)
0
where I(t) is the current resulting from abrasion (or fretting), @ is the volume of oxide
abraded (and repassivated), AT is defined here as the tribocorrosion transfer function

linking the volume abraded to the current, and A is a dummy variable in time. The

Duhamel integral can predict the current, |, at any time, t, with knowledge of how the
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oxide film is abraded and repassivated over time and the tribocorrosion transfer function.
These integral functions have been used extensively in viscoelastic theory (i.e.,
Boltzmann’s superposition principle [120]). Schematically, this heredity integral (see
Figure. 4.2) represents the sum of infinitesimal oxide disruption/repassivation events

summed over time.

do/dt

XL

do Metal
dV;
Vox(t) )
dV)
t
dV1
Superposition
—
I(t) o
—
\ t
S—
S—

Fig. 4.2. Schematic of the disruption-repassivation process of an asperity. Each
infinitesimal disruption-repassivation event generates an infinitesimal column of oxide
growth with an associated exponential current transient response that can be summed
over time using a Duhamel integral to obtain the overall current response.

The tribocorrosion transfer function, AT(t), can be found by understanding the

current transient response of an oxide film covered surface to an instantaneous removal

of a fixed volume of oxide and determining the current-time response at a fixed potential.
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This has been done previously [113-114], and the resulting relationship when both film

currents and ionic dissolution are present is

AT (t) :§=§e_f Eq. (8)

where @, is the oxide volume repassivated, 6 is the charge per volume oxide and t is the
time constant for the instantaneous scratch response. The value of 0 is given by Faraday’s

equation
0="=— Eq. (9)

where p is the oxide density, n is the charge per cation, F is Faraday’s constant and My is
the molecular weight of the oxide. Also included are the exchange current density for
bare metal surface (io), oxide thickness, xi, the overpotential, n, and the Tafel slope Ba.
Prior sensitivity analysis shows that the ionic term is small compared to the film currents
and is thus ignored for the remaining analysis. However, in cases where it is not small,
the ionic term can be incorporated into the analysis.

The tribocorrosion transfer function (A'(t)) depends on t the time constant for
repassivation which can be directly measured in the experimental setup from the recovery

of the current at the end of an abrasion event. Combining Egs. 6-9 results in

0 - 0,0 |F - ds
It)==e " Dd(t=0 2= |—Am(V-V)e - —=dA Eq. (10
() =—e “a( )+£ quﬂH (V-Vo)e = = q. (10)
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Typically, the volume of oxide abraded at t = 0, ®(t=0), is zero so the first term
drops out. This expression predicts the tribocorrosion current, I, at any arbitrary time
point, t, based on the sum of all oxide film disruption events that have occurred up to the
time t. This is similar to the approach proposed by Kolman and Scully previously, but
never reduced to a theoretical model. It incorporates the contact mechanics and the
resulting area or diameter of contact, the instantaneous voltage, V, and a set of
parameters related to surface hardness, charge per oxide, onset potential for oxide
formation, anodization rate and the time constant for repassivation. It should be noted
that the potential, V, associated with fretting corrosion will vary with time and is coupled
to the currents generated (see below), therefore, determination of the current at any point
in time will also require knowledge of the potential variation in time (i.e., the two
functions are coupled in time).

4.2.4 The Potential-Impedance-Current Heredity Integral

The link between abrasion mechanics, current generation and the shifting of
electrode potentials depends on the impedance characteristics (resistive and capacitive
character) of the electrode system. Both the abraded region, and the regions of the
surface that are electrically connected to the abraded region contribute to the overall
impedance of the surface. The capacitive character of the electrode surface (which is
well studied in electrochemical impedance analyses) provides an ability for the charge
associated with the burst-like repassivation reactions to be captured and stored
transiently. The area available for capacitive charging and for reduction-reaction-based

consumption of charge is accounted for in this analysis. The total area of the electrode
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will affect how much the electrode potential drops and how long it takes to recover.
Therefore, an approach utilizing the total impedance of the electrode surface is presented
[112].

A schematic of this approach is shown in Figure 4.3. The electrode area not
engaged in abrasion is the site where reduction currents are passed through resistive
elements or stored capacitively until reduction can remove the charge. While the spatial
distribution of current densities returned will vary across the electrode area due to
varying resistive paths in the solution, it is assumed here that the entire reduction current
can be lumped into a single representative Randles circuit as shown. Thus, for the

lumped parameter case, the time- and area-dependent impedance of the electrode is
_t=A
Zt-A) =R, + Ro{l—e fox J Eg. (11)

where Rox is the lumped area-dependent representation of the oxide resistance (in Ohms,
Q), Cox Is the lumped area-dependent capacitance (in Farads, F), Rs is the lumped
solution resistance (between the abraded region and the remaining electrode) and tox is
the oxide time constant (RoxCox) [112]. In many circumstances, the solution resistance
term is small compared to the Rox term (Rs<<Rox) and can be ignored in this analysis. In
other cases (low ionic strength electrolyte, crevice-like geometries) the solution
resistance can be significant. As mentioned, the values for R and C are dependent on the
area of the electrode exposed to solution with larger exposed areas resulting in smaller

R’s and larger C’s. (i.e., these parameters are extrinsic).
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Working Second Electrode

P

Fig. 4.3. Pin-on-disk impedance-model used in this study to relate potential-time
behavior to abrasion-time behavior. All anodic processes are assumed to occur at the
working electrode, while the associated charging and reduction currents are assumed to
occur at the second electrode. The potential of the entire system is monitored.

The electrode potential can then be determined from another Duhamel integral of

the form [110]
V(t)=Z(t)I(O)+jZ(t—i)g—:1di Eg. (12)

This integral, therefore, can determine the electrode potential at any time, t, if the current
versus time history is known and the impedance of the electrode surface is known.
4.2.5 The Combined Abrasion-Current-Impedance-Potential Model

In the case where the electrode system undergoing abrasion can freely change its
electrode potential (due to abrasion events and the associated generation of currents),

then there is a coupling of Eq. 12 and Eq. 10 over time. That is, if the abraded region is
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connected to the return electrode region by way of a zero-resistance ammeter to measure
the current (see Figure 3) and the potential of the combined electrode system can be
monitored, then these currents and electrode potentials will vary and will depend on the
electrode area and impedance, as well as the mechanics of the abrasion. To model this
circumstance, the two heredity integrals are coupled and interact in an iterative fashion
over time such that generation of abrasion currents cause the potential to change, and the
changing potential alters how the currents are generated. Since the oxide film thickness
depends on the potential, the amount of oxide reformed will decrease as the potential
becomes closer to the passivating potential, thus the currents will be affected, which in
turn will affect the potential, and so on.

To deal with this coupled interaction, the two integrals need to be integrated
numerically where iterative changes in voltage and current are fed back in the next
increment in time to the other integral so that both are modified by the effect of the other
through time.

This can be done, see Figure 4.4, with the algorithm used, with a set of nested
iterative loops over time, where the index j reflects the steps in the variable t, while the
index i reflects the steps in the variable A. Thus, for each step in time the values of both
current and potential can be determined as both vary and are affected by the other.

The numerical algorithm in Figure 4.4 was applied to compare with the
experimental portions of this work in order to show how one can predict the current and
potential variations that arise as the result of mechanical abrasion of a surface oxide film

and with knowledge of the impedance of the electrode. The sliding displacement (and
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velocity) profile used in the numerical analysis was taken from the measured sliding
displacement-time behavior of the experiment so that a direct comparison could be made.

Forj=1ton

‘start values for both V and | at zero
li=0
Vi=0
Fori=1toj

T4

i~ 4
Ij=1;+k(¥;-Voe 4 ‘(51; | )’

Next i

Fori=1toj

4 _VJ—(RS +Rm_[1—e o ]](I, -1,)

Next i
Next j

Fig. 4.4. A simple algorithm for the coupled iterative calculation of both the V(t) and I(t)
heredity integrals over time (k =,6 |F ). These expressions can be used to find the

r\zH

voltage and current at any time from the abrasion-time and impedance characteristics of
the electrode.
4.3 Materials and Methods
4.3.1 Materials

To evaluate the proposed model described above, a series of fretting corrosion
pin-on-disk experiments were performed. These experiments were conducted using
cobalt-chromium-molybdenum alloy (CoCrMo) that adheres to ASTM F1537 high

carbon wrought CoCrMo alloy for both pin and disk elements. The disk was covered with
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acrylic lacquer except for the electrode area and the pin was similarly coated except for
the contact region where fretting was performed.

The solution used in these experiments was a 0.154 M isotonic phosphate
buffered saline (PBS) solution at room temperature, made by dissolving one packet of
phosphate buffer (P3813, Sigma Aldrich, St. Louis, MO, USA) into distilled water. This
physiologically representative inorganic aqueous electrolyte provides a simple, yet
representative solution to study oxide film disruption and repassivation to verify the
model. In some experiments, DMEM w/10% FBS was used to assess performance in a
more physiologically situation.

For the single asperity diamond scratch tests, a diamond stylus 16 um in radius
was used to apply a constant sliding speed scratch to a polished CoCrMo surface while
immersed and under a fixed potential (100 mV vs Ag/AgCl) and load.

4.3.2 Methods
4.3.2.1 Electrochemical Test Configurations

In the pin-on-disk fretting corrosion test configuration (see Fig. 3) [121], the pin
and disk comprised one electrode (both CoCrMo) while a second electrode, also made
from CoCrMo alloy, was connected to the pin and disk through a zero-resistance
ammeter (ZRA, 485 Autoranging Picoammeter, Keithley Instruments Inc, Cleveland,
OH, USA) to allow measurement of the currents passing from the fretting interface to the
area where reduction reactions were taking place. The electrode potential of the
combined sample (primary and secondary electrodes) was monitored versus Ag/AgCI

reference electrode. The second electrode area was 0.018 cm?, the nominal fretting
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distance was 50 um and the normal load, Fn, was 0.5 N for pin and disk fretting corrosion
test.
4.3.2.2 Fretting Apparatus

The custom fretting corrosion test system was comprised of a pin mounted to a
custom load cell and the disk was mounted in a solution chamber attached to a precision
controlled piezoelectric actuator (Burleigh Instruments). The load cell consisted of a
calibrated double cantilever system with Linear Variable Differential Transformer
(LVDT, Macro Sensors, Pennsauken, NJ, USA) to impart controlled normal loads to the
sample. The lateral deflection of the pin (and lateral frictional forces) was captured
during fretting by a non-contact differential variable reluctance transducer (DVRT,
Micro-Epsilon Inc, Raleigh, NC, USA). The pin deflection was subtracted from the disk
motion to obtain the true pin-disk motion over time. The piezoelectric actuator moved
the disk relative to the pin to impart controlled sliding displacements over time which
were captured by the linear variable differential transformer (LVVDT) over a sliding
distance of 50 um for most of these tests. For most frequencies tested, the sliding
waveform was trapezoidal wherein for each cycle there was a motion-pause
displacement-time response. At higher frequencies (5 Hz and 10 Hz), the displacement-
time plots were more saw-tooth in appearance. The mechanical factors of sliding
displacement and normal forces, and the electrochemical factors of fretting current and
combined electrode potential were captured using data acquisition methods (LabVIEW,
National Instruments, Austin, TX, USA) at 200 pts/s per channel. In tests to assess

waveform and solution chemistry effects, the pin was replaced by the diamond stylus.
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4.3.2.3 Pin-on-Disk Fretting Corrosion Tests

Two fretting corrosion tests were performed to demonstrate the model. In the first
experiment, a freely corroding condition (i.e., were the electrode potential of pin, disk
and second electrode freely varied over the course of testing) was monitored. Prior to the
start of fretting motion, the potential was allowed to equilibrate and was consistently
observed to be within -0.1 to -0.11 V (vs Ag/AgCl) prior to the start of testing. The
frequency of fretting sliding was varied between 0.2, 0.5, 1, 5 and 10 Hz and the fretting
currents and electrode potentials were captured over at least 25 s in each test for
comparison. Three tests for each frequency were performed to evaluate the consistency
of the time course of the currents and potentials observed.
4.3.2.4 Single Asperity Diamond Tip Fretting Corrosion Tests

The second experiment was performed under fixed potential (0.1 V vs Ag/AgCl)
in order to maintain a stable electrochemical condition, therefore, only the current was
captured and assessed. A diamond tip with 16 um radius was placed into contact with the
CoCrMo disk. The frequency was 1 Hz and normal load was controlled as 0.2 N. Ten
seconds of fretting data was captured to show complete fretting current behavior.
Sinewave and square-wave fretting motion were tested in PBS to compare to the currents
calculated by the model both in terms of the load — abrasion area (i.e., contact mechanics)
effects and to assess the effect of different sliding waveforms (sinusoidal and
trapezoidal). Dulbecco’s Modification of Eagle’s Medium (DMEM, Mediatech, Inc.,

Manassas, VA, US) was selected as an alternative physiologically representative
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electrolyte to simulate biological situation. Results in DMEM were compared with those
using PBS as the electrolyte.
4.3.2.5 Single Asperity Single Scratch Tests

In these experiments, a CoCrMo alloy disk with fresh polished surface was
mounted in an electrochemical chamber. A pin with a 16 um radius diamond tip on the
end was forced into contact with the surface and single scratches were imparted across
the surface in PBS at room temperature. Two different contact loads (0.1 N and 0.25 N)
and two different nominal sliding speeds (140 wm/s and 500 um/s) were used to induce
controlled scratches and their associated currents. The system motion and loading were
controlled with a custom written code (using Component Works, NI) to control DC
motors and to measure loads and position. The potential was fixed at 100 mV (vs
Ag/AgCI) and current was recorded using the same data acquisition system as fretting
corrosion test (LabVIEW, National Instruments, Austin, TX, USA). The scratch distance
was fixed at 1000 um. Scratch widths were measured using a digital microscope
(Keyence, KH8800, NJ) after each test to verify abraded area and hardness.
4.3.3 Analysis of Results

The resulting data (displacement, current, potential and time) were analyzed using
the model described above. Values for various parameters (e.g., hardness, oxide density,
valence, etc.) were either obtained from the literature, calculated based on the mole
fraction of alloying elements in the alloy, or measured experimentally. Table 4.2

summarizes the physical properties of the CoCrMo alloy oxide values used in this
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analysis. The density, p, valence, n, and molecular weight, Mw, of the CoCrMo oxide

were calculated from the mole fraction of metal elements (Co, Cr, Mo) in the alloy.

Table 4.2. Oxide Physical Properties Based on Mole Fraction Estimation of Alloy
Composition

Co-Cr- | 316L
Mo SS
Parameter | TiO2 oxide | Oxide Unit
p 4.45 6.1 581 | g/cm?
n 4 2.4 2.9
Mw 79.9 76.91 | 130.09 [ g/mol
0 21498 | 18369 | 12498 | C/cm®

Note: p, n, My are calculated based on the mole fraction of each metal in the alloy.

Table 4.3 summarizes the additional mechanical and electrochemical parameters
used in the tests and/or analysis. These values were maintained fixed for the analysis of
all results across all frequencies tested. The hardness was estimated from known values
of the hardness of CoCrMo surfaces. The onset potential, Eo, and time constant, t, comes
from high speed scratch tests which investigated the potential dependence of the oxide
disruption/repassivation response. The anodization rate, m, was also estimated from
these scratch tests [111,112,119] and is consistent with what others have reported on the

oxide growth rate with potential [121].
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Table 4.3. Parameters used for Current and Voltage Calculations

Parameter Unit Value
H GPa 3
Fn N 0.5
®(pnF/Mw) Clecm”3 18400
T S 0.04
m cm/V 0.0000002
Eo V -0.45
Rs Q 10
Rox Q 1500000
Cox F 0.000015
Tox S 225

The impedance values used to calculate the potential-time response are in the
range of those reported for CoCrMo but were selected by manually adjusting R and C
and fitting the calculated potential-time response for one specific test result (0.5 Hz, test
1) and then the same impedance values were utilized in all of the other analyses of
potential and current behavior for all other cases and frequencies tested with this set up.
The fitting of R and C was based on the minimization of the error between the
experimental and calculated potential response and was done manually. Once
determined, these values were fixed for all experiments.

In order the make comparisons of potential-time and current-time behavior from
each experiment with the numerically calculated potentials and currents, the sliding
displacement-time data from each test was used (i, see Figure 4.5) in each numerical
integral to perform the coupled numerical integration to determine currents and potentials

over time for each experiment.
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The numerical integration was performed using the Visual Basic Program in
Excel, where the displacement-time data from the experiments were imported into Excel
and the displacement data were used in the numerical algorithm (Figure 4.4) using the
parameters in Tables 4.2 and 4.3 to calculate the theoretical currents and potentials
resulting from the sliding displacement time inputs. Prior to their use in the Duhamel
integrals, the displacement-time data were smoothed using a nine-point running average
smoothing algorithm. This reduced the influence of random electronic noise on the
output currents (discussed more thoroughly below).

Experimental potential-time and current-time response for each frequency was
compared to the calculated values. In addition, the average current, root-mean square
(rms) current about the average, and the average potential excursion at 25 s of testing
were measured from the experimental data and calculated from the numerical analysis
and compared at each frequency.

The fretting current results using different waveforms were plotted versus time for
both experimental and calculated results to demonstrate the model. Average fretting
current over 20 s of time was measured and calculated for two different solutions
(DMEM, PBS). The average fretting currents obtained experimentally and calculated
using the measured displacement waveforms were compared and statistical analysis (one-
way ANOVA) was performed to determine whether significant differences between
experimental data and calculated data were present for both two solutions.

In the single asperity diamond scratch tests, the theoretical currents were

calculated based on the parameters in Table 4.4 and the measured sliding speeds using
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the steady state version of Eq. 10. Here the currents depended on the square root of the
normal force (F), and the sliding speed (i.e., | = KF¥2dd/dt, where K is a constant.) Plots
of average fretting current versus F*2dg/dt were generated to compare the experimental
and theoretical values for two normal loads (0.1 and 0.25 N) and different measured
sliding speeds (141, 143, 484, 540 um/s) measured for the sliding motion. In addition,
the scratch width versus normal load from these tests were obtained from optical
micrographs after different contact loads were applied. Scratch widths were measured

using digital optical microscopy (Keyence, KVH600, Keyenec, Inc., Mahwah, NJ).

Table 4.4. Parameters used in scratch test to calculate theoretical current

Parameter Unit Value

Potential mV 100

Oxide Thickness pHm 0.0022

Scratch Distance pUm 1000
4.4 Results

Typical results of experimental and theoretical current-time and potential-time
responses for 0.2, 0.5 and 5 Hz responses (Figure 4.5) demonstrate the basic response of
the system to the sliding waveforms (6 vs t). In each plot in Figure 4.5 the sliding
displacement-time curves associated with the experiment and which were used in the
numerical calculations are shown. Several observations can be made from these data.

First, the theoretically-calculated currents and potentials are consistent with the
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experimentally obtained values over time and across the range of frequencies tested. At
the lower two frequencies (0.2 and 0.5 Hz, Figures 5a and 5b, respectively), the fast step-
like displacement motion followed by a stationary phase resulted in current spikes and
decays for each motion (at double the frequency of sliding since there are two strokes in
motion for each cycle of fretting). This is seen in higher temporal resolution in Fig. 4.6.
The current would spike during sliding and recover to near baseline during the pause
phases of the motion waveform. The potentials also show a step drop —exponential
recovery like behavior for each sliding increment, both experimentally and theoretically,
for these low frequency tests corresponding to the motion-pause nature of the sliding. As
the frequency increased to 5 Hz (Figure 4.5c¢), the sliding waveform became more
sinusoidal or sawtooth and the fretting currents demonstrated their cyclic nature,
however, a full current recovery was not possible at these frequencies and the sliding of
the next adjacent movement segment generated another current transient which was
superimposed on the prior current. As a result, the average fretting current rises. In
addition, the potential drop observed during the fretting at 5 Hz no longer exhibits the
step-recovery-like behavior seen in individual cycles at lower frequencies but does retain
the overall exponential potential drop behavior. The experimental results and the
theoretical calculations are highly consistent across all of these experimental conditions.
Detailed comparisons (Fig. 4.6) between experiments and theory show some variations
between the two that, in part, have to do with the inability to directly capture the exact

pin motion over time. In some cases the theory predicts lower currents than experiment
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shows, and sometimes they are larger. These differences, however, are small and the

basic waveform and voltage excursions are reasonably well captured.
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Fig. 4.5. Examples of fretting current and potential time plots from both experiments and
Duhamel integral calculations for a) 0.2 Hz, b) 1 Hz, and ¢) 5 Hz. Theoretical currents
and potentials were obtained using fixed parameters (Tables 2 and 3) and displacement-
time data. Note: Current-time plot for 5 Hz is shortened in time to 5 s to see waveforms.
In addition, the potential-time plots for 0.2 and 0.5 Hz show cyclic responses (oscillations
due to each sliding action) superimposed on longer-time exponential transients for both
experiment and theory.
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Fig. 4.6. A high temporal resolution example from a 0.5 Hz test of the current vs time
and potential versus time for both experiment and theory.

A summary analysis across all frequencies (Figure 4.7) analyzed the average and
root mean square about the mean fretting corrosion currents (Figure 4.7a), and the
potential change observed from the start of fretting to 25 s after the start (Figure 4.7b) for
both the experimental results and the theoretical results obtained from the Duhamel
integrals using the mechanical, physical and impedance properties in Tables 4.2 and 4.3.
For both experimental and theoretical currents, the average fretting currents rise
somewhat exponentially with frequency while the rms currents rise to about 1 Hz and
then decrease with increasing frequency. Both theory and experiment show similar
results although there are some differences in the magnitude of the results at 5 Hz and 10
Hz. The rms current behavior can be explained by the time constant, t, in the
tribocorrosion transfer function (Eg. 6). As the frequency of fretting increases, the ability
of the current to fully decay prior to the next sliding increment is limited, therefore, the
next stroke superimposes the next associated current transient and the average current

rises while the rms current decreases in magnitude.
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Potential Drop from 0s-25s
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Fig. 4.7. Summary analysis of a) average and root mean square about the average
currents and b) potential drop during fretting corrosion of CoCrMo surfaces under
controlled loads, electrode area and sliding distance as a function of sliding frequency.
Both experimental data and the theoretical results are presented for comparison.

The potential drops observed during the first 25 s of fretting (Figure 4.7b) are
very consistent between the experimental and theoretical results, with the exception of
the 10 Hz data where the theory underestimates the potential drop. These theoretical
electrode potential excursions are highly dependent on both the fretting mechanics but
also the impedance values (Rox and Cox) used to make the calculations.

During the single asperity diamond scratch tests, faster scratch speeds and higher
loads lead to higher steady state currents at the fixed potential (see Fig. 4.8a and 4.8b).
Figure 4.8a shows the raw data for the four tested conditions with the currents increasing
at the start of the scratch and falling back to baseline afterwards. When scratch currents
are plotted against the sliding speed times the square root of load, a linear variation in
current can be seen (Fig. 4.8b) and the calculated currents and measured currents are

substantially similar to each other. In addition, the scratch widths measured using optical

microscopy (Fig. 4.9a) show the measured widths of the scratches obtained for the loads
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applied (Fig. 4.9b). These widths are consistent with the hardness value used in the

analysis.
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Fig. 4.8. a) Examples of single asperity diamond scratch currents at different loads and
speeds. Baseline currents prior to scratching are followed by the scratches 1 mm long at
different constant sliding speeds and normal loads, followed by a recovery to the
baseline. b) Summary of average scratch test currents plotted against sliding speed times
the square root of the load. Note that the black dot represents experimental results and red
triangle stands for theoretical results based on the parameters from Table 2.4.
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Fig. 4.9. Summary of optical micrograph measurement of scratch widths in CoCrMo
surfaces under controlled loads using the diamond stylus. a) Digital optical micrograph of
four scratches imparted by the 16 mm radius diamond stylus. b) Summary plots of
scratch width versus applied load measured from the images (n=3). These values are
consistent with the hardness used in the analysis.

The fretting current during the first 10 s of the single asperity diamond tip sliding
experiments using sinusoidal or trapezoidal sliding waveforms shows that the model
predicts the experimental current results under sine wave (Fig. 4.10a) and trapezoidal
wave (Fig. 4.10b) sliding conditions using the measured fretting motion and the
parameters from Table 4.5. The calculated and experimental results under both

waveforms show excellent correspondence to one another and identified when sliding

was occurring and not occurring.
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Fig. 4.10. Summary of experimental and calculated fretting current in (a) sine-wave and
(b) square-wave. Note that the model well-predicted the fretting current behavior for sine
wave. In both cases, the experimental and calculated currents are closely matched to each
other showing the power of the model to predict the behavior.

Table 4.5. Parameters used for current calculation in different waveform and different
solution

Parameter Unit Value
H GPa 3
Fn N 0.2
®(pnF/Mw) C/lcm”3 18400
T S 0.04
m cm/V 0.0000002
Eo \ -0.45

The average fretting currents obtained for PBS and DMEM with FBS from the

experiment and the calculated currents were again very similar (Fig. 4.11a and 4.11b).
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However, when proteins were present, the experimental currents were slightly smaller
than the calculated currents and these were statistically significant (p<0.05). However,
the model still showed very similar trends of fretting current behavior for square
waveform motion and peak currents close to (not different than) the experimental values

were observed in PBS (p> 0.05).
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Fig. 4.11. Summary of average fretting current between 4 sto 8 s in (a) DMEM and (b)
PBS. Note that there is a small significant difference between the experimental results
and calculated in DMEM solution (p<0.05), likely resulting from the proteins present in
the solution modifying the contact conditions but there is no significant different for PBS
(p>0.05).
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4.5 Discussion

4.5.1. Major Findings and Implications
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This study has presented a theoretical approach for predicting the tribocorrosion
currents and electrode potential shifts associated with oxide film disruption and
repassivation based on the contact mechanics, the oxide film growth and the impedance
of the surface. The approach used two different heredity integrals (current-abrasion
volume and voltage-current) which were coupled and iteratively solved to predict both
the current-time and voltage-time behavior of the abraded electrode. The model
incorporated asperity based hard-on-hard contact mechanics to describe the normal-force
and hardness-dependent width of the fretted area, high field oxide growth concepts to
estimate the oxide film thickness and its voltage dependence, and the measured sliding
displacement-time behavior to predict the currents. The current-abraded volume analysis
incorporated a tribocorrosion transfer function (AT(t)) that described the exponential form
of the instantaneous current response to a high-speed disruption event for an oxide film
and its repassivation.

In addition, the electrode potential was predicted based on the currents and the
impedance of the electrode which depends on electrode size. The two Duhamel integrals
were solved simultaneously in a coupled numerical fashion so that updated voltages and
currents could be fed-back into each of the integrals.

This approach was able to recapitulate the experimental response of CoCrMo
fretting surfaces across a range of sliding frequencies, loads, sliding waveforms, and
solutions using a fixed set of materials, mechanical and electrochemical parameters. The

current waveform was reproduced with high similarity to the experimental currents and
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the electrode potential drop, and the details of the potential-time waveform (for low
frequencies) were accurately captured with this approach.

In addition, the average potential shifts, average current and rms current
variations with frequency were also reasonably reproduced with this approach.
Interestingly, the fretting currents (both experimentally and theoretically) showed the rms
currents to increase and then decrease with increasing frequency (see Figure 4.6). This
effect is due to the time constant for repassivation impeding the ability of the system to
respond to oxide film disruptions. Overall, the theoretical approach was able to
reasonably predict the experimental response based on the measured sliding
displacement-time behavior, although not for every condition.

This model provides several important insights into tribocorrosion behavior of
CoCrMo (and other electrochemical systems with passive oxide films). First, it appears
that the currents generated by abrasion and repassivation, which were calculated based on
several first-principle concepts, are close to those currents measured in the electrode
system used in these experiments. While the zero-resistance ammeter, which captured
the currents in the experimental section, may not detect all electrochemical currents (i.e.,
some reduction likely occurs at the abrading electrode), and there are likely currents
associated with ionic dissolution not accounted for in this model, it was, none-the-less,
possible to reproduce the currents and potentials measured over time based on oxide film
disruption and repassivation only.

4.5.2 Impedance-Based Tribocorrosion Potential Variations
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Another important prediction of this model is that the extent and time-course of
the electrode potential observed during tribocorrosion was governed by the tribocorrosion
processes, but also the impedance characteristics of the electrode. This concept has been
described in detail in a recent publication by our laboratory [110] and this work further
supports the predictive capability of this approach. Here, the electrode impedance
consists of a resistive element, related to the kinetics of the cathodic reactions, and a
capacitive element associated with charge accumulation at the interface. The approach in
this study was to utilize a lumped parameter model where Rox and Cox are electrode-area-
averaged values. Alternative descriptions of the resistive and capacitive elements
representing the surface have been presented previously that can incorporate Mott-
Schottky capacitive behavior, Tafel resistive behavior and other more representative
models [110]. However, while these alternative model systems could be adapted to this
approach, this work used a single set of resistance and capacitance values when analyzing
all of the different frequency responses. Importantly, the potential responses observed
demonstrated the time course for low frequency (drop-recovery per cycle) and high
frequency (smooth exponential drop) behavior reflective of the capacitive effects on the
electrode surface and they were similar in the overall changes seen over the 25 s
experiments conducted. The exception was the 10 Hz results where the predicted voltage
drop was less than observed.

There is currently no other mathematical model that can predict such potential-
time variations without inclusion of the capacitive nature of the surface. Such cyclic drop

and recovery behaviors are not explained simply by cathodic faradaic processes without
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inclusion of the charge accumulation and consumption process that is inherent in the
impedance model.

Future work will investigate the role of distributed impedance elements over a
surface and the role of solution resistance and local impedance distributions on the
associated current density distribution and the local potential distribution resulting from
such models which will result in an equivalent lumped impedance response to the overall
electrode.

It should be understood that the oxide repassivation anodic processes must be
balanced by associated reduction reactions where the currents (averaged over time) must
be equal, and that the reduction reactions that return the current to the electrode surfaces
are likely governed by Tafel behavior (or Butler-Volmer based behavior), this
requirement for equal anodic and cathodic currents (i.e., mixed potential theory) does not
instantaneously hold, but rather holds averaged over time. In fact, the capacitive
character of the electrode (as described by the impedance of the electrode) will serve as a
storage system for charge and allows for transient conditions where oxidation currents are
not necessarily balanced every instant in time with the reduction currents. These
transient imbalances will affect the time course of potential drops and recoveries and thus
the capacitive character of the film plays an important role in this process.

Thus, one can make several predictions of how the electrode’s potential will be
affected by tribocorrosion and electrode area. For example, larger electrode areas result
in larger capacitances and smaller resistances. Therefore, potentials will not drop as

much with larger electrode areas, and the time constant (RoxCox) Will affect the rate at
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which the potentials can change with time either during tribocorrosion or during recovery
after abrasion. When sliding frequencies are much higher than the reciprocal oxide time
constant, 1/t, there is not enough time for the potential to exhibit an exponential recovery
after each sliding event and the potential-time plots become smooth and non-oscillatory.

The impedance values used in the heredity integrals were maintained fixed over
all tests analyzed but were also selected by a manual best fitting of the 0.5 Hz (test 1)
data. The actual impedance values measured by EIS for this electrode area were in the
range of Rp = 3.5x10° Qcm?, C = 1.25x10°° F/ cm?, however these were obtained using a
Constant Phase Element Randles’ circuit model with the CPE exponent was about 0.935.
These values were close to, but not identical with the values used in this analysis. This is,
in part, because the Rp measurement had high uncertainty associated with it (10%). The
impedance values chosen resulted in reasonably close correspondence with the
experimental results but were less accurate for the 10 Hz results (underestimating the
potential drop). If the experimentally measured impedances were used in the analysis,
then the high frequency data would be more closely matched, while the lower frequency
data would have greater deviation from the experimental results.

The solution resistance element in this lumped parameter approximation of the
electrode was assumed to be small compared to the oxide film resistance and therefore
not significantly affecting the overall currents or potential excursions observed.
Sensitivity analysis of the response of the model to different solution resistances found
that Rs needs to approach about 1% of Ry (i.e., 20000 Q) in order to have a noticeable

effect on the potential response.
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4.5.3 Mechanical Factors

Other factors that may have influenced the analysis of the current-volume abraded
heredity integral include the smoothing of the displacement-time data. With no
smoothing performed, the noise in the & vs t plots would result in large and highly
variable numerical derivatives even when there was no sliding taking place. This would
have the effect of raising the currents (since they depend on dé/dt) when no sliding was
taking place. By smoothing the data, the derivatives (noise) would be reduced and would
more closely approximate the actual motion taking place.

The hard-on-hard asperity contact area surface mechanics concepts used in this
study appear to do a reasonably good job at predicting the true sliding contact area and
effective diameter for abraded area. Several observations result from this understanding
of the asperity-based contact condition. First, the true area of contact does not depend on
topography in these hard-on-hard surfaces. Rather, because all surfaces have some level
of roughness, the true area of contact is a fraction of the nominal contact area. Prior
fretting corrosion studies of head-neck modular taper junctions in orthopedic implants
show that the typical currents that arise from fretting are in the microamp range. This
analysis shows that for 1 mm?/s of area abrasion rate, the current generated will be 37 pA
(assuming a 2 nm thick oxide film). The nominal contact area of a 12/14 modular taper,
11 mm long, in a head-neck junction is about 450 mm?. The amount of area actually
abraded that would induce 1 pA of current is about 2.7x10 mm?/s. The associated
contact area for such an abrasion area is about 5.7 mm?2, or about 1.3% of the nominal

area. This implies that only a very small area of the modular taper surface experiences
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fretting corrosion reactions at any point in time for fretting corrosion currents of this
magnitude.

Another important consideration here is that, while this study has focused on
fretting corrosion, where small scale cyclic motion was occurring, the approach presented
is equally applicable to other tribocorrosion processes, including wear of bearing surfaces
where abrasive countersurfaces or particles, if they breach the passive oxide film, will
also generate tribocorrosion currents as repassivation occurs. These wear-corrosion
processes will also affect the electrode potential of the overall electrode altering the
repassivation processes that may subsequently take place.

4.5.4 Area-Dependent Impedance Effects

The area dependence of the potential drop associated with fretting corrosion is
also worth some comments. These potential changes may impact both the biology and
the surface oxide film. For example, the smaller the overall electrode area exposed, the
greater will be the drop-in potential resulting from a similar abrasion event. The more
negative the potential drop, the thinner the oxide that reforms. This can have effects on
the frictional interactions, where it has been demonstrated that the fretting coefficient of
friction for CoCr/Ti interfaces is highly dependent on electrode potential [101]. In
addition, negative excursions in potential, and the increased reduction reactions that are
associated with these drops can induce biological effects [122-126], thus the size of the
electrode available to engage in the reduction reactions in vivo is an important
consideration in terms of potential adverse local tissue reactions that may arise.

4.5.5 Limitations of the Study
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There are several limitations in this study. First, this approach does not account
for longer-term changes that may arise in fretting junctions as a result of accumulated
damage, oxide debris buildup or other factors (e.g., surface plastic deformation effects,
local solution chemistry changes, etc.) that may locally alter the overall surface
mechanics or electrode response. For example, if oxide debris accumulation acts like a
solid lubricant at the interface thereby reducing the passive film abrasion, currents will
decrease. This model does not deal with these effects. It also does not attempt to address
other local effects like the high resistive paths that may develop within the fretting
crevice interface which may locally alter reactions taking place, or changes in hardness of
the surface with deformation. However, these issues may be addressed by using local

area impedance characteristics and/or other evolutionary finite element methods.

4.6 Conclusions

This study has presented an analytical approach to determine the time course of
currents and potentials associated with tribocorrosion processes and to provide a basis for
understanding a number of electrode behaviors and effects. The use of heredity integrals,
and the physics and chemistry of passive oxide films, contact mechanics and
electrochemical impedance allows detailed predictions of both the current and electrode
potential behavior during tribocorrosion processes. The coupled heredity integral
equations for current and potential provide a theoretical foundation upon which modeling
of tribocorrosion processes can be made. The model was compared to a series of well

controlled fretting corrosion and single asperity sliding experiments on CoCrMo alloy
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surfaces and were shown to reproduce the resultant current and potential behavior with a
high degree of similarity. While there were some assumptions made in this model in
terms of chosen parameter values, it is based on first principals of high-field oxide
growth, hard-on-hard contact mechanics, the concepts of electrochemical impedance, and
the superposition principles associated with Duhamel integrals. The novel coupled
integration of the two Duhamel integrals allowed for determination of both current and
potential over time. This model is well suited for discretization and finite element

analysis of taper contact mechanics.
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5. Fretting Initiated Crevice Corrosion of 316LVM Stainless Steel in
Physiological Phosphate Buffered Saline: Potential and Cycles to

Initiation [90]

5.1 Introduction

AISI 316L stainless steel (an austenitic Ni, Cr, Mo containing steel) has been
widely used as a metallic biomaterial for implants (e.g., bone plates, bone screws, hip
stems and cardiovascular stents) due to its excellent mechanical properties, corrosion
resistance and reasonable cost [127-128]. Stainless steel owes its corrosion resistance to a
spontaneously-formed oxide film on its surface [129-130]. However, the surface oxide of
stainless steel is highly dynamic under physiological conditions [131-132]. Crevice
corrosion and pitting corrosion have been reported to result in removal of stainless steel
implants within 2 months [133]. During corrosion, metal ions and debris are released into
surrounding tissues, which may cause inflammation [134], implant loosening [135],
pseudotumor [136], particle-induced osteolysis [137] and mechanical fracture [138],
leading to failure of implants.

Fretting corrosion refers to the conjoint mechanism of fretting (small scale, less
than 100um relative motions between two opposing faces), and electrochemically-based
corrosion of the passive film and underlying alloy. It occurs in a variety of medical
devices, including hip implants with modular designs such as modular head-neck designs,
acetabular component designs and headneck/neck-stem taper dual modular designs [139-

140]. Recently, fretting crevice corrosion (also called mechanical assisted crevice
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corrosion, MACC, [139]) has been associated with modular tapered hip implants and has
become a serious concern for metallic biomaterials [141-142]. The mechanism of fretting
crevice corrosion of metallic biomaterials has been well studied in recent years [143—
146]. Mechanical disruption of oxide films generates repassivation currents as the oxide
film reforms and significantly increases the corrosion rate of metallic implants through
the instantaneously breached oxide prior to repassivation. However, these studies, for the
most part, have not demonstrated a sustained ongoing crevice corrosion reaction when
the fretting ceases, but rather that the currents recover to pre-fretting levels. That is, the
crevice corrosion aspects of MACC have not been well studied or reproduced in the
laboratory.

Crevice corrosion is a form of localized corrosion of a metal surface at the gap or
crevice between two joining interfaces. It is well known that stainless steels are more
susceptible to crevice corrosion than to pitting corrosion [147]. Crevice corrosion
behavior of stainless steel has been studied for many years. Different mechanisms,
including the passive dissolution model [148-149], the IR drop theory [150-151], and the
metastable pitting mechanism [147,152] have been proposed to explain the initiation of
crevice corrosion under various conditions. Although no single mechanism alone is able
to explain all crevice corrosion phenomenon, solution chemistry [153], surface potential
[154] and crevice geometry [155] have been identified as key factors in crevice corrosion.

It is well known that fretting motion and crevice geometries simultaneously exist
at implant interfaces. However, the relationship between fretting and crevice corrosion is

still poorly understood for these alloys and geometries. A few studies hypothesized that
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fretting accelerates or leads to crevice corrosion of stainless steel in modular hip tapers
[156-157]. Previous spinal device testing in our lab showed that run-away crevice
corrosion of stainless steel in spinal devices can be triggered by fretting at potential as
low as =50 mV (vs Ag/AgCI/KCI (saturated)), which is =300 mV more negative than
normal critical pitting potential for stainless steel [158]. This suggests the mechanism of
fretting-initiated crevice corrosion is fundamentally different from that of fretting
corrosion alone, crevice corrosion alone or a simple combination of both. To date, no
systematic study has been conducted to investigate the mechanism of fretting initiated-
crevice corrosion. Therefore, the goal of this study is to investigate fretting initiated
crevice corrosion (FICC) behavior of stainless steel in physiologically representative
saline solution in an in vitro pin-on-disk fretting corrosion model.

The voltage-dependent fretting corrosion behavior of stainless steel pins in
contact with stainless steel disks immersed in a physiologically representative phosphate
buffered saline was studied. Fretting corrosion experiments were conducted to understand
both the mechanical and electrochemical conditions (potential, fretting cycles, crevice)
needed for FICC using a customized pin-on-disk fretting corrosion system. Critical
potentials for FICC, including triggering crevice corrosion, metastable crevice corrosion
and developing of self-sustained crevice corrosion, were identified. Propagation of FICC
on stainless steel with time was investigated. In addition, a customized 2-D pin-on-disk
fretting corrosion system, interfaced with a digital optical microscope was used to
directly observe, in real time, the surface contact geometry and corrosion product

generation during fretting and crevice corrosion.
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5.2 Materials and Methods
5.2.1 Materials

The pins and disks used in the experiments were sectioned from 316 LVM
Stainless Steel (ASTM F138-13) (Chemical composition Fe: balance; C: <0.03%; Cr:
17%; Ni: 14%; Mo: 2.6%; Mn: 2.0%; Si: 0.5%; N: 0.1%; S: 0.01%) rods and were in
annealed condition. Pins were cone-shaped with a nominally flat, but slightly convex
bottom which had a nominal contact area of about 1.2 mm2. However, the true contact
area depended on normal load and material hardness and would occur in one locally
proud region of the pin. The true contact area of pin on disk was about 40-50um in
diameter and the immediately-adjacent area consisted of a small crevice region that
increased in gap space across the crevice region with distance away from the contact
region. This gave a well-defined contact point and local crevice region for the tests to
occur. The solution used was PBS (phosphate buffered saline) (Sigma, P3813, 0.135 M
NaCl, 0.0027 M KCl, 0.01 M Na2HPO4 and 0.002 M KH2PO4) solution and is
representative of the buffered isotonic saline of the body.
5.2.2 Methods
5.2.2.1 Varied potential tests

Varied potential fretting corrosion tests were conducted on a customized 3D
fretting corrosion system. Details related to 3D the pin-on-disk fretting corrosion system
were described elsewhere [143]. In the 3D fretting corrosion system (Fig. 5.1a), fretting
motion (typically 20um) was controlled by a high load piezoelectric actuator

(Piezosystems Jena, Germany). The electrochemical chamber, where the disk was
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mounted, was fixed to an X-Y linear stage (Newport Corporation, Irvine, California, US)
and connected to the piezoelectric actuator. Linear Z-stage with micrometer screw to
adjust the loading arm was designed to achieve the vertical load control. A multiaxial
load cell (MINI 45 F/T, ATI Industrial automation, Apex, NC, US) was mounted under
the loading arm and to which the pin sample was attached to measure instantaneously the
normal and frictional loads. A high resolution (1um) contact DVRT (Micro-Epsilon,
Raleigh, NC, US) was used to obtain relative displacement on the pin-on-disk interface to
capture the fretting motion. Pins and disks were prepared through sequential wet sanding
to a 600 grit finish, cleaned with ethanol and distilled water. Surface roughness of pin and
disk were measured by contact mode Atomic Force Microscope (Dimension ICON AFM,
Brukers, Billerica, MA, US) on 2%2 pum scan area. The exposed disk area was circular,
fixed at 0.25 cm? and controlled by covering the remaining disk area with transparent
tape (ScotchTM, 3M, Maplewood, MN, US). The pin and disk samples were rigidly
mounted in the fretting corrosion system. Electrochemical tests were conducted using a
three-electrode system where the pin-disk couple was the working electrode,
Ag/AgCI/KCI (saturated) reference electrode and carbon rod was the counter electrode.
All electrochemical measurements were obtained through a potentiostat (Solartron
1280C, AMETEK Scientific Instruments, Berwyn, PA US). Mechanical and
electrochemical data was acquired using a National Instruments™ data acquisition card
(NI PCI-6229, US), Labview™ program tool and CorrWare™ software. Fixed normal
load (2 N), fretting frequency (1.25 Hz) and fretting displacement (20-30um) were

controlled by the 3D fretting system. All potentials in this study are with reference to the
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Ag/AgCI/KCI (saturated) reference electrode potential. The potential of the working
electrode was varied from —700 mV to 250 mV with an increment of +50 mV or 100 mV
between each voltage. Twelve different potentials were tested on different samples.
Potentiostatic tests were conducted at each voltage for 1 min to equilibrate the sample
surface baseline currents before initiating the fretting and the current was recorded.
Fretting was performed for 120 s at each voltage and the fretting currents were
determined by the deviation of the current from the baseline during fretting. After fretting
was stopped, the baseline current was continually captured for 300 s and used to
determine if there was ongoing fretting-initiated crevice corrosion before the pin was
lifted from the disk to separate the crevice surfaces. Current after the separation of pin

and disk was recorded until it returned to the baseline current level.
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Fig. 5.1. Schematic of a) 3D and b) 2D fretting corrosion systems.

5.2.2.2 Surface morphology and element mapping

Damage induced at the fretting interface was investigated using a Scanning

Electron Microscope (SEM, Hitachi 3700, Tokyo, Japan), Energy Dispersive X-Ray
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Spectroscopy (EDS, Oxford Instruments X-Max, United Kingdom) element mapping and
the Digital Optical Microscope (Keyence VK-8700, Itasca, IL, US). Depth profiles of
crevices and corrosion features were measured and documented using the quantitative 3D
image capture capabilities of the digital optical microscope. Tapping mode in AFM was
used to image the surface near the boundary between corroded and non-corroded areas on
samples after FICC at 250 mV. Height sensor, amplitude error and phase images were
captured.
5.2.2.3 2D fretting corrosion test and visualization of the fretting crevice interface

A custom-made 2D fretting corrosion test was developed not only to capture
electrochemical and mechanical information simultaneously but also to provide
visualization of the experiment (Fig. 5.1b) [159]. Both a regular cone-shape SS pin and a
slice of SS sample was polished as 600 grit before putting into the system. A custom-
made load cell, comprised of two cantilevers and a linear variable differential transformer
(LVDT) (DC 750-50, Macro Sensors®, Pennsauken, NJ, USA), was used to measure the
normal load applied on the contact surface. Another LVDT and a differential variable
reluctance transducer (DVRT) (SN3327, microepsilon®, Raleigh, NC, USA) were
responsible for collecting data of stage movement and lateral deflection of the pin (which
is a measure of the frictional forces), respectively. The electrochemical chamber, which
consists of two parallel glass slides, was mounted on a piezo actuator (Burleigh®, Middle
Township, NJ, USA) that can provide 55 um displacement. An amplifier (Burleigh PZ-
300M, Middle Township, NJ, USA) and a function generator (FG-8002, EZ Digital,

Seoul, South Korea) were used to preform fretting motion under controlled frequency.
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Both pin and disk were submerged into PBS and held under a fixed potential relative to
Ag/AgCI/KCI (saturated) using a potentiostat (Model 263, EG&G Princeton Applied
Research, Oak Ridge, TN, USA). Fixed normal load (0.5 N), fretting frequency (1 Hz)
and amplitude (55 um) were applied and controlled by the 2-D fretting corrosion test
system under 250 mV. The fretting time was limited to 2 min. Pin and disk remained in
contact after fretting stopped and then images of the fretting crevice interface were taken
using the Digital Optical Microscope up to 30 min after the start of fretting.
5.2.2.4 Instantaneous triggering of stainless steel crevice corrosion

Tests of different fretting cycles (2 cycles to 120 cycles) were performed on the
3D fretting system to find the fewest number of fretting cycles required to initiate crevice
corrosion at 250 mV. The loading and fretting conditions were the same as those in the
varied potential tests.
5.2.2.5 Crevice propagation tests

Tests of different immersion times, after fretting was stopped, were conducted on
the 3D fretting corrosion system to investigate how fretting initiated crevice corrosion
propagated with time at 250 mV using the same load conditions as in varied-potential
tests. Corrosion damage of the surfaces over different FICC times (1 min, 15 min, 90
min) were observed under digital optical microscopy to explore the progression of the
crevice corrosion damage of the surface.
5.2.2.6 Cyclic potentiodynamic anodic polarization

Cyclic polarization test started from a potential 200 mV lower than the open

circuit potential and performed in positive potential direction to 1000 mV higher than the
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starting potential with a scan rate of 10 mV/min scan rate. Then, the scan direction was
reversed to negative potential direction until it reached the starting potential to form a
hysteresis loop.
5.2.3 Post-tests data analysis

In all results, tests were repeated at least 3 times. Only representative plots are
presented, however, the behavior observed is consistent across repeated testing.
Frictional force was plotted versus DVRT displacement to construct a fretting load-
displacement plot of tests conducted on the 3D fretting system. Crevice current was
defined as the current before separating the pin and disk if crevice corrosion phenomenon
was observed. Fretting current was determined by calculating the difference between the
current during fretting and the baseline current either prior to or just after fretting ceased.

Analysis of variance (ANOVA) and post hoc comparisons (Tukey’s method) were
used. A one-way ANOVA statistic was performed to assess the effect of potential on
fretting current. A plevel of 0.05 was considered significant in statistical analysis. The
error bars in figures represent the standard deviation of related data points (3 samples

were analyzed for each condition).

5.3 Results
5.3.1 Contact geometry
Details on contact conditions were revealed by digital optical microscopy

imaging, AFM surface roughness measurement and fretting load-displacement analysis.
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The disk was a flat surface, the pin consisted of a nominally flat, but slightly convex
geometry (Fig. 5.2a) where the actual contact area (identified in Fig. 5.2a) was a small
region associated with the convex pin. The surface roughness after 600 grit paper
polishing measured by AFM before test were 31.7 £ 6.6 nm for disk and 19.8 £ 12.8 nm
for pin (2+2um area). Digital optical microscopy image on pin after test shows the total
diameter of contact was about 50um (Fig. 5.2b) and is on the order of or greater than the
fretting sliding distance (about 20um), illustrated by the fretting map (Fig. 5.2c). DVRT

force vs. displacement curves show that the fretting was in the gross-slip regime.
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Fig. 5.2. a) 3D Convex geometry of pin by Digital Optical Microscopy, note the vertical
scale is expanded to emphasize the slight convexity; b) Contact, crevice and depth
profile features on pin surface after test; c) Fretting load-displacement plot for one cycle
of fretting motion (nominal displacement of 20 pm)
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5.3.2 Varied potential tests

Fig. 5.3 shows representative current versus time data of fretting corrosion tests
on stainless steel pin-on-disk samples in PBS solution at different potentials. Baseline
current was recorded before fretting corrosion started at 60 s. Baseline current became
more positive as potential rose from —700 mV to 250 mV (Fig. 5.3). Fretting occurred for
about 120 s and was stopped, but the pin and disk remained in contact and under load.
Lift off of the pin from the disk occurred at around 480 s and, for the higher potentials,

the crevice corrosion ceased, and the current returned to the baseline level.

—250 mV
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Pin Liftup| —100 mV
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E 3E'05 ~ start —-500 mV
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Fig. 5.3. Current profile during fretting corrosion tests at different voltages. Current
during fretting corrosion became more positive as potential increases. Current continued
to increase after fretting ceased at several positive potentials (eg.100 mV, 250 mV).

Fretting corrosion currents (anodic current excursions above the baseline currents)

were observed only at potentials more positive than —500 mV and fretting currents during
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fretting motion continued to increase as the potential increased positively above =150 mV
(Fig. 5.4 a-d).

The current response after fretting ceased showed three domains of voltage-
dependent behavior and current profiles were shown separately according to their
domains (Fig. 5.4 a-c). These three voltage domains were: Domain 1) stable post-fretting
recovery: —500 mV to =100 mV, Domain 2) metastable post-fretting currents: =100 mV
to 0 mV, and Domain 3) unstable post-fretting currents: 50 mV to 250 mV (or higher).
The current response in these three voltage-dependent domains are shown in Fig. 5.4a,
3.4b and 4c, respectively. In domain 1 (Fig. 5.4a), at potentials between —500 mV and
—150 mV, fretting corrosion current was observed at potentials higher than —500 mV and
these repassivation-based currents, due to oxide disruption and repassivation, increased
with potential above —500 mV. However, these currents immediately returned to the
static baseline current as soon as fretting was stopped. In domain 2 (Fig. 5.4b), at
potentials between —100 mV and 0 mV, metastable FICC was observed, where crevice
currents post fretting remained elevated but gradually recovered to baseline current after
fretting motion. It is interesting to note that the currents remained increased over the
baseline current after fretting ceased for between 1 and 3 min before they started to
recover (Fig. 5.4b). In domain 3 (Fig. 5.4c), at potentials from 50 mV and higher, a self-
sustained unstable fretting-initiated crevice corrosion was observed after fretting stopped.
In the unstable domain (domain 3), currents continued to increase even after fretting
motion was stopped. It should be noted that fretting-initiated crevice corrosion currents

immediately recover to the baseline current once the pin was separated from disk at the
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end of the test in all circumstances, indicating that it was, indeed, the crevice conditions

that sustained the corrosion reactions. The relationship between fretting current (current

generated only due to fretting motion rather than formation of crevice) and potential is

shown in Fig. 5.4d. Potential has a significant effect on fretting current of stainless steel

(p < 0.0001). Fretting currents exhibited an increasing trend as the potential became more

positive. Fretting current at 250 mV (2.35pA), which is the difference between the total

current during fretting and the current immediately after fretting stopped, was

significantly higher (p < 0.005) compared to other conditions (under mA level).
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Fig. 5.4. Potential-dependent regions of fretting corrosion and FICC behavior of 316 SS.
a) Representative fretting corrosion current in potential regions (=500 mV to —150 mV)
with no FICC (stable); b) Metastable FICC started at —100 mV; ¢) Unstable FICC
initiated at potentials above 50 mV; d) Potential-dependent fretting corrosion currents
occurred at potentials higher than =500 mV.
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5.3.3. Surface morphology and element analysis
5.3.3.1 SEM

Fig. 5.5 shows representative SEM images of stainless steel surfaces after fretting
corrosion tests at potentials from —150 mV to 250 mV where there was FICC. The
fretting contact region and the direction of cyclic motion were identified, and voltage-
dependent corrosion damage corresponding to the measured current profiles were
observed. At potentials more negative than open circuit potential (Fig. 5.5a, =150 mV),
only a light fretting scar and plastic deformation from a few hundred cycles applied was
observed while no significant corrosion damage was shown. At potentials higher than
—150 mV, pitting corrosion was observed (Fig. 5.5b). Crevice corrosion regions (Fig.
5.5d & 5.5e) featured severe damage at the edge of the crevice boundary when the
potential was 50 mV or above (Fig. 5.5d & 5.5€). This crevice region became deeper at
more positive potentials (100 mV, 250 mV) and grew with time. It should be noted that
the fretting contact area was less corroded compared to adjacent areas within the crevice
and forms a ‘fretting island’ (where fretting scar was clearly shown) at center of the

crevice corrosion area (Fig. 5.5¢).
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Fig. 5.5. SEM images of fretting contact regions after tests at different potentials. a)

At —150 mV and below, fretting scars were shown but no pitting damage; b) Pitting
started at —100 mV, where FICC initiated; c) Corrosion damage became more severe as
potential increased to 50 mV and above; d, €) Unstable FICC at 50 mV and

potentials above.
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5.3.3.2 EDS element mapping

Fig. 5.6 shows EDS elemental mapping of the fretted area after fretting crevice
corrosion in PBS at 200 mV. SEM/EDS layered images reveal the fretting contact area,
crevice corrosion region and a halo of surface-adhered chemistry outside of the crevice
corrosion area. Elemental mapping at low voltage (6 kV) shows a chromium and oxygen
accumulation zone just outside of the crevice corrosion area where the pin ends. In
contrast to the distribution of chromium and oxygen, iron and nickel were depleted in the
halo region. Chloride and phosphate were relatively evenly distributed with perhaps a
small accumulation of both within the halo region. These results imply that Cr-Oxide
and/or Cr-phosphates were precipitated and adhered to the surface just outside of the

crevice region.
SEM SE Image EDS Layered Image

Nominal contact area

Nuau | -
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Fig. 5.6. Element mapping of surface after FICC at 200 mV by low kV (6 kV) EDS. a)
SEM secondary electron image shows fretting contact and crevice region; b-c) A halo
region was featured by enrichment of Cr and O at the edge and depletion of them within
and an increase in the chloride and phosphorous levels within.
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5.3.3.3 AFM imaging at crevice boundary

Fig. 5.7 shows a set of tapping mode AFM images (50um x 50um) of the surface
at the boundary between the crevice area (corroded area, left) and non-corroded area
(right) on a stainless steel sample after fretting corrosion at 250 mV and 300 s of FICC.
The boundary between the crevice corrosion attacked region and the outer uncorroded
region is shown (Fig. 5.7a & 5.7b). Small degradation particles at the sub-micron scale
were observed. Surface damage inside corroded area exhibited linear directional features
(Fig. 5.7c, arrow) reflective of the microstructure of the alloy. Small particles and the
surface at the boundary exhibited different phase image features compared to the rest of
the area while the surface inside the crevice and non-corroded area show similar phase
image signal (Fig. 5.7d). This phase variation is likely due to differences in surface
adhesion and modulus response between corrosion particles and the underlying alloy

surface.

107



Non-corroded area 2559 nm
386.4 nm Corroded area l
’ 50

v PV 10  .10um
50 Sk ! -
40 ; - —)
30 20 0

Height Sensor

Amplitude rror Phase

Fig. 5.7. AFM tapping mode images (50«50um?) of surface after FICC test at 250 mV. a,
b) 2D and 3D height sensor images shows 1um depth at corroded region; ¢) Amplitude
error image d) Phase image.
5.3.4 In-situ observation of FICC by 2D fretting corrosion system

In-situ observations of fretting-initiated crevice corrosion of the contact interface
between pin and disk (Fig. 5.8) using a 2D pinon-disk fretting corrosion system shows
the contact geometry and crevice formed (Fig. 5.8a & 5.8b). Here, thin sections of 316L
stainless steel pin and disk are covered by a thin layer of electrolyte over top of the
contact and constrained above and below by glass slides so that imaging was possible.
The real pin-on-disk nominal contact region (flat-bottomed, slightly convex pin and flat

disk), the location of the fretting contact region within the nominal pin-disk contact, and

the interposed crevice can be clearly identified. It was observed that the real contact
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region was relatively small (on the order of 40 to S0um diameter) compared to the total
pin area. The experiment was conducted at 250 mV and the fretting motion lasted for 2
min (Fig. 5.8¢). Images of the pin-on-disk interface at different time points, after fretting
ceased and crevice corrosion continued, were captured. The brown and cloudy solution
emanating from the interface was due to generation and transport of crevice corrosion
products and the area of this feature became larger and more intense with time
corresponding to the increased currents observed.

a Before contact b After contact

50X

FICC
AV IS o duct cloud

1000 um

Fig. 5.8. a, b) 2D pin-on-disk interface before and after fretting by digital optical
microscopy and c) Pin-on-disk interface after initiation of crevice corrosion at different
time points at 250 mV.

5.3.5 Instant triggering of FICC
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Fig. 5.9 shows the current vs time profile (Fig. 5.9a), 3D and depth imaging (Fig.
5.9b and 5.9¢) and cross-sectional height profile (Fig. 5.9d) results on a disk after a
fretting-initiated crevice corrosion test at 250 mV where only two seconds of fretting
were applied followed by about 300 s of crevice corrosion reaction. The results reveal
fretting-initiated crevice corrosion can be triggered by fretting motion within 2 s at the
stainless steel interface under these conditions of potential and crevice geometry.
Continued increase of the corrosion current indicates an increasing, unstable,
selfsustained crevice corrosion process is ongoing where the area corroding increases
with time. The 3D image exhibits a relatively large (400um diameter) crevice region,
which has concentric circular surface damage features, around the fretted area (center of
target area). The depth profile shows a ‘fretting island’ feature at the center of the crevice
where pin contact was made with a deeper damaged surface at the edge of the crevice.

Similar corrosion features have been observed on the pin as well (Fig. 5.2b).
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Fig. 5.9. a) Current profile of FICC induced by fretting within 2 s. b) Circle-by circle
crevice feature. c) Depth profile across the crevice surface. d) Digital optical microscopy
depth analysis of surface damage (corresponding to red line in 5.9b).
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5.3.6. FICC propagation

Fig. 5.10 shows 3D digital microscopy images and depth profiles of the fretted
and crevice corrosion area at 1 min, 15 min and 90 min after fretting for 10 s at 250 mV.
Propagation of fretting-initiated crevice corrosion with time was observed. Significant
increase of corrosion width and depth was observed as self-sustained crevice corrosion
continues from 1 min to 90 min. Volume loss at 1 min was 0.07 mm?3 and increased to
1.54 mm?® and 34.44 mm? after 15 min and 90 min, respectively. The ‘fretting island’
feature at the center of the crevice was clearly identified by the depth profile and 3D
imaging. It is interesting to note that the severity (depth) of corrosion increases as the

distance to the center of fretting area becomes larger. At the edge of the crevice,

corrosion depth was the largest, which was in agreement with the results from SEM (Fig.

Contact area
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Fig. 5.10. 3D imaging and depth profile analysis of crevice corrosion area after 120 s of
fretting and different FICC times (a.1 min, b.15 min, ¢. 90 min) at 250 mV.
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5.3.7. Cyclic polarization

Fig. 5.11 shows a cyclic potentiodynamic polarization curve of stainless steel in

PBS. A hysteresis loop showing pitting corrosion behavior of stainless steel was seen.

Pitting potential of the passive layer was found to be at 450 mV and the protection

potential was =120 mV.
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Fig. 5.11. Cyclic poteniodynamic polarization curve of stainless steel.

5.4 Discussion

The goal of this paper was to systematically assess the fretting initiated crevice

corrosion behavior of 316L stainless steel used in medical device applications. It was
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shown that fretting can initiate crevice corrosion rapidly at potential close to resting open
circuit potential conditions in PBS. As little as two seconds of fretting motion was found
to be able to trigger immediate and self-sustained crevice corrosion at 250 mV, a
potential 200 mV below the normal pitting or breakdown potential of stainless steel (Fig.
11). Both pitting corrosion and crevice corrosion can be induced at potentials as negative
as —100 mV by way of fretting crevice corrosion. Mechanical and electrochemical factors
influencing fretting-initiated crevice corrosion were investigated. Fretting motion
(fretting cycles), surface potential, crevice geometry was found to play important roles in
initiation and propagation of crevice corrosion.
5.4.1. Triggering of crevice corrosion

Crevice corrosion of stainless steel has been studied for many years. It has been
shown that the initiation of crevice corrosion of SS is potential-dependent and there is a
critical potential and incubation time for crevice corrosion to start for a specific crevice
geometry and CI" concentration condition. Szklarska-Smialowska et al. found that the
crevice corrosion potential for 316 L SS is 250 mV (vs Ag/AgCl) in 1 M NaCl and it
increased to 400 mV when the CI" concentration decreased to 0.5 M [154]. Aoyama et al.
reported the critical potential for crevice corrosion initiation on polycarbonate/steel
crevice specimens was 250 mV in 1 M NaCl and corresponding incubation time for
crevice corrosion was 23 ks (6.5 h) while no crevice corrosion was observed at 200 mV
[160]. Our study showed that the critical crevice corrosion initiated by fretting motion
was as negative as —100 mV while the crevice corrosion started within 120 s at CI’

concentration of 0.14 M. Fretting motion dramatically shifted the critical potential to a
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more negative value and decreased the incubation time for crevice corrosion at much
lower chloride concentration. At 250 mV, fretting-initiated crevice corrosion was
triggered within 2 s, more than 10,000 times faster than the initiation of crevice corrosion
reported by Aoyama et al. [160]. Thus, the susceptibility of 316 SS alloy to crevice
corrosion was significantly increased by fretting (even with just a couple of cycles).
Fretting-initiated crevice corrosion of stainless steel doesn’t follow the critical potential,
chloride concentration and incubation time criteria of crevice corrosion, indicating
fretting is the dominate factor in the triggering process and in developing the local
solution conditions (e.g., deaerated, increased Cl-ion concentration) necessary to continue
crevice corrosion in the absence of fretting.
5.4.2. Potential-dependent FICC domains

Three potential-dependent FICC domains were identified in this study (Fig. 5.11):
Domain 3: unstable FICC (above 0 mV), Domain 2: metastable FICC (—150 mV to 0
mV) and Domain 1: stable fretting with no FICC (below —100 mV). Metastable FICC
was observed at potentials close to the open circuit potential (—100 mV) and the
protection potential for 316L stainless steel in PBS. Increases of potential from open
circuit potential to a positive range transformed meta-stable FICC to an unstable, self-
sustained FICC. As potential became more positive, FICC was easier to trigger and
propagated faster.

This is due to the potential-dependent behavior of both fretting corrosion and
crevice corrosion. Previous studies show that the fretting corrosion behavior of CoCrMo

alloy and titanium alloy is potential-dependent [143,144,161]. Oxide film thickness,
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chemistry and structure of metallic biomaterials vary with potential and influence both
the passivation behavior and contact mechanics (e.g., coefficient of friction) at the metal
interface [162]. Meanwhile, it’s widely known that crevice corrosion behavior is potential
dependent. Potentiostatic studies by Yang et al. show that the induction stage of crevice
corrosion of stainless steel is highly dependent on applied potential [163]. Potentials of
0.5V (vs SCE) induced immediate crevice corrosion while a delayed initiation of crevice
corrosion was observed at 0.3 V (vs SCE). Thus, shifts of potential to more positive
potentials increase the tendency of crevice corrosion, decreases the incubation time and
leads to a more rapid increase of current during the crevice propagation stage.
5.4.3. FICC mechanism

Fretting-initiated crevice corrosion behavior of stainless steel in this study could
be described, in part, by the critical crevice solution theory and fretting corrosion model
[143,147]. Before fretting, the metal surface consisted of a passive oxide film at the
conditions tested (—100 mV to 250 mV in PBS used in this study). As such, the kinetics
of oxidation are limited by the presence of the passive film, even in the presence of a
crevice. Crevice conditions include the local deaeration of the crevice solution and the
ingress of chloride ions in order to balance any excess metal ion levels that may
accumulate within the crevice geometry, thereby generating metal chlorides and
hydrolyzing water to liberate hydrogen ions lowering the pH. However, in most cases
with passivating alloy surfaces, the oxide film limits the rate of the oxidation reactions

relative to oxygen transport in and metal ion transport out and hinders the development of
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crevice corrosion processes. With fretting, however, these kinetic barrier effects are
intermittently eliminated, and rapid oxidation can occur dramatically altering the rates
of deaeration, chloride accumulation, water hydrolysis and metal ion release into the
crevice.

The anodic reactions are the dissolution of metals (Fe, Cr, Ni), for example:

Fe — Fe** + 3¢ Cr— Cr¥ + 3¢~ Reaction (1)

Hydrolysis of metal ions occurs when metal ion concentrations reach a level, or metal
oxide passive films are formed directly from the metal surface:

2Fe3*+3H,0 — Fe,03+6H" or 2Fe+3H,0 — Fe,03+6H" + 66~
2Cr¥*+3H,0 — Cr,03+6H" or 2Cr+3H20 — Cr,03+6H* + 6e~ Reaction (2)

It should be noted that these reactions occur and are enhanced in the presence of
chloride ions and result in metal chloride intermediates and ultimately the hydrogen ions
are associated with hydrochloric acid generation within the crevice. The metal oxides
may also be in a hydrated form(metal-hydroxides).

The cathodic reaction is typically thought to be the oxygen reduction reaction:

02 + 2H20 + 4e” — 40H" Reaction (3)

It should be noted that the metal dissolution is slow when open circuit potential is
below the critical crevice potential, which makes initiation of crevice corrosion difficult.
However, instantaneous removal of oxide film by fretting leads to immediate oxide film
repassivation through Reaction (2) and also hydrolysis by released metal ions. These

reactions cause a rapid pH to decrease within the crevice in the presence of chloride.
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While oxygen is consumed inside the crevice, the majority of the oxygen reduction
(Reaction (3)) occurs outside of the crevice and electroneutrality leads to Cl™ ion
migration into the crevice. When the environment within the crevice reaches a critical
crevice solution (CCS) condition (oxygen depletion, pH decrease and CI- migration), the
passive film breaks down leading to generalized corrosion within the crevice [147]. Thus,
by cyclically abrading the oxide film, fretting motion significantly facilitates the
development of critical crevice solution conditions, lowering the critical crevice potential
and decreasing the initiation time for crevice corrosion.
5.4.4. Fretting corrosion behavior

It has been shown that compared to the crevice corrosion current at the end of
FICC test, the fretting current (current induced by fretting motion only) was smaller (Fig.
5.3c & 5.3d), and thus corrosion damage was mainly caused fretting-initiated crevice
corrosion rather than the fretting corrosion itself. It should be mentioned that the fretting
current only occurs at potentials higher than =500 mV, which indicates that protective
oxide film formation potential is about =500 mV for stainless steel. At potentials more
negative than =500 mV, no protective oxide film is formed on the stainless surface after
abrasion, thus fretting motion will not generate anodic currents.
5.4.5. Surface morphology

The optical microscopy analysis revealed development of an ‘island’ feature at
the junction of the contact region for fretting with the crevice. This island remained intact
for most of the crevice corrosion observed but was lost with extended time of crevice

corrosion. This indicates that the tight crevice contact region may be too small and
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limited to allow crevice corrosion processes to occur. Over time the crevice attack
resulted in an increasing size of the corroded region with deeper corrosion depths at the
outer perimeter of the crevice where the crevice edge was the most severely corroded
(Fig. 3.9d penetration depth) and the center of the crevice was less attacked. The center of
the damaged region was where the real pin-on-disk contact area occurred and was much
smaller than the total pin area available. More severe corrosion near the crevice mouth
has been reported in a previous study and can be explained by the IR drop mechanism
[163]. A large IR drop near the crevice has been shown to bring the localized potential
just down to the active region at the edge of the crevice. At the center of the corroded
area the surface potential in the active corrosion region decreases as the IR drop
increases, leading to smaller currents [151]. Faster corrosion at the edge of the contact
zone during wear testing was reported by Geringer et al., where a ‘W’ shape of wear
track was observed at the beginning and gradually changed to a ‘U’ shape as crevice
corrosion propagated, similar in appearance to what is observed here [144,164]. Crevice
geometry has been shown to play a vital role in the initiation and development of stable
crevice corrosion [155,165,166]. Researchers have shown that a critical crevice mouth
value is needed for crevice corrosion to occur [165]. Lifting the pin from contacting the
disk immediately stopped FICC in this study as the crevice solution was diluted with
external solution. Propagation of crevice corrosion with time was observed starting at the
crevice adjacent to the fretting contact region. One interesting question is how far and
how deep this crevice corrosion area can propagate. No crevice corrosion exceeded the

pin area, so it is likely that this may limit the effect. In addition, the crevice gap between
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pin and disk increased with distance away from the contact region and this gap distance
may also play a role in the corroded metal geometry. Long-term FICC experiments are
planned to answer this question.
5.4.6. Surface element distribution

Element mapping shows a Cr and O (and P) enriched halo outside of the crevice,
indicating there were Cr ions migrating from inside the halo and reacted with O at the
halo. The diameter of the halo (1.2 mm) is similar to that of the pin. This indicates that
depletion of Oz and hydrolysis of Cr3* occurred outside of the crevice under the pin area
and the pH under the pin area might be lower than bulk solution outside. It is also
interesting to notice that there was depletion of Fe and Ni at the halo compared to Cr. The
reason for this is due to preferential precipitation of Cr-oxides and Cr-Phosphates
compared to Fe and Ni oxides [167].
5.4.7. Clinical relevance

This study has shown that fretting initiated crevice corrosion may be a significant
potential concern for stainless steel implants. More than 90% of stainless steel failures are
cause by crevice corrosion and pitting corrosion [138]. Severe corrosion damage on
retrieved stainless steel spinal implants, hip implants and fixation plates have been
reported [168-170]. These implants are susceptible to fretting motion at interfaces that
typically arise (screw countersinks, implant bone or implant cement interfaces, etc.),
where fretting corrosion can trigger fretting-initiated crevice corrosion.

Corrosion of stainless steel leads to release of metal ions such as Cr and Ni [171].

Ni ion is highly toxic and Cr ion is known to be associated with adverse local tissue
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reaction, allergens and cause damage to DNA [172]. Stainless steel plates used for
fixation have been shown to trigger marked immuno-inflammatory reaction in the tissue
surrounding the implants in some cases [134]. In vivo solution chemistry is more
complicated, reactive oxygen species (ROS) and iron related Fenton reactions may create
more aggressive corrosion environment for metallic biomaterials [173]. Study of stainless
steel in simulated inflammatory conditions has shown that inflammatory species such as
H>0> increases oxidizing power of solution and can cause localized crevice corrosion and
severe pitting corrosion [174-175]. Evidence of inflammatory cell-induced corrosion

has been reported [176-177]. Corrosion causes inflammation while inflammation may
induce and accelerate corrosion. Interaction between inflammation and corrosion may
form a positive feedback loop in vivo and may lead to further degradation of implants
and unwanted biological reactions. Crevice corrosion, once triggered by fretting, can be
self-sustained and rapidly propagates. It may also be an important element in inducing
immune-inflammatory reactions of patients with SS implants.

There are several limitations of this study. First, it is important to better
understand the critical crevice solution chemistry required to sustain crevice corrosion.
Knowledge of the constituents and concentration within the crevice was not determined
in these experiments and is a critical piece of information to understand the process.
Second, the earliest processes of fretting initiation of the crevice conditions could be
better understood if the damage regions created immediately after initiation were
captured and studied. Finally, the specific crevice geometry was not fully controlled other

than to have a small contact zone under a nominally flat, but slightly tapered geometry.
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How this geometry affects the initiation process is another important parameter to
consider.
5.4.8. Future study

Crevice corrosion was initiated by fretting at open circuit potential level, —100
mV, PBS, which has low CI™ concentration. Future studies are planned to investigate the
FICC behavior of stainless steel under freely corroding conditions. Our study shows that
the critical potential for self-sustained FICC was below the open circuit potential of
stainless steel in simulated inflammatory conditions [174]. Thus, self-sustained FICC
may be expected to occur without applying external potential under inflammatory
conditions. It has been shown that the local solution chemistry may be a critical driving
force for crevice corrosion once it has been established. It is of interest to design
experiments to better understand the chemistry of both the solution inside the crevice and
that under the pin region. Protein plays an important role on the electrochemistry of
metallic biomaterials [178-179]. Thus, study on how protein affects FICC will provide
valuable information on how stainless steel metal implants degrade in vivo. Meanwhile, it
is important to understand how the chemistry of the passive oxide film changes locally
due to FICC. Micro-Raman spectroscopy and X-ray photoelectron spectroscopy study are
planned.

Another interesting area worth exploring is how the variation of potential and
crevice geometry affects initiated FICC. Once triggered under potentiostatic conditions,
assuming the local chemistry has reached the critical crevice corrosion condition, is it

necessary to keep the potential at the same level for FICC to propagate? Future studies
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will illustrate the roles potential and solution chemistry play in propagation of crevice
corrosion. Also, with precision control of the vertical crevice dimension, experiments
investigating the critical crevice gap needed to sustain crevice corrosion will be explored.
Studies of FICC of CoCrMo and titanium alloys are planned for the future. These alloys
exhibit evidence of such sustained crevice corrosion reaction in vivo, however, to date,
no similar generation of fretting-initiated crevice corrosion has been documented in vitro
in a controlled fashion as demonstrated here with stainless steel. This is a significant gap
in our understanding of the processes of mechanically assisted crevice corrosion and

needs to be addressed.

5.5 Conclusions
This study has demonstrated the process of fretting-initiated crevice corrosion in
316L stainless steel in simulated physiological solution of phosphate buffered saline. The
key findings were summarized below:
« Crevice corrosion can be induced by fretting motion at potentials as low as —100
mV in PBS.
 Self-sustained crevice corrosion of stainless steel can be initiated instantaneously
by as few as 2 cycles of fretting motion at 250 mV in PBS.
* FICC causes pitting corrosion on stainless steel in PBS at =100 mV and —50 mV

adjacent to the fretting contact region.
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« Three different FICC domains were identified, including no FICC, metastable
FICC and unstable, self-sustained FICC domains. The critical potential for self-
sustained FICC is above 0 mV.

« FICC initiates at the fretting contact region and propagates away from the fretting
contact-crevice interface where the corrosion damage increases in size and depth
with time.

These findings indicate fundamental differences between the FICC mechanism
and conventional crevice corrosion theory, showing that fretting can play a significant

role in the initiation of crevice corrosion of stainless steel.
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6. Fretting Corrosion of SisN4 vs CoCrMo Femoral Heads on Ti-6Al-V

Trunnions [58]

6.1 Introduction

Metallic alloys of cobalt chromium and titanium have been used in total hip
arthroplasty (THA) for decades because of their biocompatibility, mechanical properties,
and corrosion resistance. All metallic implants corrode to some extent, creating the risk

of adverse reactions to degradation products [180-182]. Metal implant degradation is

typically a combination of electrochemical corrosion and mechanical wear [183]. Fretting
corrosion is one form of mechanically assisted corrosion that is associated with small

scale cyclic displacements (<100 um) between hard-on-hard interfaces. As a result of
fretting corrosion, metal ions and metal-oxide particles released into the periprosthetic

tissue/fluid may lead to cytotoxicity, tissue necrosis, osteolysis, adverse immunological

reactions, hypersensitivity, and pain [184-188].

Implant modularity is one of the most popular ways to achieve off-the-shelf
flexibility to accommodate individual patient needs intraoperative. As with other hard-
on-hard interfaces, the head-neck modular interface is susceptible to fretting corrosion
[189-192]. As cyclic micromotion is unavoidable at the modular junctions, alternative
femoral head materials such as ceramics have been investigated to reduce the
wear/corrosion associated with cyclic loading. Specifically, alumina (Al.O3) and

zirconia-toughened alumina (ZTA) have shown biocompatibility and resistance to
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taper corrosion and have become standard replacements to avoid metal-on-metal contact
at the head-neck interface [193-195]. Balancing this advantage is the negligible risk of
catastrophic brittle failure of ceramic femoral heads [196].

Silicon nitride (SizN4) is a biocompatible material that has a successful track
record in cervical and thoracolumbar spine fusion [197-199]. Boschetto et al., studied the
metabolic responses of ZTA and SizN4 to Staphylococcus epidermidis and found that the
surface buffering effect slowed bacterial proliferation on SizNa (relative to ZTA) [200].
Zhou et al., showed that silicon nitride had excellent wear properties when the mating
surfaces were ultra-smooth [201]. Bal et al., reported low wear rates for SizN4 femoral
heads in a hip simulator test and explored the viability for SisN4 femoral heads [202].
Si3N4 also possesses mechanical properties like high fracture toughness and high flexural
strength which make it suitable for orthopedic applications as well.

However, most of the research so far on silicon nitride as an arthroplasty material
has focused on the bearing properties, such that the fretting corrosion performance of

Si3N4 against the commonly used Ti-6Al-4V necks has not been reported in the

literature. The goal of this study was to investigate the fretting corrosion performance of

SizN4 head/Ti-6Al-4V neck modular tapers for THA and compare it to standard CoCrMo
head/Ti-6Al-4V neck taper junctions. It is hypothesized that the performance of SizN4
femoral head interfacing with Ti-6Al-4V stem would be better when compared to
CoCrMo femoral head/Ti-6Al-4V stem in terms of fretting corrosion in both a short-

term incremental fretting corrosion test and in a million-cycle test.
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6.2 Materials and Methods

The two test groups consisted of CoCrMo (ASTM F-1537, high carbon wrought
alloy) and Si3N4 femoral heads mated with cylindrical Ti-6Al-4V trunnions (12/14, 5°40’
taper angle; n = 10 samples/group) [203]. The heads had identical form, feature, and taper
tolerances (+8 mm offset, @32 mm external diameter, both produced by SINTX
Technologies, Salt Lake City, UT). The trunnions were comprised of commercial-quality
taper junctions with proper tolerances and surface made of 5 to 8 um ridges separated by
100 um intervals. The taper angle mismatch tolerance between the head and neck was the
same for both groups and the throat engagement was typical for ceramic tapers (ie, the
head angle was slightly larger than the trunnion). The engagement length for the head-
neck tapers was approximately 11 mm as is typical for modular taper junctions [204]. A
hydraulic mechanical testing system (MTS Model 515 HPU, MTS; Eden Prairie, MN)
was used to apply cyclic loads to the head-neck construct and the test assembly with

sample, environment, and electrodes is shown in Figure 6.1.
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Fig. 6.1. Schematic of assembled femoral head-neck taper immersed in phosphate buffer
solution with three electrochemical setups.

6.2.1 Static seating test

Phosphate buffer saline (PBS; Sigma-Aldrich, St. Louis, MO) was used to wet the
head-neck interface prior to static seating. Wet assembly during seating was used to
mimic the worst-case scenario for fluid ingress into the head-neck attachment. The
presence of fluid also facilitated the measurement of corrosion currents. Seating of the
tapers was performed by loading the head-trunnion construct axially. Starting at 50 N, the
compressive load was increased at 100 N/s until a maximum load of 4000 N was reached.

6.2.2 Incremental cyclic fretting corrosion test

A previously developed incremental cyclic fretting corrosion (ICFC) test protocol

was used to capture the load-dependent fretting corrosion response of head-neck tapers

[205]. During ICFC testing, cyclic loads (3 Hz, R = 0.1, for 3 minutes) were applied
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vertically to the head-neck taper construct. The construct itself was oriented with the

neck axis at 35° from vertical (physiological orientation) as shown in Figure 1. The load
started at 100 N and was increased in 100 N increments every 3 minutes until 2000 N
was reached. It was then increased at 200 N intervals up to 4000 N. At the end of each
load cycle, after a dwell of 20 seconds, the load was increased to the next level in 20
seconds. At the end of the test, the load was lowered to 50 N as illustrated by the drop in

the force at the end of the test in subsequent figures. A three-electrode electrochemical

setup with the trunnion and head as the working electrode, a carbon rod as counter
electrode (CE) and Ag/AgCl as reference electrode was used to measure the fretting
currents under potentiostatic conditions (—50 mV vs Ag/AgCl). This potential was chosen

based on the stable resting (open circuit) potential of CoCrMo and Ti-6Al-4V alloys in

PBS. The electrochemical cell was allowed to stabilize for 30 minutes before applying

any load. During each 3-minute interval, fretting currents were measured by a

bipotentiostat (Model AFRDE4; Pine Instrument Company, Grove City, PA), which was

connected to a high-speed data acquisition system (NI USB-6210; National Instrument,

Austin, TX). A custom LabVIEW program (National Instrument) was written to capture
the data for 2 seconds (every 20 seconds) at 200 Hz.
6.2.3 One million cycle fretting corrosion test

Immediately following the ICFC testing, a long-term (one million cycle) fretting

corrosion test was performed. The samples were loaded at 3200 N (R = 0.1) at 15 Hz and

potentiostatically held at =50 mV (vs Ag/AgCl) while the fretting currents were captured
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periodically over the 18 hours required to reach a million cycles. The fretting current and
actuator displacements were captured using data acquisition methods to track the
progression of fretting corrosion over time.

6.2.4 Pull-off test

At the end of the one million cycle test, the samples were subjected to a pull-off
test (ASTM F2009) where the head-neck constructs were axially disassembled in a static
tensile manner [206]. The pull-off testing was performed under displacement mode (0.05
mm/s) and the load was measured continuously during pull off. The pull-off force was

the highest load measured right before disassembly.

6.2.5 Post-test analysis

After disassembly, the taper surfaces were imaged using a digital optical

microscope (Keyence VK-8700; Itasca, IL) and a scanning electron microscopy (SEM;
Hitachi S-3700N, Tokyo, Japan). Energy- dispersive X-ray spectroscopy (EDS; Oxford
Instruments X-Max, UK) was used to investigate the corroded surfaces and material

transfer between the head and neck components. Figure 6.2 shows the schematic of the
sequential protocol used for the current study.

Student'’s t-tests were performed to assess statistical differences between the

control and test group. The onset load for fretting, the average fretting current at a fixed

load (3200, 3600 and 4000 N), the average fretting current over one million cycles and
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the pull-off loads were compared between the SisN4/Ti-6Al-4V group and the

CoCrMo/Ti-6Al-4V group, with p < .05 considered a statistically significant difference.

Static
Seating

Short Term ICFC (-50mV Vs Ag/AgCl)

4000N

-0 - C- 6 - -+ E0D

Applied:100N/s 540cycles, 3Hz, 540cycles, 3Hz, 540cycles, 3Hz, 540cycles, 3Hz, 540cycles, 3Hz,
R=0.1 R=0.1 R=0.1 R=0.1 R=0.1
Post-test Pull-off One Million Cycles
Analysis ASTM F2009 (-50mV Vs Ag/AgCl)
SEM, EDS Displacement | 3200N
- mode:0.05mm/s | <

Statistical Analysis|
1M cycles, 15Hz, R=0.1

Fig. 6.2. Schematic showing the complete testing protocol including static seating, short
term ICFC test, one million cycles test, pull-off and post-test analysis methodology.

6.3 Results

As the femoral head was seated on the trunnion, the measured displacement

increased as the load was increased (loading cycle). During unloading, the displacement

decreased but did not return to its initial zero value. This nonzero displacement after load

removal, also called seating displacement, for the SisNsand CoCrMo heads was 115 pm

(SD =29 um) and 123 um (SD = 40 um), respectively. The measurements included

displacement of the actuator nose and other components which contributed less than 10

pm during the seating test. There were no statistically significant differences in seating

displacement between the two groups.
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Figure 6.3A shows the measured currents during a single ICFC test (CoCrMo/Ti-
6Al-4V) as a function of time over 2 hours of testing. The baseline current, a measure of

anodic dissolution at =50 mV vs Ag/AgCl, was established before any load application to

the head-neck interface. The baseline was subtracted in subsequent analysis to obtain the

true repassivation/fretting current (ie, the current measured above the baseline during
cycling). After 30 minutes (1800 seconds), the testing protocol began with the application
of 100 N normal cyclic load. When the applied cyclic load was low, the current did not

change (indicating an absence of fretting). However, after a certain load, termed as onset-

load, the captured current started deviating from the baseline (see black arrow, Figure
6.3A). Figure 6.3B shows an enlarged view of a smaller segment of the plot in Figure
6.3A. Each vertical bar in Figure 6.3B represents data captured during the 2 seconds
interval and shows the fretting current response. Figure 6.3C is further enlargement of a
section of Figure 6.3B and shows the typical cyclic behavior of the current during fretting

corrosion due to oxide film abrasion and repassivation at head-neck taper junction. The

biphasic nature of the current peaks indicated oxide abrasion/repassivation during both
loading and unloading phase of the cyclic load. During dwell, the current dropped to the
baseline before rising again at the start of the next loading increment (see Figure 6.3B).

This drop confirmed the absence of fretting when no cyclic motion was present.
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Fig. 6.3. (A) Typical example of currents (vs time) measured using the electrochemical
setup for CoCrMo head. Note the baseline current, the time where the onset load is
reached, and the rising currents with cyclic load beyond the onset. (B) Fretting currents
recorded at three load levels (at about 2 hours, and above onset load) for CoCrMo head.
Note the resting interval between cyclic loads where the currents fall, and the repeated
intermittent acquisition of currents. (C) One second fretting currents at 3600 N (circled in

B) is shown consisting of three higher and three smaller current peaks directly associated
with the cyclic loading

The onset load was defined as the applied cyclic load where fretting was first
observed in the ICFC protocol. It was defined as the load at which an abrupt change in
the slope of root mean square about the mean (RMS) current vs cyclic load took place as
shown in Figure 6.4 (for a representative SisN4 and CoCrMo head test, Figures 6.4A and
6.4B, respectively). The RMS currents correlated closely with the average currents and

remained stable and constant before fretting started. At the onset of fretting, the RMS
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currents kept increasing (as did the average currents) with cyclic load. For example, for
the CoCrMo head test shown in Figure 6.4B, this change in RMS current happened at
approximately 1800 N and for the SizsN4 sample, the onset load was approximately 2200
N. The mean onset load for all SisN4 heads was 2220 N (SD = 188 N) and for CoCrMo
heads were 1740N (SD = 360 N; p < .05). The higher onset load indicated greater

resistance to oxide disruption for the SizN4/Ti-6Al- 4V test group. Also, once the fretting

started for both groups, the rate of increase in fretting current for SizsN4 test group was
lower (compared to CoCrMo) as evident by the smaller slope of the RMS current vs force

data in Figure 6.4.
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Fig. 6.4. RMS current vs max cyclic load for SisN4 head and CoCrMo head. The sudden
change in baseline slope was used to calculate the load at the onset of fretting. RMS, root
mean square.

To compare the short-term fretting corrosion performance between SizN4 and

CoCrMo in the ICFC test, average fretting currents were calculated at three load levels
(above the onset load). Figure 6.5 shows the box plot with fretting currents for the SisN4

and CoCrMo heads (n = 10) at 3200, 3600, and 4000 N. Even though the data is
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presented for only three applied loads, the CoCrMo heads showed higher average fretting
current than the SisN4 heads (p < .05) at all applied loads above the onset. For example, at
3200 N, the average fretting current for the CoCrMo heads was 0.685 A (SD = 0.631
MA) whereas it was 0.189 pA (SD = 0.114 pA) for the SizN4 heads. Higher cyclic loads
led to higher fretting current in each group indicating greater oxide disruption with
increasing loads for both groups. However, statistically lower average fretting currents

for SizN4 heads/Ti-6Al-4V interfaces indicated better fretting corrosion resistance (vs

CoCrMo heads).
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Fig. 6.5. Box plots showing fretting currents at three load levels for SisN4 and CoCrMo
heads. SizN4 heads had statistically lower average fretting current (p < .05, n = 10 for
each group) at each load level when compared to CoCrMo heads.

Figure 6.6A shows the fretting currents measured for a SizN4 and a CoCrMo head
at 3200 N (15 Hz) for one million cycles. The initial current peak (time, t = 0) measured

(without cyclic motion) corresponded to the net resting corrosion currents prior to the

start of cyclic loading PBS (at —50mV vs Ag/AgCl). The cyclic motion was started at the
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end of 30 minutes (to establish a stable baseline current). For both groups, the fretting
currents decreased with time. At the end of one million cycles, the load was ramped
down to a static value of 50 N which led to a sudden decrease in measured current

as shown in Figure 6.6A. Figure 6.6B and 6.6C show the box plot with fretting currents

measured throughout the test and during the last hour of the one-million cycle test. The

average current for the SisN4 heads was 0.048 pA (SD = 0.025 pA) vs 0.369 pA (SD =
0.143 pA) for the CoCrMo heads. The last hour and overall currents measured for SizN4

heads were statistically lower than those for CoCrMo heads (p < .05).
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Fig. 6.6. (A) Fretting currents vs time at 3200 N (15 Hz) for both SizN4 and CoCrMo
heads during 1 million cycle fretting tests. Box plots showing fretting currents measured
for (B) SizN4 and (C) CoCrMo heads (n = 10 for each group). The SizN4 heads had
significant lower currents than the CoCrMo heads (p < .05).
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Figure 6.7 shows the pull-off forces for the SisNsand CoCrMo heads (n = 10).
The average pull-off force for the SizN4 heads was 2600 N (SD = 230 N) vs 1450 N (SD
= 180 N) for the CoCrMo heads (p < .05). A statistical difference in average pull-off

forces (especially when the seating load was equal) indicated a difference in contact
mechanics between the two interfaces. Figure 6.8 shows SEM image and EDS spectra of

a Ti-6Al-4V trunnion that interfaced with a CoCrMo head. The presence of Co and Cr

peaks in the corroded area on the trunnion implied that material was transferred from

CoCrMo head onto the trunnion. Figure 6.9 shows SEM image and EDS spectra of a Ti-
6AIl-4V trunnion that interfaced with a SisN4 head. The SEM image shows minimal

damage and presence of salt buildup was confirmed by EDS spectra of the highlighted
region. Also, only a fraction of the total area was in contact and experienced oxide

disruption and no evidence of material transfer from the SizsN4 head to the Ti-6Al-4V

trunnion was observed.
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Fig. 6.7. Box plot of pull-off forces measured during head-neck disengagement for SisN4

and CoCrMo samples (n = 10 for each group). SizN4 heads had statistically higher
average pull-off forces vs CoCrMo (p < .05).
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Fig. 6.8. Scanning electron microscopy image and EDS spectra of a Ti-6Al-4V trunnion
that interfaced with a CoCrMo femoral head. EDS, Energy-dispersive X-ray
spectroscopy.
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Fig. 6.9. Scanning electron microscopy image and EDS spectra of a Ti-6Al-4V trunnion
that interfaced with a SisN4 femoral head. EDS, Energy-dispersive X-ray spectroscopy.

Figure 6.10 shows the SEM images of a CoCrMo head (Figure 6.10A) and SizNa

head (Figure 6.10B) that interfaced with Ti-6Al-4V trunnion. Figure 6.10B represented

the most severe damage that was observed for a SisN4 head. The rest of SisN4 heads had
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light surface damage at the contact region. The SEM image (Figure 6.10B) showed clear
evidence that ridges from the trunnion were imprinted on the femoral heads and indicated
material transfer from the trunnions to the heads. EDS spectra obtained from this area

showed corrosion product buildup and revealed the presence of titanium oxide.
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Fig. 6.10. (A) CoCrMo head (inferior). (B) SisN4 head (inferior) that interfaced with Ti-
6AIl-4V trunnion.

6.4 Discussion
Fretting crevice corrosion has been recognized as a significant risk for modular

devices with metal -on-metal surfaces. This study has shown that SizN4 femoral heads
reduce fretting corrosion compared with standard metal-on-metal head-neck interfaces.

Disruption of passive oxide films (a feature of fretting corrosion) on metallic surfaces can
be studied using the electrochemical setup and mechanical testing described in this work.
By using a potentiostatic method with a CE, the anodic currents can be collected and used

to assess the conditions where fretting corrosion occurs and the magnitude of the
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corrosion response to cyclic loading. The anodic currents, in general, consist of both
anodic dissolution current and the oxide film repassivation current. Previous work has
shown the anodic dissolution current to be minimal when compared to the oxide film
repassivation current, for both CoCrMo and Ti alloy oxide film disruption in the potential
range investigated [207-208]. In this study, the background currents, which represent the
overall electrochemical behavior of the undisrupted surface, were subtracted from the
currents measured to obtain the true repassivation currents associated with fretting. The
fretting currents provide information about the extent of passive film abrasion and
subsequent release of corrosion debris from the interface. Higher fretting currents imply
more corrosion debris generated (vs lower currents). When fretting starts, the currents
increase and become cyclic in phase with the cyclic loads applied.

In this study, the fretting corrosion performance of SizNsfemoral heads interfacing

with Ti-6Al-4V trunnions was investigated and compared to a standard CoCrMo/Ti-
6AIl-4V combination. Lower fretting currents observed for SisN4 femoral heads at all

applied loads support the hypothesis that SisN4 performs better (vs CoCrMo) in terms of
fretting corrosion. Rowan et al., reported similar findings when they compared fretting

currents for ceramic femoral heads on Ti-alloy trunnions (vs CoCrMo heads on Ti

trunnions) [209]. Kyomoto et al., reported markedly less fretting initiated corrosion in
ZTA ceramic heads (vs CoCrMo) in a hip simulator study [210].

The long-term fretting corrosion testing led to similar results with considerably

lower currents observed for SisN4 femoral head combination. The decrease in measured
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currents over the 18 hours testing period for both test and control groups can be attributed
to several factors. Plastic deformation is recognized as the primary damage mode for the

head-neck taper and the work hardening associated with it will increase the hardness of

the surface, decreasing further oxide abrasion at the same load (3200 N in the

long-term test). The generation of debris during initial fretting (leading to higher fretting

currents) can change the contact mechanics and possibly the fretting damage modes (ie,
gross slip to stick). The changes in surrounding electrolyte (due to debris generation) can
also change the tribochemical layer which will affect subsequent fretting currents. The
decreased fretting currents have a direct implication for corrosion debris generated. In a
retrieval study, Kocagoz et al., reported an order of magnitude difference in amount of

metal released for head-neck combination involving ceramic heads (vs CoCrMo heads)

[211]. The reduced fretting currents observed in the current study imply that a similar
reduction in metal released is expected in the case of SisN4 femoral heads. Also, besides
the reduction in fretting corrosion response, the removal of Co and Cr debris from the
joint space can potentially reduce or eliminate the adverse local tissue reaction (ALTR).

Approximately 25% increase in the average onset load for SisN4/Ti-6Al-4V
combination (vs CoCr head/Ti-6Al-4V) indicates a higher resistance to oxide disruption.
As the combination of SisN4 head/Ti-6Al-4V trunnion has less metallic area exposed to

the electrolyte, it was expected to have less oxide abrasion and hence lower repassivation
current as shown. However, higher onset loads for fretting in the case of SizN4 heads

indicate that the lower fretting currents are also due to changes in surface mechanics and
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interlocking mechanism of head-neck taper between a ceramic and a metallic component.
Rowan et al., reported onset loads of 1400 N for CoCr-V40(Ti alloy) couples and 2200 N
for ceramic-V40 couples [209]. Bergmann et al., measured contact forces with

instrumented hip implants in ten subjects during physically demanding and other less
strenuous daily activities [212]. As expected, they reported that maximum forces
increased with the level of activity. For example, the maximum force measured during
walking for a 75 kg adult patient was a little less than 2000N (3000 N for a 100 kg adult
patient) and forces measured during taking stairs down were 2250 N for a 75 kg adult
(3750 N for a 100 kg adult patient). This implies that depending on the material

combination used for head-neck taper, daily activities can lead to “onset” of fretting

corrosion and strenuous activities can exacerbate the situation further.

Approximately 50% increase in pull-off forces observed for SizN4 heads (2600

N) also suggests greater interlocking forces compared to CoCrMo heads (1450 N). Larger
interlocking forces would lead to better resistance to micromotion, less oxide abrasion,

and reduced fretting corrosion at head-neck taper junction. Previous research showed that
larger seating loads result in higher pull-off forces for the same material combination

[204,213]. However, our study investigated different material combination with the same
seating loads. This could be due to the different interlocking mechanism between two

types of interfaces. Using idealized statics, Gilbert et al., showed that the pull-off forces

are directly proportional to the coefficient of friction (COF) [214]. Recent work measured

the COF between SisN4/Ti-6Al-4V couples and found it to be higher than COF for
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CoCrMo/Ti-6Al-4V [215]. Higher coefficients of friction will increase the shear forces

at the interface and lead to higher interlocking forces. This will, in turn, reduce the

micromotion within head-neck taper junction. As fretting current is directly related to

micromotion, greater interlocking forces will also result in lower fretting currents.
The microscopic and EDS analysis of the trunnions revealed the presence of Ti

oxide debris which came from surface disruption by the SisN4 and CoCrMo heads.

During seating of the femoral head on the stem, plastic deformation leads to an

interference fit between the two parts. The initial plastic deformation of Ti-6Al-4V is
expected to be small due to its high-yield stress/hardness and the total area in actual

contact will also be a small fraction of the total available area. Fretting motion of these
interfaces generated oxide debris at the contact points and this oxide debris was

transferred from the Ti-6AIl-4V trunnion to the SisN4 head. The EDS analysis of

trunnions interfacing with CoCr heads also revealed presence of Co and Cr based

particles, likely oxides of the alloy, transferred to the trunnions as well as Ti-oxide debris

transferred to the CoCr head. This confirms that the fretting currents captured were
originating from repassivation of the oxides on both head and neck components. EDS
spectra of the trunnions interfacing with SisN4 heads showed oxide debris but no
evidence of silicon transfer from the SisN4 femoral head.

The SEM and EDS analysis of SisN4and CoCrMo femoral heads showed evidence

of imprinting of the machined grooves from the Ti-6Al-4V trunnion on the SizN4 head

trunnion. Langton et al., observed imprinting of machined grooves in their study and
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speculated that this plastic deformation can alter contact stresses and increase the
potential for wear [216]. Panagiotidou et al., attributed the enhanced wear and corrosion
at the modular taper junction to the surface morphology [217]. They observed a change in
the smooth surface of the head taper when it articulated against a “rough” neck taper.
Pourzal et al., found a correlation between the stem surface topography and Goldberg
damage scores11 for retrieved implants [218]. Moharrami et al., suggested that the
increased hardness of titanium oxide might be responsible for abrasive wear of the harder
more wear resistant CoCrMo [219]. Imprinting has also been observed on CoCrMo heads
interfacing with CoCrMo stems suggesting that it has both electrochemical and
mechanical origins related to the nature of local contact [211]. Arnholt et al., investigated

the effect of stem taper microgrooves on corrosion at the head-neck junction and

concluded that stem taper morphology had no correlation with the fretting corrosion

damage or metal release [212]. Overall, although imprinting is a well-documented

phenomenon, the published literature is contradictory, and the influence of microgrooves
(leading to imprinting) is still not well understood.

Limitations of the present work relate to the nature of in-vitro tests. First, each

femoral head was manually placed on its respective trunnion, which may have led to
uneven placement before the head was seated. This limitation was minimized by applying

large seating loads (4000 N) at the initial stage. Second, both ICFC and one-million cycle

fretting corrosion test were performed using a uniaxial cyclic force which does not

simulate the more complex in vivo loading cycles. While it might have simplified the
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simulated conditions, it provided for an ability to be more systematic in the comparative
assessments. Third, the seating process was performed quasistatically and under highly
controlled conditions. This was not the typical impaction performed by surgeons.
However, studies have shown that increasing the seating load has a limited effect on taper
stability, thus the seating load (4000 N) used in this study is a reasonable representation
of impact magnitude applied by surgeons. Also, inductively coupled plasma mass
spectroscopy was not utilized to analyze the metal ion levels in the solution after testing.

Despite these limitations, the superior fretting corrosion behavior of SizN4/Ti-6Al-4V
over traditional metallic combination (CoCrMo/Ti- 6Al-4V) adds to the growing

literature that points to SisN4 femoral heads as a viable option for THA.

6.5 Conclusions
We hypothesized that SisN4 femoral heads will perform better (vs CoCrMo) in

terms of fretting corrosion at the head-neck taper interface in a modular hip prosthesis
with Ti-6Al-4V trunnion. Fretting currents measured at different loads showed a marked

decrease for SisN4 heads vs CoCrMo heads which supports this hypothesis. Both groups
exhibited a biphasic current response related to the cyclic loading, but higher average
currents observed for CoCrMo heads indicated greater oxide disruption and corrosion as
compared to the SisN4 heads. The increase in onset load for the SisN4 heads vs the
CoCrMo heads for same seating force indicates a substantial difference in the contact

mechanics of taper locking for both materials mounted on Ti-6Al-4V reunions. The
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long-term (one million cycle tests) fretting currents also showed a significant reduction

for SizsN4 heads when compared to CoCrMo heads. SEM/EDS analyses revealed material

transfer from the CoCrMo heads onto the Ti-6Al-4V trunnions, but no material transfer
from the SisN4 heads was observed onto the Ti-6Al-4V trunnions. Decreased fretting

currents (vs CoCrMo heads), and elimination of Co/Cr debris from the periprosthetic

joint may reduce ALTRs associated with metal-on- metal interfaces making SizsNs an

attractive candidate for femoral head material for THA.
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7. Synthesis of the Work

7.1 General Discussion

Modular taper fretting crevice corrosion in vivo has multiple interacting processes
that lead to a highly complex system the includes surface mechanics and tribology, the
physics and electrochemistry of passive oxide film covered alloys, redox reactions that
alter potential and generate currents, and metal deformation, and can result in specific
and unique degradation products. While mechanically assisted crevice corrosion has
been adopted as a term to describe modular taper corrosion, the overwhelming focus of
the research community has been on the mechanical aspects of the corrosion/degradation
that occurs with very little focus on the crevice and its role in the process, or the nature of
the solution changes and potential changes required to induce ongoing crevice corrosion
reactions. The purposes of this studies are to undertake both theoretical and experimental
results of fretting crevice corrosion to fill up some gaps in the existing corrosion science,
which involves complex multi-physics problems associated with THA. By filling these
gaps, which are mentioned in chapter one, fundamentals of fretting crevice corrosion,
e.g., electrochemical reaction and materials combination, and its related phenomena
could be further developed and understood.

So far, the mechanism of fretting initiated crevice corrosion, where fretting is only
needed to initiate ongoing crevice corrosion processes, has only been demonstrated for
316L stainless steel alloys in physiological saline at specified potentials [90]. The other
alloys, which have been clearly documented to experience crevice corrosion like

degradation processes in vivo (e.g., etching, intergranular corrosion, etc.) have not been
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documented to exhibit a similar fretting initiated process in vitro to date. However, 316L
SS has shown that fretting can initiate a self-propagating crevice corrosion reaction,
generating a local crevice solution chemistry that can sustain and promote attack within
the crevice region even with subsequent cessation of fretting. This points to the need to
explore alternatives in Ti alloy and CoCr alloy crevice geometries where propagating
crevice corrosion reactions can be induced.

A new 2D pin-on-disk system was described in this study, which can provide in-
depth understanding of how debris is generated during fretting crevice corrosion and
reveal that stainless steel is sensitive to crevice corrosion under fretting initiated
conditions. This system can be utilized to analyze solution chemistry after fretting crevice
corrosion due to its small amount of solution volume. This feature could assist to address
some potential questions regarding post-test ion concentration due to fretting crevice
corrosion or other type of MACC. The theoretical model using tribological and
electrochemical concepts explains the fundamental mechanism of tribocorrosion [19].
This model, which is the first time, put surface electrochemical impedance and
capacitance into account to explain oxide disruption and repassivation during fretting
corrosion. This model can be adapted to other types of MACC for better understanding
their fundamental mechanism and to be used in numerical modeling techniques to
determine fretting corrosion currents based on tribological interactions. The device
testing experiments of SisN4 femoral head against Ti-6Al-4V trunnion prove that this
ceramic material has better fretting corrosion resistance than the traditional metallic

combination and could lead to longer lifetimes for implant devices [58]. The results
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expand surgeons’ options for choosing appropriate implant materials when preparing for

THA.

7.2 Detail of Accomplishments

The goal of chapter 3 was to utilize a custom-made pin-on-disk fretting corrosion
setup to investigate debris generation processes, including their chemistry and physical
distribution on the contact surface [27]. Another outcome of this chapter is that this setup
provides for the visualization of different phases of debris generation. It provides strong
evidence to support the clinical observations that debris can escape from fretting contacts
and wind up in in the periprosthetic tissue near implants. These results also show how
high cobalt ions in the solution can arise simply from the fretting corrosion interactions
where the solid debris contains little Co and is mostly comprised of Cr-phosphate-based
particles. The significant difference (p<0.05) detected between Cr and Co ionic
concentrations in the solution demonstrates that high Co concentration in patient’s blood,
who have metallic implant device inside their body, can be explained by this simplified
laboratory circumstance [222] where the chromium interacts with phosphate and oxygen
to form Cr oxides and phosphates, while the Co ions remain soluble in the solution. Thus,
this method successfully simulates fretting crevice corrosion debris generation inside the
human body by creating a stable electrochemical environment, where critical parameters
can be controlled and adjusted for in-vitro study purposes. This setup could be utilized to
study cellular response to fretting corrosion solid degradation products in-vitro. Similar

studies have been reported to study the relationship between corrosion debris and cellular
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viability [223-224]. However, this setup has two unique features, small solution volume
and transparent reaction chamber, that would make it as an ideal system for further
exploring any potential effect between different type of cells and various metallic
materials during or after fretting corrosion.

Compared with other in vitro tribocorrosion testing systems, this custom POD
setup has its unique features, such as a visualization capability and small amount of
electrolyte volume. Visualization has been combined with corrosion systems in many
studies [225-226]. However, none of them focus on debris generation during
tribocorrosion. The setup in chapter 3 provides direct evidence of this behavior along
with fretting crevice corrosion while capturing electrochemical and mechanical signals.
Therefore, this capability may allow one to study the long-term fretting crevice corrosion
relationships between debris generation and fretting current, where, for example,
increasing amount of debris generated might reduce fretting currents by reducing contact
area with the metal surface and alter the coefficient of friction. Another feature, the small
volume of solution, helps to better understand ion release processes during corrosion.
Most setups studying tribocorrosion, including most POD setup, have larger volumes of
testing solution, usually hundreds of milliliters, which can make ion release analysis
difficult due to the large dilution effect [227]. In chapter 3, about 1.5 ml solution was
used to maintain the required electrochemical environment. The small amount of volume
into which metal ions are released thus increase the ion concentration level that could be

detected.
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Since tribocorrosion is a type of corrosion that takes both electrochemical and
mechanical factors into account, a theory or model could become important to reveal the
fundamental mechanism of this phenomena. Many theories have been built or developed
to assist people for better understanding tribocorrosion from different perspectives [228-
229]. However, most theories prefer to define tribocorrosion as the superposition of
tribology and corrosion independently with, perhaps, an interaction term. The goal of
chapter 4 is to establish a tribocorrosion model, using fretting corrosion as demonstration,
based on a series of parameters including load, displacement hardness and impedance etc.
This model successfully describes the corrosion response in terms of current and potential
versus time with knowledge of the sliding displacement-time behavior and other
materials characteristics. The results of this mode show that electrochemical responses
(current and potential) and mechanical actions (abrasion deformation and oxide
disruption) are combined and synergistic and that the currents generated are not only
from ion release, but from oxide film repassivation and thus directly results from oxide
disruption processes. Thus, a linear sum of corrosion (current-based measurements) and
wear (a volume loss-based measurements) is not an accurate approach for tribocorrosion
testing. Different conditions, e.g., waveform and electrolyte, were also examined to
exhibit that this model could be applied in varied circumstances and is a general guidance
for helping to understand the fundamental mechanism of tribocorosion. One thing that
needs to be noticed is that the setup developed in chapter 3 is used to provide
experimental evidence to support the model, which can be treated as a validation test of

this custom POD testing system.
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Any tribocorrosion that happens within human body is not at a stable
environment, or a fixed potential. Most of in vitro studies prefer using fixed potential as
the electrochemical condition so that oxide film thickness can be well-controlled or
estimated due to oxide repassivation theory [230] and the currents generated can be
measured and quantified. However, potential varies in vivo and could become more
negative inside the body because tribocorrosion could lead to numerous electrons getting
capacitively tapped at the material surface, which induces a negative charge accumulation
and negative potential excursion. The model in chapter 4 is demonstrated not only under
fixed potential conditions (scratch test) but also validated in the case where the potential
is allowed to fluctuate with conditions, as occurs in the real-world situation. The tests
were repeated under different frequencies, where any fretting current was well-predicted
based on the corresponding potential change and the rest of parameters.

Even though this model was demonstrated by studying fretting corrosion on
CoCrMo alloys, it can be also used to evaluate tribocorrosion behavior of Ti-6Al-4V and
stainless steel alloy. As for stainless steel alloy, Chapter 5 reported on a novel
phenomenon termed fretting initiated crevice corrosion (FICC) which has been widely
used as implant material over decades. The study found that crevice corrosion of 316
LVM stainless steel can be triggered readily by just a few repeated fretting strokes in a
POD test system under the appropriate potential conditions. The initiation of crevice
corrosion is highly sensitive to electrode potential and can occur hundreds of millivolts
below the breakdown potential for stainless steel. As one of the consequences of FICC,

island-like corrosion was observed where the crevice attack started at the pin-disk-crevice
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contact region within the crevice. The sensitivity to this process increases as the potential
is shifted anodically, which can be considered as evidence of FICC. As an
electrochemical reaction, crevice corrosion is sensitive to potential. Three domains use
specific potentials as the boundary to separate each from the other. Within the unstable
domain (anodic potentials), only a few numbers of cycles fretting motion are required to
cause crevice corrosion to occur at the pin and disk junction. Here, the corrosion
products released into the solution created an altered electrolyte that increased the
susceptibility of the surface to break down its oxide and corrode. As long as the crevice
geometry was maintained, the crevice corrosion reaction would continue and would
expand from the pin-disk junction outward towards the edge of the pin crevice. Once the
two surfaces disengaged the crevice corrosion reaction ceases immediately and the
surfaces repassivated. This points to the important interplay between fretting corrosion
generated solution chemistry changes that subsequently increase the susceptibility of
oxide film breadkdown and the onset of crevice corrosion.

Even though many implant devices, especially orthopedic devices, are replacing
their bulk materials from stainless steel to more corrosion resistance alloy, e.g., Ti and
CoCrMo alloy, stainless steel is still on the market in a wide range of devices where
fretting crevice corrosion is possible, e.g., spinal implant, due to its low-cost feature.
Physical fixation and modular structure of these implant devices will result in contact
interfaces or junctions with potential risk of tribocorrosion and fretting initiated crevice
corrosion due to daily activities. FICC could become a significant concern in such

circumstances and shorten the lifetime of these implanted devices. Corrosion products,
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generated by FICC, can release into surrounding biological environment, and increase the
possibility of adverse local tissue reaction (ALTR). The results of chapter 5 provide a
potential solution for reducing or eliminating FICC, which is to maintain the
environmental potential within metastable or stable regions. However, the way to achieve
this goal is still a challenge because of highly dynamic and uncertain nature of the body
environment.

The studies from chapter 3 to chapter 5 are mainly focused on the fundamental
aspects of fretting crevice corrosion. These materials must be applied as implanted
devices using manufacturing processes that maximize their corrosion resistance. Chapter
6 introduced a device testing method by assessing fretting corrosion behavior between
novel SizN4/Ti-6Al-4V head-neck taper couples and traditional CoCrMo/Ti-6Al-4V
couples. Even though we did not measure the initial pull-off load, which could provide
comparison with the last pull-off tests, right after heads were seated, the fretting current
results from both incremental cyclic fretting corrosion (ICFC) and long-term testing still
show that ceramic-on-metal combinations exhibit better fretting corrosion resistance than
metal-on-metal couples. As a ceramic material, SisN4, is non-conductive under this
circumstance so that corrosion could only occur at the metallic phase instead of on both
surfaces. Even though materials transfer were observed at head-neck taper junction in
few ceramic-on-metal couples, which may raise concerns regarding wear and particle
generation, SisN4 demonstrate itself as a potentially suitable material that can be used in

total hip arthroplasty (THA) field.
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When consider fretting crevice corrosion in real applications, testing methods
usually follow standard protocols, e.g., ASTM or ISO etc. In chapter 6, SisN4/Ti-6Al-4V
exhibit significantly less fretting corrosion damage under specific ASTM tests. This
study, along with many studies of Zirconia Toughed Alumina (ZTA), points out that
ceramic materials may play an important role in future orthopedic implant device
development [231]. However, metallic materials as implant devices have their unique
advantages, such as high strength and relatively low cost for manufacture and favorability
for surface coating or modification. A combination of metallic and ceramic materials as
modular implant devices could become a possible solution for reducing fretting corrosion

on total hip arthroplasty, or orthopedic implant devices in general.
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8. Conclusions

This dissertation has presented a series of studies related to different aspects of
the fundamental mechanisms of fretting crevice corrosion, including theoretical,
materials-based and application-specific experiments. The major findings could be
concluded as followings.

Chapter 3 documented debris generation between CoCrMo alloy pin and disk
samples, and the surface deformation resulting from fretting corrosion using a custom 2D
pin-on-disk fretting corrosion setup. The results showed that debris was generated rapidly
during fretting corrosion virtually. The solid debris generated was along with ions
release. Chapter 4 describe a heredity integral model, including the physics and chemistry
of passive oxide films, contact mechanics and electrochemical impedance, to determine
the time course of currents and potentials associated with tribocorrosion processes.
Fretting initiated crevice corrosion (FICC) was studied in chapter 5. This study has
demonstrated FICC in 316LVM stainless steel is potential related and several cycles of
fretting motion could trigger FICC in PBS. Finally, chapter 6 assessed fretting corrosion
behavior between SizN4/Ti-6Al-4V and CoCrMo/Ti-6Al-4V head-neck modular tapers.
SisN4/Ti-6Al-4V shows better fretting corrosion resistance compare with traditional
metallic combination.

The general goal of this dissertation was not to focus on implant design or
improvement but to provide fundamental studies of fretting crevice corrosion in
orthopedic implant devices using engineering methods. Current research involved in

fretting crevice corrosion, or MACC, are often oversimplified or not fully explored,
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which could be passed on to the patient eventually and cause unpredictable negative
effects to the implant device field. This dissertation introduced several methods for
studying fretting crevice corrosion and can be considered as ideas for future research. The
ultimate goal of studying metallic orthopedic implant devices is to reduce number of
revision surgeries caused by corrosion or other ALTR and achieve life-long

improvements in performance.
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9. Future Work

This work addressed some aspects of the fundamental mechanism of fretting
crevice corrosion using in-vitro testing methods including pin-on-disk setup and ASTM
standard protocol. While several important conclusions have been made, further research,
is still indispensable, especially focusing on cellular culture study and physiologically
environmental testing. PBS, as the simplest inorganic physiological solution, was chosen
to provide stable electrochemical environment for in vitro corrosion studies. However,
this simplified solution would be missing important information of how organic
molecules and different type of cells react with contact interface, which could reflect the
severity of corrosion damage. Solution rich in protein or other complex organic
molecules could lead to higher viscosity, which protein adhesion occurs on exposed
surface and the create bio-layer for lubrication purpose [232].

Previous works have been reported using fetal bovine serum (FBS) and
Dulbecco’s Modified Eagle Medium (DMEM) as electrolyte to study fretting corrosion
or tribocorrosion on metallic materials. Their results show that solution chemistry have
different effect on alloy surface compare with PBS only condition. Except different type
of solution, inflammatory condition could also lead to implant corrosion, where
inflammatory cell induced corrosion (ICIC) has been reported by Gilbert’s lab [233].
Recent work has developed solutions that mimic this condition and tested in pin-on-disk
setup [234]. The most ideal electrolyte is human joint fluid or patient synovial fluid as
they represent the true solution environment surrounding implants. But there are some

challenges for using it for testing. First, the volume of joint fluid is limited, which not
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sufficient for most of tribocorrosion testing setup. Second reason is that availability due
to surgical procedure. The last one would be the variability in biological sample, where
composition need be well-clarified. The 2D custom fretting corrosion setup described in
chapter 3 could reduce the difficulty since the electrochemical chamber can keep small
volume of solution, e.g., 1.5 ml.

Cellular study, as an important preclinical and lab-based study, in corrosion or
tribocorrosion field has not been fully explored or studied. Previous work from Gilbert’s
lab demonstrated that potential affect cell viability under fretting corrosion [235]. Studies
also show that debris due to wear or fretting corrosion could lead to cell death, where
debris particle are generated separately from cell culture media [236]. This study could
only prove that debris could reduce cell growth or affect its viability but lack of evidence
to reflect any change which could affect cellular behavior during fretting corrosion. One
possible solution is that a novel electrochemical chamber with high transparency could be
designed and combine with the 2D fretting corrosion setup so that cellular reaction along
with debris generation could be observed under DOM.

Future study of FICC on stainless steel has been reported in chapter 5, where
multiple studies need to be done to better understand FICC from different aspects. Other
than that, studies focus on whether FICC occur at different materials combinations, like
CoCrMo or Ti-6Al-4V, should also take into account as potential projects that need for
exploration because implant device has modular design strategy, which each part made
by different material. Besides materials study, in-vitro device testing, e.g., long-term

cyclic loading test, and retrieval study is also qualified for further investigation. Both of
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study are assessing FICC from more comprehensive aspect, which can reflect truly
damage on implant device due to FICC.

As for the SisN4, comparison of tribocorrosion resistance between itself and
Zirconia Toughened Alumina (ZTA), which is a ceramic material with zirconia grain in
alumina matrix, in hip-neck taper junction testing is needed. ZTA as the most popular
ceramic implant materials has been used in orthopedic implant device due to its excellent
biocompatibility. Many studies show that both are serving as ideal ceramic materials for
clinical purpose based on in-vitro material testing [237]. However, there are not enough
works, including clinical study, to document their fretting corrosion behavior as femoral
head seating on Ti-alloy trunnion for total hip arthroplasty (THA) simulation tests. The
potential idea for this or similar test is that same protocol from chapter 6 will applied on a
new couple, ZTA/Ti-6Al-4V, and the results will compare with existing data for further

analysis.
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