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Abstract

In vivo corrosion of CoCrMo alloyand its potential adverse effects on the body have been
recognized as major concerns in recent years. While the underlying concepts of general and
mechanically-assisted corrosion have been well documented, recent report of inflammatory
cell-induced corrosion (ICIC) of CoCrMo alloy challenged traditional understanding of the
relationship between biology and corrosion of hip implants. To better understand the role
biology may play in the corrosion of CoCrMo-based implants, this study explored the
mechanism of ICIC on CoCrMo alloy and investigated how simulated inflammatory (SI)
conditions affected the electrochemistry, oxide film and fretting corrosion behavior of

CoCrMo alloy.

Arange of Sl solutions, based on phosphate buffered saline with H,02, HCI, HCIO and Fe3*
additions, were investigated. Results of electrochemistry tests (open circuit potential,
polarization and electrochemistry impedance spectroscopy) indicated the corrosion
susceptibility of CoCrMo alloy can be significantly increased by Sl solutions, increasing the
oxidizing power and decreasing the passivity of the oxide film. Physiologically possible
potential of CoCrMo alloy has been found to be as positive as 0.9 V, a much higher level than
previously thought. Inflammatory cell-based chemicals such as H20, HCIO, acid and Fenton
reaction (H202 and Fe3*) were able to facilitate the corrosion of CoCrMo alloy and
demonstrated part of the mechanism of inflammatory cell induced corrosion. The effect of
inflammatory species hydrogen peroxide and voltage on the passive oxide film of CoCrMo

alloy was studied by Electrochemical Atomic Force Microscopy (ECAFM). The results showed



that simulated inflammatory condition (H202) and potential significantly altered oxide film
behavior (surface roughness, topography, corrosion resistance). Variation of surface
roughness, corrosion resistance were related with potential and time-dependent oxide film

topography.

Fretting corrosion behavior of CoCrMo/CoCrMo alloy combinations was significantly
affected by SI conditions and potential. Presence of Fenton reaction resulted in less stable
oxide film and increased oxidizing ability of solution, altering the fretting corrosion behavior
of CoCrMo alloy. Additionally, a fundamental study was conducted to investigate the effect of
electrode area on the cathodic voltage excursion of metallic biomaterials due to fretting
corrosion. This work linked the area-dependent impedance characteristics to the time
dependent voltage changes observed during fretting corrosion. Results showed that voltage
shifts decreased as the exposed area increased and that this behavior was described well

using the impedance-based theory model.
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Chapter 1 Introduction

1.1 Background and Significance

The application of implanted devices in orthopedic surgery has been continuously
increasing in recent years, and the total industry is estimated to grow to more than 41 billion
dollars by 2016 [1]. The number of total joint replacements is expected to grow to 572,000 by
2030 [2-3]. Total joint replacement implants are designed to help patients, who suffer from
joint injury or osteoarthritis, relieve pain and regain normal movement of a healthy joint.
Metallic orthopedic implants mainly consists of cobalt-chromium-molybdenum (CoCrMo
alloy), titanium, and stainless steel alloys have been widely used to replace the bone or

articular surface due to their excellent mechanical, corrosion and biocompatibility properties.

CoCrMo alloys were introduced by Smith-Peterson in 1923 and were first used as dental
alloys and later for orthopedic, spinal and cardiovascularimplant applications [4, 5]. CoCrMo
alloys have been approved for use in hip replacements since the early 1970s and their bulk
mechanical properties have been improved by various materials processing and heat
treatment techniques [6]. Because of their past success, these alloys continue to be used in
many current medical devices, such as total hip replacement and total knee replacement. The
use of metal-on-metal (MOM) implants had been gaining favor in the recent past due to
superior wear performance compared to hip systems with polyethylene as bearing surface [7].

While the overall performance of CoCr alloys has been satisfactory, the degradation of metals



caused by mechanical motion and corrosion remains a potential concern [8-13].

Current understanding---MAC (Mechanically Assisted Corrosion) affects biological response

Recently, there have been serious concerns raised about the effect of metal ions and
particles released from CoCrMo alloy on the body’s responses [14-18]. The in vivo corrosion
and its associated adverse biological responses in MOM hip replacement have become a
global health concern [14, 17, 18]. Regulatory agencies of the US and UK have issued alerts
for the use of MOM hip implants and recalls from major medical device manufactures have
further brought the use of MOM devices into question [19, 20]. Wear and corrosion damage
of the implant have been associated with a series of biological responses including:
inflammation [21, 22], cytotoxicity [23-25], hypersensitivity [26, 27], and genotoxicity [28-30]
to human cells. Adverse local tissue reaction (ALTR), associated with mechanically assisted
corrosion has been a significant concern and an important contributor to hip implant failure.
ALTR refers to inflammatory soft tissue lesions or adverse histological reactions associated
with corrosion debris or ions from degradation of metal implants [31, 32]. Aseptic
lymphocyte-dominated vasculitis-associated lesions (ALVal), Pseudotumors and osteolysis are

three major ALTRs related to metallic hip system reported by clinicians and researchers [31].

MAC, including fretting corrosion, corrosion fatigue, wear-assisted corrosion, stress-
assisted corrosion and stress-corrosion cracking, is corrosion caused by the combination of
mechanical and electrochemical factors [33]. It occurs in a variety of hip implants with
modular designs, including the modular-head design, acetabular component designand head-

neck/neck-stem taper design [34]. Modularity in hip implants has gained popularity since their



development in the mid-1980s due to its significant advantages such as intraoperative
flexibility in implant geometry, more simple revision surgery and reduced costand inventories.
All modular junctions are potential sites for mechanically-assisted corrosion or crevice
corrosion, which significantly increase the degradation of the implant and has been thought
to be the major source of ions and particles coming from the surface and may cause failures
of MOM devices [35-38]. A series of phenomenon occur following the abrasion of oxide film
and dramatic acceleration of corrosion in MAC, including changes in oxide film structure and
properties (mechanics, electrochemistry), local depletion of oxygen, cathodic shifting in open
circuit potential as well as decrease of pH [4]. These MAC-affectedfactors, inturn, significantly
affect MAC and may further increase corrosion susceptibilityand corrosion damage of metallic
biomaterials [33]. Increasein corrosion rate of metallic biomaterials even after ceasing of MAC
has been reported [34]. Meanwhile, byproducts of metallic alloys coming from MAC are
known to induce various untoward biological responses [31]. High levels of metal in blood or
serum are related with ALTRs, which have only been found in modular conjunctions involving
at least one CoCr component [39]. For CoCrMo alloy, the presence of wear debris and metal
ions not only lead to increased local tissue inflammation [35], but also may cause metal
allergies [40], tissue and DNA damage [41] as well as death of inflammatory cells [42].
Implantation of MOM arthroplasty has been associated with hypersensitivity reactions to
metal ions [43]. Coand Crions may be toxic at high concentrations and are able to react with
endogenous target molecules such as DNA, receptors, protein and reactive oxygen species
(ROS), dramatically altering the biological environment and resulting in structural and

functional damage of target molecules [44]. The concentration of both cobalt and chromium



ions significantlyincrease in patients after both short-term (<2 years)and long-term (20 years)
hip implant surgery [45]. Hexavalent chromium (Cré*), classified as group 1 carcinogen, has
been reported to be formed and released from CoCr implants [46]. Co ions are known to
significantly inhibit osteoblast proliferation and function, causing decreased lymphocyte
proliferation and abnormal chemokine secretion [47], and have been associated with
neurological and cardiac manifestations in patients with MoM implants [48]. When MAC
occurs, cathodic shifts of voltage on implant surface may significantly alter not only
electrochemistry reaction, but also cell metabolism and behavior. Recent studies show that,
at sufficiently negative voltage (below -400 mV (vs Ag/AgCl)), cell death on CoCrMo alloy by

apoptosis is not driven by metal ions and particles, but by reduction reactions [49, 50].

New perspective---Biological response affects corrosion of CoCrMo alloy

One important process in the implant-body interaction system is the immune response
of the local cells near the implant. It is known that the implantation of medical device as well
as the debris and metal ions from MAC will induce inflammatory responses of the body.
Inflammatory cells use acid and ROS to attack invading bacteria and foreign bodies [51-53]. It
has been known that a series of ROS, including superoxide, hydrogen peroxide, hydroxyl
radical, hypochlorous acid, can be induced by a variety of soluble and particulate stimuli in
inflammatory cells such as macrophages osteoclasts and neutrophils (Figure 1.1) [54, 55]. The
adhesion and activation of inflammatory cells or phagocytic cells produces a
microenvironment between the cell membrane and the surface of metal [52]. The biomaterial

surface in this region is susceptible to locally high concentrations of degradative and oxidative



agents [55, 56]. Thus, the local biological process of inflammatory cells are likely to affect the

biodegradation and corrosion of the implant.

There have been several studies on inflammatory cells and how their released chemical
species affect metallic biomaterials. Cadosh, et al. [57, 58] reported in vitro biocorrosion of
stainless steel and titanium alloy by inflammatory cells (human mature osteoclasts). Lin, et al.
showed that macrophage cells altered the surface oxide compositions of CoCrMo alloy after
3 days in cell culture medium and the results supported their hypothesis that macrophage
released reactive chemical species (RCS) such as NO and ROS reacted with the surface and
changed the oxide layer [59]. Pan, et al. investigated the effect of H,02 on titanium surface
and found that H20: addition into PBS increases the growth rate of oxide film and facilitates
the phosphate ions into the oxide film [60]. Bearinger et al. applied electrochemical atomic
force microscopy( ECAFM) to study the influence of H202 modified PBS solution on CP Ti alloy
oxide and showed less oxide dome coarsening and significant change of oxide resistance and
capacitance due to the presence of H:0: [61]. Mabilleau et al. studied the effect of
macrophage and bacteria on the corrosion behavior of pure titanium using AFM and reported
that activated inflammatory cells and bacteria can release various oxidants which led to Ti
corrosion at nanometric scale [62]. Royhman investigated the influence of pH in simulated
artificial joint fluid on Ti6AlI4V and CoCrMo alloy and showed that increased acidity resulted
in decreased corrosion resistance [63]. Brooks et al. evaluated the effect simulated
inflammatory solutions on titanium electrochemistry and found that inflammatory conditions

with H20:2 led to the formation of a thin and defective film on Cp Ti and Ti6Al4V and increased



the corrosion susceptibility of titanium alloy [64]. Garcia et al. studied the effect of simulated
inflammatory condition on cp Ti and Stainless steel and found that simulated inflammation
conditions led to significant modifications on surface composition, surface roughness and
surface energy on both alloys while H202 induced stronger changes on cp Ti compared to

stainless steel surface [65].

Recently, new evidence of direct in vivo inflammatory cell-induced corrosion (ICIC) of
CoCrMo alloy in retrieved MOM and MOP hip and knee implants has been first reported by
Gilbert et al. [66]. Their study found evidences that cellular attack may leave patterns of
corrosion damage on retrieved CoCrMo implant surfaces with or without MAC. This study
indicates that inflammatory cells may be able to attach to implant surface and release acid
and ROS (e.g. H202) driving the corrosion of CoCrMo alloy even without wear or fretting.
Metallic iron, which is known to further aggravate inflammation in the presence of reactive
oxygen species [67, 68], has been found consistently on CoCrMo components in regions
undergoing extensive corrosive attack by the phagocytic cells [66]. Thus, Fenton reaction (the
reaction between iron ions and H202), which is known to produce a series of highly oxidative
agents, may play an important role in facilitating the in vivo ICIC of CoCrMo alloy. This study
raises significant new questions about the mechanism of corrosion of CoCrMo alloy in vivo
and the clinical consequences of such corrosion interactions. Recent study by Laura et al.
investigated the clinical relevance of ICIC in 100 CoCr alloy hips and found 59% of the implants
showed evidence of surface damage associated with ICIC and there was a significant

association between the ICIC patterns and aseptic loosening for the ASR and Duron modular



systems [69]. Munoz et al. studied the corrosion behavior of CoCrMo alloy in human synovial
fluids in patients with different degree of inflammation and found that CoCrMo
electrochemistry is significantly altered by synovial fluid and is affected by patient
inflammation [70]. Reactive oxygen species are thought to play a significant role in

determining the cathodic and anodic electrochemical response of CoCrMo alloy.

The observation of ICIC on CoCrMo alloy alters current one-way perspective of
implant-biology interaction. Local biology (e.g. inflammatory cells) may induce implant
corrosion and it is likely that metal ions and corrosion debris released from ICIC further
stimulate local biological systemand form a positive feedback process which is self-sustaining.
However, the ICIC mechanism is not well understood. Which cell types are involved in the
process is unknown and what chemical species the inflammatory cells or phagocytic cells use
to induce CoCrMo corrosion have not been studied. The clinically observed corrosion
phenomena hasn’t yet been fully reproduced in laboratory by research community. The
inflammatory cell-based solution chemistry appears to be one important element based on
current knowledge. Thus, it is of great significance to understand how the simulated

inflammatory conditions affect the electrochemistry of CoCrMo alloy.

Inflammatory cells like macrophages and neutrophils are able to secret more than 100
substances, which influence almost every aspect of the immune and inflammatory responses
[71]. Among them, ROS and HCI, which possess high oxidizing ability compared to metal alloys
or have the power to increase oxidative power of the solution, are most likely to induce ICIC

of CoCrMo alloy. Reactive oxygen species released by mononuclear phagocytes includes: H20,,



HCIO, superoxide and hydroxyl radicals [52, 55, 71, 72]. Highly oxidative free radicals (hydroxyl
radicals) can be produced from Fenton reaction (Fe3*, Fe2*, H20z), which is widely used as
oxidative agentin industry [73] and may be another important contributor to ICIC of CoCrMo
alloy. Meanwhile, metal ions released from CoCrMo alloy, such as Co, Cr, Mo ions, can react
with H202 and induce a series of Fenton-like reactions [68, 74], which may further increase
the oxidizing power of the solution and damage CoCrMo oxide. Thus, there is need to
investigate if these inflammatory species (H202, HCI, HCIO and Fenton reaction) are able to

influence the corrosion susceptibility of CoCrMo alloy.

CoCrMo alloys receive a high degree corrosion resistance due to the spontaneously
formed 1-10 nm oxide film on the surface [75, 76]. Under normal biological conditions, these
oxide films are stable and protect the bulk material from reacting with body fluid. However,
these oxide film are actually dynamic, being able to react with specific in vivo solution
elements, and highly surface voltage dependent [77]. Any factor affecting the surface
potential might influence the microstructure and chemistry of the oxide film, leading to
significant changes in its mechanical and corrosion properties [4, 5]. Inflammatory cell based
chemical species such as ROS are highly reactive and potentially able to alter the oxide film
and the corrosion behavior of CoCrMo alloy. Thus, it is important to better understand them
under simulated inflammatory conditions, which can be used to develop better heat
treatment and processing techniques of CoCrMo alloy and control corrosion of implant

devices.

Fretting corrosion is one corrosion mechanism under the category of MAC and is the



corrosion caused by cyclic micro-motion (<100 um) on metal surface [34]. Fretting corrosion
and its associated reactions are thought to be a major concern for MOM modular implants [8,
78, 79]. Its mechanism has been widely studied and well documented [33, 34, 37, 80]. A
common characteristic of fretting corrosion is the cathodic voltage excursion. The voltage drop
can be -800 mV (vs Ag/AgCl) for CoCrMo alloy [81], which is sufficiently negative to induce cell
death on CoCrMo surface within 2h [49]. It is known that solution factors (solution species,
pH) significantly affect fretting corrosion response of CoCrMo alloy couples [10, 82]. Surface
potential, which influences both cell functions and oxide resistance of metallic biomaterials
[49, 50, 83, 84] may be altered by the combination effect of fretting motion and simulated
inflammatory solution. Thus, understanding the effect of simulated inflammatory conditions
on fretting corrosion behavior of CoCrMo couples will help in explaining observed ICIC and

fretting corrosion damage on CoCrMo bearing surfaces and their related biological processes.

Fretting corrosion on metallic biomaterials causes disruption and repassivation of oxide
film and burst release of electrons on implant surface, which lead to time-dependent transient
or sustained cathodic voltage excursion [34, 85]. These voltage shifts change the resistance
and capacitance of the oxide film of metallic biomaterials and might affect the behavior of
cells surrounding the implant [49, 50, 86, 87]. The extent of voltage drop depends on factors
such as the extent of fretting motion and the impedance of the surface [34]. The total exposed
area of the implant alters the extrinsic impedance of the alloy and therefore can potentially
affectthe voltage shifts during fretting corrosion. However, to date no research has been done

to assess how the impedance of the exposed area affects voltage excursions during fretting



corrosion. Understanding the impedance based-area effect on voltage shifts will provide
meaningful information for designing hip implants and measuring the exposed area of

implants.

1.2 Objectives

The objective of this research is to explore the mechanism of inflammatory cell induced
corrosion and better understand the role biological responses may play in implant corrosion.
This research aims to understand how Sl conditions (ROS, pH, Fenton reaction) affect the
electrochemistry, oxide film and fretting corrosion behavior of CoCrMo alloy. Electrochemical
corrosion experiments including OCP test, anodic polarization and electrochemical impedance
spectroscopy (EIS) will be applied for assessing electrochemistry performance of CoCrMo alloy
in simulated inflammatory solution. A customized pin-on-disk fretting corrosion system [34]
will be used to evaluate the fretting corrosion performance, which includes fretting currents,
coefficient of friction, normal load, tangential forces, displacement, etc., at different
potentials and Sl solutions. The fretting corrosion system will be applied in investigating the
area-dependent impedance-based voltage shifts during fretting corrosion of Ti-6Al-4V
biomaterials. Scanning electron microscopy (SEM) and digital optical microscopy will be
applied to characterize CoCrMo surface. In-situ electrochemical AFM will be used to image
the oxide behavior of CoCrMo alloy at Sl solutions and electrochemical information will be

simultaneously recorded or controlled.
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1.3 Specific aims and Hypothesis

1.3.1 Specificaim1

To evaluate the effect of Sl conditions (hydrogen peroxide, pH, iron ions) on corrosion behavior
of CoCrMo alloy in PBS solution using electrochemical tests.

Hypothesis:

a. Corrosion behavior of CoCrMo alloy is solution dependent. Reactive oxygen species (H20;,
OH:) and Fenton reactions may induce corrosion of CoCrMo alloy in a concentration-
dependent way.

b. Different concentrations of H,02, pH and Fenton reactions (Fe?*/Fe3*, H,02) will alter Open

circuit potential (OCP), polarization behavior and impedance of CoCrMo alloy in PBS

1.3.2 Specificaim 2

To investigate the effect of pH (HCI) and inflammatory species hypoclorous acid on the
electrochemical behavior of CoCrMo alloy

Hypothesis:

a. The presence of inflammatory cells-based acids (HCIO, HCI) may increase corrosion
susceptibility of CoCrMo alloy

b. OCP, polarization behavior and oxide impedance behavior will be affected by simulated

inflammatory acid (HCIO, HCI)

1.3.3 Specificaim 3

To image how surface oxide of CoCrMo alloy responds to voltage and simulated inflammatory

11



species (H202) using in-situ Electrochemical AFM. Toinvestigate if any changes of oxide surface
morphology observed can be related to the electrochemical behavior of the alloy.
Hypothesis:

a. Surface oxide of CoCrMo in simulated physiological solutions (PBS and inflammatory
condtion) changes with time.

b. ROS (H202) influences surface oxide (topography, surface roughness, chemistry) and
corrosion of CoCrMo alloy

c. Combination voltage and H20; affects surface oxide and electrochemistry of CoCrMo alloy

1.3.4 Specificaim 4

To study the effect of simulated inflammatory conditions (H202, pH, Fenton reaction) on
fretting corrosion behavior of CoCrMo couples.

Hypothesis:

a. Fretting corrosion response of CoCrMo alloy is potential dependent and solution chemistry
dependent.

b. Simulated inflammatory conditions (pH, H202, Fenton reaction) will influence static
corrosion currents, fretting corrosion current, coefficient of friction (COF) and work done per

fretting cycle.

1.3.5 Specificaim5

To use an impedance-based fretting corrosion model to investigate how surface impedance

and electrode area affects the time-dependent voltage excursion during fretting corrosion of
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Ti-6Al-4V/Ti-6A-14V couples in PBS solution.
Hypothesis:
Under fretting conditions, voltage drops of metallic biomaterials are electrode area and

materials dependent and governed by the surface impedance.

1.4 Structure of Dissertation

This dissertation is based on a number of manuscripts that are either published or
intended to be published in peer-reviewed journals.

Chapter 1 primarily introduces the background and significance of this study and includes
the research objective, specific aims and hypotheses of this work.

Chapter 2 investigates the effects of simulated inflammatory species including H202, pH
and Fenton reaction on the corrosion behavior of CoCrMo alloy using electrochemical
corrosion tests.

Chapter 3 explores how inflammatory cell-based acid (HCIO and HCI) affect the
electrochemistry of CoCrMo alloy. OCP measurement, polarization tests and EIS analysis are
conducted.

Chapter 4 presents the results of the in-situ electrochemical atomic force microscopy
with electrochemical tests on CoCrMo alloy in simulated inflammatory species (H20;)
modified PBS solution. The effects of both voltage and inflammation-based solution chemistry
on CoCrMo oxide (surface morphology and roughness) and corrosion behavior are
investigated at nanoscale.

Chapter 5 presents the effect of simulated inflammatory conditions (pH, H202 and Fenton
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reaction) on fretting corrosion performance of CoCrMo/CoCrMo interfaces utilizing a
customized fretting corrosion system.

Chapter 6 investigates how the area of electrode and surface impedance characteristics
affect the cathodic voltage excursion during fretting corrosion of Ti-6Al-4V biomaterials using
an impedance-based fretting corrosion model.

Chapter 7 includes the synthesis of the results from this work.

Chapter 8 presents the conclusion of the dissertation

Chapter 9 provides suggestions to future work based on findings on this dissertation.
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Figure 1.1 Possible oxidant generating reactions with stimulated neutrophils. NOS, nitric oxide
synthase; MPO, myeloperoxidase [55].
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Chapter 2 The effect of simulated inflammatory conditions and Fenton

chemistry on the electrochemistry of CoCrMo alloy

2.1 Introduction

Cobalt-chromium-molybdenum (Co-Cr-Mo) alloys (ASTM F-75 and F-1537) have been
widely used in biomedical implants since their development in the early 1920’s. They have
been widely used as dental alloy and biomaterials for orthopedic, spinal and cardiovascular
implant applications due to their outstanding mechanical properties and excellent
biocompatibility [4, 5]. However, the degradation of metals caused by mechanical surface

disruption combined with corrosion remains as a significant concern [8-13].

Recently, there have been serious concerns raised about the effects of ions and particles
released from CoCrMo based alloys on the body’s responses. Wear and corrosion damage of
the implant are thought to be associated with adverse effects on the body which have been
described as pseudotumors [14], adverse reactions to metal debris [15, 16] and adverse local

tissue reactions [35, 88].

MAC or tribocorrosion has been thought to be the major source of ions and particles
coming from the surface and may be associated with some revisions of Metal-On-Metal
devices [14, 15]. Adverse body reactions in patients after hip arthroplasty due to MAC have
been reported [32, 89]. The implantation of medical devices and the debris caused by MAC
may induce inflammatory responses of the body. It has been known that superoxide, hydrogen

peroxide and hydroxyl radical production can be induced by a variety of soluble and
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particulate stimuli in neutrophils and other phagocytic cells. Inflammatory cells are known to
use acid and reactive oxygen species (ROS) to attack invading foreign bodies [51, 53, 54, 56].
The adhesion and activation of macrophages produces unique and aggressive
microenvironments between the cell membrane and the materials surface. The metallic
biomaterials surface may be susceptible to potentially high concentrations of degradative and
oxidative agents (Figure 2.1) [72, 90]. Currently, there are several studies on cells and how
their released biochemical species affect metallic biomaterials [52, 55, 57, 58]. Cadosh et al.
[57, 58] have reported in vitro biocorrosion of stainless steel and titanium by osteoclasts. Lin
et al. [59] have reported that macrophage cells and their released reactive chemical species
(RCS) alter the surface oxide compositions of CoCrMo alloy. Munoz et al. [70] studied the
CoCrMo electrochemistry in human synovial fluids and found that inflammatory degree of the
patient significantly affects the corrosion behavior of CoCrMo alloy and cell reaction related

ROS are probably the main contributors.

Recently, evidences of direct inflammatory cell induced corrosion of CoCrMo alloy in
retrieved hip and knee implants have been reported [66]. They reported evidence of apparent
cell-based patterns of corrosion damage in retrieved implant surfaces with or without MAC.
This raises significant new questions about the mechanism of in vivo corrosion of CoCrMo
alloy and the clinical consequences of such corrosion interactions [69]. Iron ions are known
be present in vivo in ferritins (proteins that sequester iron) and may further aggravate
inflammation in the presence of ROS [67] and Fenton reactions. These ions can be released

and interact with inflammatory ROS to adversely affect corrosion behavior of CoCrMo. The
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Fenton reaction or Fenton-like reactions are known to produce highly oxidizing agents such as
hydroxyl radical and superoxide anions [68]. Therefore, cell-released chemical species as well
as Fenton reactions are thought to be involved in inflammatory-cell-induced (ICl) corrosion

processes and may accelerate the corrosion of CoCrMo alloy in vivo.

However, the ICl corrosion phenomenon is poorly understood and there have been few
systematic studies on how inflammatory cell-released species and Fenton reactions influence
the corrosion behavior of CoCrMo [63]. The purpose of this study was to evaluate how
simulated inflammatory conditions (H202, pH and iron ions) affects the electrochemistry of
CoCrMo alloy. Electrochemical measurements were conducted in Sl solutions with varied pH,
hydrogen peroxide concentrations and iron ions. Physiologically-possible concentrations of
ROS species and Fenton reaction species were covered in these experiments. The underlying
hypothesis is that the presence of ROS in joint fluids will alter the oxide film corrosion

resistance and increase the oxidizing power of the solution to increase corrosion of CoCrMo.

2.2 Materials & Methods

Sample, corrosion cell and electrolyte: CoCrMo (ASTM F-1537 high carbon) disks were
prepared by polishing through a series of grits to 600 grit with wet emery paper. A three
electrode electrochemical cell was used where the CoCrMo alloy was the working electrode,
the counter electrode was a carbon rod and a saturated silver-silver chloride (Ag/AgCl)
reference electrode (0.22V vs NHE) was used. A potentiostat (Solartron 1280C
Potentiostat/Frequency Response Analyzer, Solartron Analytical Inc.,,) was used for all

electrochemical testing with software for control and acquisition of electrochemical signals

17



(Corrware 2.0 for polarization test and Zplot 2.0 for impedance study).

SI Solutions were comprised phosphate buffered saline (PBS, Sigma) made with distilled
water with additions of ROS-specific chemical species. Different pH (1, 3, 5, 7.4) and simulated
inflammatory solutions were created by adding hydrochloric acid (HCI) to adjust the pH and
hydrogen peroxide which ranged from 0.1 mM to 30 mM to cover physiologically possible
levels [33, 91]. For Fenton-like reaction tests, 10 mM H202 was added into PBS solutions first
and then ferric chloride (FeCls) powders were added to reach a concentration of 0.1 mM. This

composition was termed Fenton chemistry or Fenton reagent.

Electrochemical measurements

Open circuit potential vs time: OCP of CoCrMo disks was monitored for at least 0.5 h for
each solution. H202 was added after the start of the testin PBS solution to identify the change

in OCP due to the additions.

Polarization tests: After the electrolyte was added and the OCP reached a stable level,
polarization tests were performed from -1 V to +1 V with a scan rate of 1 mV/s. The
polarization curves in different simulated inflammatory conditions were compared and were
used to identify the corrosion current density (lcorr), the corrosion potential (Ecorr). The

polarization test in Fenton reagent solution was started at the voltage 30 mV below OCP.

Electrochemical Impedance Spectroscopy analysis: EIS test were performed by
immersing samples in solution for 15 minutes, then potentiostatically holding at OCP, and then

applying 10 mV sinusoidal voltage superimposed on the OCP. The frequency of the sinusoidal
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voltage ranged from 20 kHz to 0.01 Hz. Impedance magnitude and phase angle were obtained
and used for analysis of the surface impedance. The data were analyzed using the Randles
circuit model to determine electrochemical characteristics of the interface. The standard
Randles circuit contains Rs, solution resistor, in series with a parallel combination of an oxide
resistor (Rox) and capacitance (Cox) of the electrochemical double layer. The capacitance
element was modified in this study to a constant phase element (CPE) due to the non-ideal

behavior of the interface.

In all results, tests were repeated at least 3 times. Only representative plots are

presented, however, the behavior observed is consistent across repeated testing.

Statistical analyses

Statistical analyses were performed using analysis of variance (ANOVA) methods
followed by Tukey’s post hoc analysis to assess the significance of inflammatory condition
(H203, acid) and Fenton reaction on OCP, Randles circuit parameters (Rox, C, Rs, alpha) and
anodic polarization results (Ecorr, lcorr). One-way ANOVA was used and a p-level of 0.05 was

considered significantin all statistical tests.

2.3 Results

2.3.1 Open circuit potential behavior

As an example of OCP tests with H202 additions, Figure 2.2 A illustrates how the OCP
evolution with time of CoCrMo alloy in PBS solutions was affected by the addition of 30 mM

H20; in different pH solutions. OCP becomes significantly more positive due to the addition of
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H202, showing at least 0.5 V positive increase at all pHs. The OCP also increases with
decreasing pH in PBS solutions with 30 mM H20:2. At pH 7.4, the OCP is about 0.35 V in PBS

with H202 and shifts positively to above 0.6 Vin pH 1 condition.

Figure 2.2B presents the summary of OCP at all tested pHs and H20> concentrations in
PBS. Only small decreases (less than 0.2) of pH were observed even with the addition of 30
mM H20; at pH 7.45. Among all the conditions, pH 1 solution with 30 mM H2032 shows the
highest OCP (0.62 V) while OCP in PBS-only solution (pH 7.4) is the lowest (-0.2 V). Even with
the addition of only 0.1 mM H202, OCP jumps to above 0.1V region at all tested pHs. The OCP
evolution with time of CoCrMo in PBS solution at pH 7.4 with the addition of Fenton’s reagent
is shown in Figure 2.2C. The OCP shifts from -0.3 V to 0.35 V with the addition of 10 mM H>0;
and further jumped to 0.6 V after 0.1 mM FeCls was added. The dashed line in Figure 2.2C

represents a typical CoCrMo OCP in PBS.

2.3.2 Polarization behavior

H20:2 concentration effectat pH 7.4

Figure 2.3A presents the polarization curves of CoCrMo in PBS solution with different
H202 concentrations at pH 7.4 [66]. Large increases in corrosion current densities are observed
with the increase of H202 concentration. Note, this result is from our previous study and is

cited here for comparison purposes.

pH effect in solution with 30 mM H20:

Figure 2.3B shows representative plots of the polarization behavior of CoCrMo in
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different Sl solutions with varying pH and 30 mM H20.. Leftward shifts of the polarization
curves in Figure 2.3B were observed with decreases in pH indicating a reduced corrosion
current density with lower pH. In both the cathodic and anodic branches, the largest current
density was observed in pH 7.4 solution. The current density became 20 times larger as pH
increases from 1 (0.7 uA/cm?) to 7.4 (14 uA/cm?). Corrosion potential stays at the same level
(around 0.25V) as pH decreases from 7.4 to 3 while it decreases to around 0V at pH 1. Among
the investigated pHs, pH 1 condition exhibits the widest passivation region and shows the
lowest current density at all voltages. These results show that for 30 mM H202 in PBS, the

most severe corrosion occurs at physiologic pH (7.4).

Fenton reaction

Representative potentiodynamic polarization plots for CoCrMo in PBS solution and PBS
solution with Fenton reagent are shown in Figure 2.3C. The corrosion potential is significantly
more electropositive in Fenton reagent (0.58 V) than in the PBS only case (-0.7 V). In addition,
the corrosion current is about 5 times larger in the Fenton reagent condition (13.2 uA/cm?)
than that in PBS solution (2.2 uA/cm?), showing an increase susceptibility to corrosion of

CoCrMo alloy due to the presence of Fenton reagent.

Results of corrosion potential (Ecorr) and corrosion current (lcorr) measured from the
polarization tests with 30 mM H20: at different pHs are shown in Figure 2.4 A and 2.4 B. The
values for lcorr and Ecorr for all investigated Sl conditions are presented in Table 2.1. Besides the
results shown above, it is interesting to note that the corrosion currents in pH 1 and pH 3 PBS

solution with 30 mM H20; are smaller than that in PBS only solution. Ecorr inthe polarization
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curves doesn’t line up with OCP and this is because the polarization test was started at -1V.

2.3.3 Electrochemical impedance spectroscopy behavior

Representative Bode plots obtained from EIS tests for CoCrMo alloy under different pH
and H202 concentrations are shown in Figure 2.5 A-E. The EIS circuit parameters, polarization
resistance, capacitance and CPE exponent, alpha are presented in Figure 2.6. All the values for

Rs, Rox, CPEox, ot are presented in Table 2.2.

H20:2 concentration effect at pH 7.4 (cited from previous study for comparison) [66]

The variation in impedance of CoCrMo alloy in PBS solution (pH 7.4), with varying H202
concentrations are shown in Figure 2.5A and 2.5B. The presence of as small as 0.1 mM H20»
statistically decreased the oxide resistance (P < 0.05) about 10 times and 30 mM H»0: further

decreased it over 100 times compared to PBS only.

pH effect in solutions with 30mM H20:

Figure 2.5C and 2.5D shows the Bode plots in different pH solutions with the addition of
30mM H20; and are compared with the PBS only case. Under all pH conditions (with 30 mM
H202), the low-frequency impedance magnitude (Figure 2.5C, which reflects the oxide
resistance) decreased with the narrowing of the phase angle (Figure 2.5D). The drop of oxide
resistance compared to PBS alone was the largest (over two orders of magnitude) in pH 7.4
H202 containing solution. As pH decreases from 7.4 to 1, the oxide resistance increases
significantly from 5*103 Q cm? to 1.62*10° Q cm? while the capacitance exhibits the opposite

trend, showing the largestvalue (55 pF/cm?) in pH 7.4 solution and smallest(31 uF/cm?) under
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pH 1 condition.

Fenton reaction on EIS

Reprehensive Bode plots obtained from EIS tests for CoCrMo under Fenton reagent
conditions (10 mM H;02, 0.1 mM FeCl3) in PBS solution and PBS only solution case are shown
in Figure 2.5E and 2.5F. A drop in low-frequency impedance and narrowing of the frequency
range of the phase angleis shown in PBS solution with the addition of the Fenton Reagent.
Compared with the PBS only case (Rox:4.8%10° Q cm?, CPEox:30 uF/cm?), the presence of
Fenton reagent decreased the oxide resistance about 15 times to 3.2*10*Q cm?, and increased

the capacitance about 1.5 times to 45 uF/cm?).

Summary of impedance results

The effects of 30 mM H202 and pH (1 to 7.4) on the Randles parameters are summarized
in Figure 2.6. Figure 2.6A shows that solution resistance increases (P<0.05) as pH gets higher.
Oxide resistance (Figure 2.6B) in 30 mM H>0; solutions are significantly lower (P<0.05) than
that in PBS only condition regardless of the solution pH and show an increase at lower pH.
Figure 2.6C shows an inverse’ correlation to Rox where C decreased with lower pH and C was
larger in H202-pH 7.4 solution than PBS only solution. The CPE exponent (Figure 2.6D) at pH
7.4 conditions are significantly lower (P<0.05) than that in pH 1 and pH 3 solutions with 30

mM H>0s.

2.3.4 Statistical analyses

OCP is significantly affected by H202 concentration at any specific pH (p<0.05). OCP is
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significantly affected by pH at any specific H202 concentration (p<0.05). Acid significantly
affects Ecorr (p=0.0002) and lcorr (p=4.1* 107) in 30 mM H20; modified PBS solutions. For Icon,
only pH 1 and 3 solutions were not significantly different. For Ecorr, only pH 1 solution has
significantly different (lower) value than that of other conditions (p<0.05). PBS solution has
significantly lower Ecorr and different lcorr than those of any specific pH solution with 30 mM
H202 (p<0.05). pH significantly affects Rs (p=0.0096), Rox (p=0.0001), C (p=1.2*10") and alpha
(p=0.012) in PBS solutions with 30 mM H20>. ForRs, pH 1and 5, and pH 1 and 7 solutions were
significantly different. Rs in PBS solution is significantly higher than that in pH 1 PBS solution
with 30 mM H20; (p=0.01). No significant differences were found between PBS and 30 mM
H202 modified PBS solutions at other pH’s (p>0.05). For Roxand C,pH 1 and 5, pH 1 and 7, pH
3and 5, and pH 3 and 7 solutions were significantly different. Roxin PBS solution is significantly
higher than that in any specific pH solution with 30 mM H>02 (p<0.05). C in PBS solution is
significant lower than that in pH 5 (p=0.0025) and pH 7 (p=6.1*10") solutions with 30 mM
H202. While no significant difference was found between PBS and lower pH (pH 1 and pH 3)
solutions with 30 mM H202 (p>0.05). For alpha, only pH 1 and 7, pH 3 and 7 are significantly
different. No significant difference were found between PBS and 30 mM H;02 modified PBS

solution at any specific pH.

2.4 Discussion

This study has shown that the corrosion susceptibility of CoCrMo alloys in PBS solutions
is highly sensitive to both H202and H* ion concentration. Simulated inflammatory solutions

affect both the resistive and capacitive character of the oxide, but also introduces a highly
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oxidizing solution condition. This combined effect results in a significant increase in corrosion

currents.

The influence of H202 on CoCrMo electrochemistry

The addition of H20; largely raises the OCP of CoCrMo alloy, indicating that the solution
becomes more oxidizing due to the presence of H202and results in increasing the defected
nature of the oxide film. In comparison to neutral PBS condition, H20> containing solutions
exhibit significantly lower oxide resistance at all tested pHs and higher capacitance at pH 5
and pH 7 (Figure 2.6). Therefore, the susceptibility to corrosion of CoCrMo alloy increases the
most as a result of addition of H202 near normal physiological pH (near pH 7) and that as pH
drops, a more passivating surface develops, increasing corrosion resistance. Previous studies
by Brooks et al. [64] has shown that under simulated inflammation condition where H20; is

present, the corrosion susceptibility of titanium alloy is significantly increased.

pH effect on CoCrMo electrochemistry in H202 contained solution

In H202 containing solutions, the increase of acidity increases oxide resistance and
decreases capacitance. Interestingly, corrosion susceptibility decreases in more acidic
solutions. This is further supported by the polarization testresults where the corrosion current
becomes significantly smaller in lower pH conditions. This finding is counterintuitive in that
increases in acidity are normally associated with accelerate corrosion. Importantly, this result
indicates that when H20:is released by inflammatory cells invivo, neutral pH may be the most
aggressive condition that facilitates the corrosion of CoCrMo alloy. In addition, development
of more acidic environments, in the presence of H202 may actually cause the surface oxide
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film to become more resistant to corrosion attack.

Fenton reactions on CoCrMo electrochemistry

Significantincreases of OCP (Figure 2.2C), corrosion potential, corrosion current (Figure
2.4) and large decreases of oxide impedance (Figure 2.6) indicate that the presence of
Fenton’s reagent increases the corrosion susceptibility of CoCrMo alloy, resulting in a more
defective and less stable oxide film on the surface. This implies that when transition metal
cations, which includes Co?*, Cré*. etc, are present in solution, inflammatory species are

further enhanced in their oxidizing power and result in greater corrosion susceptibility.

Possible involved reactions

The corrosion behavior of CoCrMo alloy under simulated inflammatory conditions is
determined by the interaction among solution chemistry (PBS, acid, H202, Fenton reaction)
and the surface oxide film. Several possible reactions will be discussed: Anodic reactions at
voltages near the OCP are the passivation reactions of metals which produce a protective
oxide film on the surface. In normal simulated physiological solutions without reactive oxygen
species, Cro03 predominates in the outer layer of oxide when the voltage is below 0.4 V (vs
Ag /AgCl) with a small portion of CoO and MoO3. Possible oxide formation reactions are:

2Cr + 3H20----Cr203+ 6H* + 6e”
Co + H20----Co0 + 2H"+ 2e"
Mo + 3H20----MoOs3 + 6H* + 6e”
More Co and Mo enter into the passive layer at potentials higher than 0.5 V. CoO is oxidized

into Co203 and Co30a4 while there are Cr (IIl) oxidized into Cr (VI) in the oxide film [75]. Possible
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reactions near and above the transpassive voltage are:
Cr203+ 3H20----2CrO3 + 6H*+ 6 e-
2Co0 + H20----C0203 + 2H*+ 2e”
3Co0 + H20----Co304 + 2H*+ 2e”
Based on the Pourbaix diagram [92], Cr (VI) species normally presents in solution as
CrO4% or HCrO4 depending on pH while Co dissolves into solution as Co3*. At higher voltages,

elements will be oxidized into higher valance state species:

Cr203+ 5H20----2Cr042 + 10H* + 6e° (pH>6.5) A
Cr;03+ 5H20----2HCrO4 + 8H* + 6e” (pH<6.5) B
CoO +2H*---Co3*+ H20 + e (pH<8) C

Without species like HCl and H202, CoCrMo alloy is at the normal OCP range from -0.3 V
to -0.1 V vs Ag/AgCl. The dominant cathodic half reaction is the dissolved oxygen reduction
reaction:

O2+4H* + 4e—2H;0.

This half-cell reaction has a higher redox potential than that of Cr.03and CoO (reaction
A, B, C). Therefore, the oxidation reactions of Cr (lll) and Co (ll) into Cr (VI) and Co (lll)
respectively are thermodynamically possible.

Hydrogen evolution reaction occurs when the voltage becomes more negative than OCP
and pH drops: 2H* + 2e—H>. When H;0: is present, additional reduction reactions are
possible:

H207 + 2H*+ 2e— 2H,0
Besides, reactions involving both oxygen and H,0; are possible:
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02+ 2H*+2e---H20» H202---O2 + 2H20

Furthermore, a series of more complex reactions might happen with the presence of
H202 and Fe ions based on Fenton chemistry:

Fe2*+ Hy02----Fe3*+ OH'+ OH"
Fe3*+ H202----Fe?*+ HO2' + H*
OH" + H202-----H20 + HO>’
HO2™----H*+ 02~

OH' + H202---O2" + H30*

During inflammatory activation, cells release ROS species and iron in ferritins are
released [30, 93], resulting in the generation of reactive oxygen intermediate species which
will further accelerate corrosion, stimulate the cells and change the redox status of the cells.
Moreover, Cr and Co ions are also able to react with H,02 to become catalysts in these
reactions (the Haber-Weiss Cycle) [94]:

M+ H02---MM*1)* + OH' + OH-
MO++ 4 0y---05 + MM

All these reactions are affected by pH and some reactions change the pH dramatically. It
is possible these ROS-involved reactions are able to accelerate the corrosion of CoCrMo alloy
as well as produce highly toxic metal ions such as Cr (VI) in vivo. These reactions produce
highly reactive free radicals like OHe which acts as both signaling molecules and toxic species
in vivo [68] and therefore may have significant effects on the degradation of the implant and

health of the patient.
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Evan’s diagram

Based on the mixed potential theory [95], the OCP of an electrode stabilizes at the
potential where the total anodic current due to the oxidation reactions equals to the total
cathodic current produced by cathodic reactions of the hydrogen ion, oxygen or hydrogen
peroxide. The Evan’s diagram can be applied to explain the variation of OCP and corrosion

current at different simulated inflammatory conditions.

Effect of H202 and Fe3*ions at pH 7.4 in PBS:

Among all the simulated inflammatory conditions investigated, the corrosion current is
the largest at pH 7.4 with 30 mM additions of H202. The cathodic reaction controlled by H202
is:

H207 + 2H*+ 2e'—H20

Significantincreases of OCP and corrosion current are partly due to the shift of reduction
reaction to more positive values when H202 or Fenton reactions are present based on the
Evan’s diagram (Figure 2.7A). In addition, H202 and Fenton reagent interacts with the oxide
film to result in more defective oxide film at pH 7.4 PBS solution. These lead to accelerated

anodic reaction and contributes to significantincreases in the corrosion current.

Effect of H202 in acidic solution

In solutions with both acid and 30 mM H203, the OCP still increases with the lower of pH.
The Cathodic reaction shifts upwards to more positive potentials in the lower pH cases, but
the anodic reaction shifts to left due to the passivation effect H>02 has on CoCrMo oxide in
highly acidic conditions (pH 1 and pH 3), resulting in lower corrosion current in low pH
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solutions compared with the PBS only case (Figure 2.7B). The oxide appears to become less

defective as pH decreases from 7.4 to 1 in PBS solutions with 30 mM H;0o.

Inflammatory species on cathodicreaction

Dramatic change of cathodic reaction in the negative voltage range in inflammatory
human synovial fluids was also reported by Munoz et al. [70], which are consistent with what
was found in this study. They found the variation of cathodic behavior of CoCrMo alloy is both
patient and inflammatory degree dependent. The change of redox status of the cells as well
as the ROSspecies suchas H20; significantlyinfluences the cathodic reactivity of synovial fluid.
Brooks et al. [64] found inflammatory conditions decreased cathodic cathodic slope of Cp Ti

when compared to normal conditions.

Other reactive chemical species

The in vivo environment is more complex than simulated in vitro experiments. Other
powerful reactive chemical species such as nitric oxide (NO), hypochlorous acid (HOCI),
superoxide (027) may be present and involved in the cell induced corrosion process [55]. For
example, estimation of the O2 production is in the range of 10-50 uM/s and the generation
rate of HOCI, a major oxidative species of the neutrophil, is thought to be as high as 134
mM/min in the neutrophil phagosome [72]. Which specie is the prime factor in the corrosion
process and the actual concentration of these reactive oxygen species are still not clear.
However, their concentrations could be instantaneously very high and create a locally highly

corrosive environment between the inflammatory cell membrane and implant surface.

Clinical relevance
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The findings of this study provide insights into some of the clinical issues associated with
total joint replacements. Recent implant retrieval studies have reported evidence of
inflammatory cell induced corrosion on titanium alloy [96] and in in vitro tests have shown
cathodic inflammatory environment significantly increases the corrosion susceptibility of
Ti6Al4V alloy [64]. Furthermore, in vitro biocorrosion induced by activated inflammatory cells
on titanium and stainless steel has been reported [57, 58]. These findings further support that
activated inflammatory cells and their released ROS have significant influence on increasing
the corrosion susceptibility of metallic implants. The current study shows that highly oxidizing
conditions are created by ROS resulting in increased open circuit potential of CoCrMo alloy up
to the transpassive corrosion region, which may lead to larger amounts of metal ions released
into the joint space in vivo. Increased blood cobalt and chromium ions after total hip implant
[97] and total knee implant have been reported [98]. Higher cobalt and chromium levels were
associated with patients with asymptomatic pseudotumors after metal-on-metal hip

resurfacing arthroplasty [14].

Based on our study, the range of physiologically-possible OCP for CoCrMo alloy has been
found to be -1V to 0.65 V, a much wider positive range than what had been thought before.
The OCP for CoCrMo alloy in physiologically non-fretting condition is usually thought to be in
the range of -0.3 V-0.05 V. A recent study by Munoz et al. [70] reported that the OCPin human
synovial fluids of high inflammatory level can reach 0.15V (vs Ag/AgCl) while -0.1 V is the OCP
level in non-inflamed synovial fluid. Their study showed the OCP is more positive in higher

inflammatory synovial fluid. Our study reports consistent results that OCP shifts to more
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positive values in the presence of inflammatory species such as H20>, acid and Fenton

reagents.

The in vivo local condition under inflammatory cells might be more aggressive than that
in general synovial fluid condition. Thus, it is possible that the OCP could be higher than that
(0.15 V) in general synovial fluid due to the presence of ROS, Fenton reagent and higher

temperature.

The oxide film on CoCrMo also becomes more defective under severe in vivo local
inflammatory conditions. The positive shifts of voltage may have significant effect on cell
viability and adjoining tissue. Previous in vitro studies have shown cells cultured on CoCrMo
alloy surface treated at +500 mV for 24 h show morphological features of necrosis with near
0% viability [49]. The presence of ROS and Fenton reaction drive OCP to more positive ranges
and might be involved in clinically observed tissue reactions. Cr, Co, Fe ions react as catalysts
in Fenton-like reactions (e.g., Harber-Weiss reaction). This means, once activated, these
reactions are self-sustaining and continually produce highly oxidative radicals like (OHe) to
accelerate the corrosion process as long as there is metal ion present. Actually, cells are able
to maintain iron homeostasis using ferritin and result in accumulation of iron in the joint [99].
Iron is involved in inflammation of joints and is able to accelerate inflammation when ROS are
present [100]. Thus, itis not surprising to see that Fenton-like reactions are widely present in
inflammatory processes in vivo and facilitate cell induced corrosion of CoCrMo alloy. Finally,
the production and release of significant amounts of inflammatory species (e.g., ROS) may

also have adverse effects of the cells and tissues adjacent to the implant as well, potentially
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inducing some of the necrosis observed in severe cases of pseudotumor. These effects are an

as-yet untested hypothesis in the clinical research community.

2.5 Conclusions

In summary, this study has explored the mechanism of inflammatory cell induced
corrosion. The corrosion susceptibility of CoCrMo alloy can be significantly increased by
inflammatory cell released reactive oxygen species (H202 & acid) and Fenton reactions. These
cell-released chemicals create a highly aggressive environment, raising the oxidizing potential
of the solution and decreasing the passivity of the oxide film, facilitate the corrosion on
CoCrMo surfaces and demonstrates at least part of the mechanism of inflammatory cell
induced corrosion. The addition of H20; and Fenton reagent into PBS solution has two main
effects on CoCrMo electrochemistry. On the one hand, it increases the oxidizing power of the
solution, significantly altering cathodic behavior of CoCrMo alloy. In addition, it decreases the
impedance of surface on CoCrMo, making the oxide more defective and less stable. This
combined affect led to significantly increased corrosion currents and significantly more
positive OCP. Physiologically possible potential of CoCrMo alloy has been found to be as
positive as 0.65 V, a much higher level than previously thought. Increases of OCP to the 0.65
V range raises the oxidizing potential of the solution bringing Crion near to +6 state. In H202
inflammatory conditions, decreases of acidity significantly increases the corrosion resistance
of CoCrMo alloy and increases the impedance (i.e. resistive) character of the oxide film.
Alternatively, pH 7.4 physiological solutions with H20; were the most aggressive in their

damage to the CoCrMo surface.
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Figure 2.1 ROS generating reactions due to phagocytic cells (e.g., neutrophils [55]). Adapted
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Figure 2.2 Open circuit cotential plots of CoCrMo alloy in PBS solution, in SI PBS solutions
modified with HCI (pH 1,3,5,7) and different concentrations of H,02 (0.1, 5 and 30 mM) and
in solutions with Fenton reagent. A) OCP rises due to the addition of 30 mM H20: at different
pH in PBS solutions. As pH decreases, OCP becomes more positive. B) Summary of OCPin all
investigated pH solutions with different concentrations of H202. OCP in PBS-only solution is
the lowest and increases with the increases of H,02 concentration. When both acid and H202
are added to PBS, the OCP rises to above 0.6 V vs Ag/AgCl which is a highly oxidizing condition
for CoCrMo. C) OCP variation over time due to the present of Fenton reagent. 10 mM H20>
increases OCP to 0.35V vs Ag /AgCl while further addition of 0.1 mM FeClz rises OCP to 0.6V vs

Ag/AgCl.
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Figure 2.3 A) Polarization plots of CoCrMo in PBS solution with differing amount of H20: [66].
As H»02 concentration increases from 0.1 mM to up to 30 mM, the corrosion currents rise
significantly above the PBS alone case and the corrosion potential shifts positively from -0.7 V
to 0.2 V. Corrosion potential rises from-0.7 V to -0.4 V due to the presence of Fenton reagent.
B) Potentiodynamic curves of CoCrMo alloy at different pH in PBS solutions with 30 mM H>0..
Corrosion current increases as pH gets higher. It rises from 107 A/cm? level at pH 1 to 10~
A/cm? level at pH 7.4. C) Polarization plots of CoCrMo in PBS (pH 7.4) and in solutions with 30
mM H20; and 0.1 mM FeCls. Corrosion current increases about 5 times in Fenton reagent

modified PBS solution compared to PBS-only solution.
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Figure 2.4 Corrosion potential and corrosion current density in PBS solutions and PBS solution
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0.7 V higher than that in PBS only case. B) Corrosion current increases as pH increases in PBS
solution with 30 mM H;02. Corrosion current in pH 5 and 7.4 condition are significantly higher
than that in PBS only condition, while those in pH 1and 3 condition are significantly lower than

that in PBS solution. (Values are shown in Table 2.1)
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concentrations of H202 [66], Representative Bode impedance (C) and phase angle (D) plots of
CoCrMo alloy at different pHs in PBS solutions with 30 mM H202 and PBS alone solution.
Decrease of pH result in large (two orders of magnitude) increase in the low frequency
impedance, reflective of the oxide resistance of the surface. Representative Bode impedance
(E) and phase angle (F) plots of CoCrMo alloyin PBS solution and PBS solution (pH 7.4) with
Fenton reagent. Low frequency impedance decreases about 10 times due to the addition of
Fenton reagent, indicating a more defective surface oxide film was formed in Fenton reagent

containing PBS solution compared to PBS alone case.
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Figure 2.6 Plots of solution resistance, oxide resistance, capacitance and CPE exponent from
EIS of CoCrMo alloy in different pH and H202conditions. A) solution resistance shows the
lowest value in pH 1 conditions, B ) Oxide resistance of CoCrMo surface decreases due to the
presence of 30 mM H20; atall pHs compared to PBS only condition. In solutions with 30 mM
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H202, Rox increases as pH decreases, C) Capacitance in 30 mM H20; modified PBS solution at
pH 5 & 7.4 are significantly higher than that in PBS only condition, while that in 30 mM H20>
modified PBS solution at pH 1 & 3 is at the same level compared to PBS only case. D) CPE
exponent value show smaller values (lower than 0.9) at pH 7.4 conditions compared to pH 1

& 3 solutions with 30 mM H20:;.
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Figure 2.7 A) Significant increase of OCP and corrosion current due to presence of H,0; at pH

7.4 based on Evan’s diagram. B) Significant increase of OCP and decrease of corrosion current

at acidic solutions due to addition of 30 mM H202 based on Evan’s diagram.
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Table 2.1 Electrochemical test results: Corrosion potential (Ecorr: the potential where the
current density changes from cathodic to anodic) and corrosion current density (lcorr: current

density at corrosion potential derived from cathodic extrapolation of the polarization curves).
Means and standard deviations are presented.

electrochemistry Different pHs (30 mM H,0, modified solution) )
PBS only solution
parameters pH1 pH3 pH5 pH7.4
Ecorr(V) 0.01+0.09 0.25+0.02 | 0.25+0.02 | 0.23+0.02 | -0.69+0.01
leorr(UA/CcM2) 0.701+0.28 1.094+0.03 | 8.78+0.69 | 13.7+0.41 | 2.174+0.35

Table 2.2 Simulated impedance parameters found by nonlinear square fitting of the modified
Randles circuit model to the Impedance data. Means and standard deviations are presented.

Circuit Different pHs (30 mM H,0, modified solution) .
PBS only solution
parameters pH1 pH3 pH5 pH 7.4
Rs (Q cm?) 27.5%+1.1 47.8+32.5 74.6+16.9 | 69.61+7.4 94.010.0
Rox (MQ cm?) 0.162+0.05 | 0.103 +0.03 | 0.031+0.12 | 0.0051+0.00 0.4831+0.41
CPEox (uF/cm?) 30.743.2 32.742.3 45.84+3.3 54.9+1.9 30.7+1.6
a (%) 92.9+1.5 93.0+1.8 90.3+1.5 88.2+1.0 89.8+1.7
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Chapter 3 The effect of the inflammatory species hypochlorous acid

and pH on the electrochemical behavior of Co-Cr-Mo Alloys

3.1 Introduction

Metallic orthopedic implants which may consist of cobalt-chromium-molybdenum (Co-
Cr-Mo) alloys have been widely used due to their excellent mechanical properties, corrosion
resistance and biocompatibility [4, 101]. However, mechanically assisted corrosion or fretting
corrosion of CoCrMo alloys which result in abrasion of oxide film and significant acceleration
of degradation of the implant remains as a big concern [8, 80, 37, 102]. Primary focus on
CoCrMo alloy has been on the body’s reaction to the released particles and corrosion products
such as metal ions generated during wear and fretting corrosion process [22, 31, 46, 103].
Elevation in metal ion levels and wear debris have been associated with adverse effects such
as pseudotumors [14] and adverse local tissue reactions on patients [15, 32] and lead to high

early failure rate or revision of hip implants.

The current one-way perspective of implant-biology interactions may not be complete
and can’t fully explain corrosion phenomenon reported by recent retrieval studies [66, 69].
Evidence of inflammatory cell-induced (ICl) corrosion of CoCrMo alloy in retrieved hip and
knee implants have been reported by Gilbert et al. and the concept that the biological process
such as inflammation may influence in vivo corrosion in the absence of mechanical effects has
been proposed [66]. Recent study by Laura et al. investigated the clinical relevance of ICI

corrosion on CoCr hip implants and reported 59% of the implants show surface damage of ICI
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corrosion [69]. Previous study by Cadosh et al. have reported osteoclasts induced in corrosion
on stainless steel and titanium in vitro [57, 58]. These findings support that the biology
(inflammatory cells) induced corrosion may be a significant element missed on the implant-
body interaction. Indeed, activated cells during inflammation process are known to release a
series of highly reactive chemical species (reactive oxygen species, ROS, NO) (Figure 2.1) that
possess high oxidative ability in nature and thus may affect the corrosion performance of
metallic biomaterials. However, what chemical species are the main factors in the ICIC process
are poorly understood. Recent study by Liu et al. show that the presence of simulated
inflammatory species such as hydrogen peroxide (H202) or Fenton reaction (Fe3*and H202) in
PBS significantly increase the oxidizing power of the environment and makes the oxide film

more defective(Chpater 2) [104].

Another aggressive reactive oxygen species, HCIO, is generated by the inflammatory
system through respiratory burst and the presence of leukocytes (neutrophils, macrophages
and monocytes) in a heme enzyme myeloperoxidase (MPQO)-catalyzed reaction [105]. This
production of invivo HCIO is associated with innate host defense against microorganisms and
is of great importance in killing a series of pathogens [106, 107]. It has alsobeen reported that
macrophage cells may produce HCIO when stimulated [108, 109]. Estimation of in vivo HCIO
concentration in neutrophils is as high as 134 mM/min [72]. HCIO and its conjugate base
hypochlorite (ClO") are known to be highly oxidative and have been widely used as strong
oxidizing agents. It has been reported that HCIO/CIO"is able to oxide Cr3* to Cré*[110], which

is highly toxic in vivo. On the other hand, inflammatory cells are known to use acid to attack
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invading foreign bodies and create an aggressive low pH microenvironment in vivo. Local pH
during fretting crevice corrosion condition can drop to very low levels [111] and this acidic
environment has been reported to significantly increase the oxidizing power of the solution
with ROS [104]. Thus, cell-released chemical species such as HCIO and acid may be involved

in the ICIC processes and accelerate the corrosion of CoCrMo alloy.

Currently, the effect of HCIO and acid on the electrochemsitry of CoCrMo alloy is poorly
understood. Thus, the purpose of this study was to investigate the influence of simulated
inflammatory cell-based conditions (HCIO, acid) on the corrosion behavior of CoCrMo alloy.
Electrochemical measurements were conduction in simulated inflammatory conditions with
HCIO and varied pH. The hypothesis is that the presence of inflammatory cell-based reactive
chemical species in joint fluids will increase the corrosion susceptibility of CoCrMo alloy by

decreasing oxide film impedance or increasing oxidizing power of the environment.

3.2 Materials & Methods

Sample, electrochemical cell: CoCrMo (ASTM F-1537 high carbon) disks were prepared
by polishing through a series of grits from 240 to 600 grit with wet emery paper before being
mounted into a three electrode corrosion cell. The CoCrMo disk was tested as the working
electrode and the counter electrode and reference electrode were a carbon rod and a
saturated silver-silver chloride (Ag/AgCl) electrode (0.22V vs NHE) respectively. A potentiostat
(Solartron 1280C Potentiostat/Frequency Response Analyzer, Solartron Analytical Inc.,) was
used in open circuit potential (OCP), anodic polarization and Electrochmical impedance

spectroscopy (EIS) tests with software for control and acquisition of electrochemical signals
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(Corrware 2.0 for polarization test and Zplot 2.0 for impedance study).

Simulated inflammatory electrolyte: There simulated inflammatory solutions including
phosphate buffered saline (PBS, Sigma), PBS solution with 0.1 M HCIO and acidic PBS solution
with 0.1 M HCIO (pH 3) were prepared. PBS solution with 0.1 M HCIO was created by adding
0.1 M HCl into 0.1 M NaClO modified PBS solution. HCl was used to adjust the pH for the

simulated acidic condition.

Electrochemical measurements

OCP tests: OCP of CoCrMo disks was monitored in three different simulated solutions for
around 20 minutes. 0.1 M HCIl was added into 0.1 M NaClO modified PBS solution after the

start of the test to identify the change in OCP due to the presence of HCIO.

Anodic polarization tests: Polarization tests were performed from the voltage 30 mV
below OCP to +1 V or the potential 1 V above OCP with a scanrate of 1 mV/s after the OCP
tests. The corrosion current density (lcorr) and the corrosion potential (Ecorr) were obtained

from the polarization curves.

EIS analysis: CoCrMo sample was immersed in simulated inflammatory electrolyte for 20
minutes until OCP reached to a stable level. EIS tests were performed at OCP with 10 mV
sinusoidal voltage superimposed at the frequency from 20 kHz to 0.01 Hz. The impedance
magnitude and phase angle were calculated from the date ateach frequency and were plotted
versus frequency for analysis. A modified Randles circuit model was applied to determine

electrochemical characteristics of the interface. The standard Randles circuit contains solution
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resistor (Rs) in series with a parallel combination of an oxide resistor (Rox) and capacitance (Cox)
of the electrochemical double layer. A constant phase element (CPE) was applied to replace

the capacitance element due to the non-ideal behavior of the interface.

In all results, tests were repeated at least 3 times. Only representative plots are

presented, however, the behavior observed is consistent across repeated testing.

Statistical analyses

Statistical analyses were performed using analysis of variance (ANOVA) methods
followed by Tukey’s post hoc analysis to assess the significance of simulated inflammatory
conditions (HCIO, HCIO with acid) and pH on OCP, polarization parameters (Ecorr, lcorr) and
modeling parameters (Rox, C, Rs, alpha) from Randles circuit. One-way ANOVA was used and a

p-level of 0.05 was considered significant in all statistical tests.

3.3 Results

3.3.1 Open circuit potential behavior

The OCP plot of CoCrMo alloy in PBS solutions at different pHs are reported in Figure
3.1A. At pH 7.4, the OCP after 15 minutes’ immersion in PBS is about -0.2 V (vs Ag/AgCl) and
shifts positively as pH becomes lower. In pH 1 solution, the OCP increases 0.3 V from that in
pH 7.4 solution to 0.1 V. Figure 3.1B illustrates how the OCP evolution with time of CoCrMo
alloy in PBS solution is affected by the addition of 0.1 M HCIO with or without HCI (pH 3). OCP
becomes significantly more positive with the addition HCIO (P<0.05), showing an increase of

atleast1Vinboth pH 7.4 (0.9 V) and pH 3 (0.85 V) conditions (Figure 3.1C).
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3.3.2 Polarization behavior

pH effect in PBS solution

Anodic potentiodynamic curves of CoCrMo alloy in different pH PBS solutions are shown
in Figure 3.2A. The values for lcorr and Ecorr in all tested conditions are presented in Table 3.1.
The cathodic reaction at negative voltages range (from -1 V to corrosion potential) is greatly
affected by pH. The cathodic reaction at voltage below -700 mV increases as the pH becomes
lower. The current density from -1 Vto-0.7 V in pH 1 solution is about two orders larger than
that is in pH 7.4 solution. Both the zero current potential (corrosion potential) and the
corrosion current are pH dependent and increase as solution becomes more acidic (Figure 3.2
B & C, p<0.05). With the decrease pH 7 to 1, corrosion potential jumps from -0.69 V to 0.33 V
and corrosion current density increases from 2.2*10° A/cm? to 21*10° A/cm?. It’s interesting
to notice that repassivation effect appears in all pH solutions. As the pH gets lower, the
transpassive voltage becomes higher. In pH 1 solution, the transpassive voltage is around 0.9
V which is about 0.3 V higher than that is in pH 7.4 solution. As a result, the current density at

high voltage range (above 0.6 V) becomes smaller in more acidic PBS solution.

Effect of Hypochlorous acid at different pHs

Representative potentiodynamic polarization plots for CoCrMo in PBS solution and PBS
solution with 0.1 M HCIO at different pHs are shown in Figure 3.2D. Corrosion potential
becomes significantly more electropositive (p<0.05) from -0.3 V in PBS only solution to 0.85 V
in 0.1 M HCIO modified PBS solution. In solution with both acid (pH 3) and HCIO, corrosion
potential further increases to 0.9 V. Corrosion current density in PBS only solution is 0.11
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uA/cm? while it increases more than 300 times (p<0.05) to 36.9 uA/cm? in solution with 0.1
M HCIO. In acidic solution with HCIO, corrosion current density decreases (p<0.05) from that
of HCIO alone case to 3.4 uA/cm? which is still more than 30 times larger than PBS only

condition.

3.3.3 Electrochemical impedance spectroscopy behavior

Representative Bode plots obtained from EIS tests for CoCrMo alloy under HCIO modified
PBS solutions and different pHs are shown in Figure 3.3. The EIS circuit parameters including
solution resistance, polarization resistance, capacitance and constant phase element
exponent are presented in Figure 3.4. All the values for Rs, Rox, CPEox, @ are presented in Table

3.2.

pH effect in PBS only solution

Figure 3.3A and 3.3B shows the representative impedance magnitude and phase angle
response of CoCrMo alloy under different pH PBS solution conditions. As pH gets lower, the
capacitance increases (p<0.05) while no significant difference of oxide resistance is shown.
Solution resistance in pH 1 PBS solution is significantly lower (p<0.05) than that in other pH
conditions. The CPE exponent shows no significant difference between different pH conditions.

(p>0.05).

HCIO effect at different pHs

The variation in impedance of CoCrMo alloy in PBS solution due to the addition of HCIO

and HClare shown in Figure 3.3C and 3.3D. A large drop in low-frequency impedance (0.02 Hz,
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associated with the oxide resistance) and narrowing of the frequency range of the phase angle
can be observed in solutions with HCIO. The presence of 0.1M HCIO decreased the oxide
resistance from 4.8*10° Q to 138 Q and addition of 0.1 M HCIO and HCI (pH 3) decreased it to
1.4*¥10* Q (p<0.05) (See Table 3.2). Capacitance increased more than 100 times in HCIO
modified solution (3800 uF/cm?) compared to that in PBS only solution (31 uF/cm?), while
further addition of acid to pH 3 decreases it (p<0.05) to 236 uF/cm? which is about 7 times
larger compared to the PBS only condition. CPE exponent decreases from 0.90 in PBS solution

to 0.81 in PBS solution with both acid (pH 3) and HCIO (p<0.05).

3.4 Discussion

The effect of pH on CoCrMo electrochemistry

In solutions with HCI, OCP shifts positively with the increases of acidity (Figure 3.1), this
is inagreement with the polarization plots (Figure 3.2) where zero current potential increases
in more acidic solution. The corrosion current density becomes larger as pH gets lower,
indicating a less protective passive layer in lower pH solutions at freely corroding conditions.
This result is also supported by EIS results, where the impedance magnitude decreases in
lower pH conditions. The capacitanceincreases in more acidic conditions, which demonstrates
a less stable oxide layer. This is in agreement with a previous study [63] where decreased
formation and growth of passive layer was found as pH gets lower. Thus, the corrosion

susceptibility of CoCrMo alloy in PBS solution increases with decreases of pH.

However, it is worth noticing that the passivation effect of acid on oxide filmis observed
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at more positive voltage range (Figure 3.2A) and passivation character remains even at pH 1.
Oxide films at sufficiently positive voltage (higher than 0.6 V) becomes less protective (i.e. the
transpassive potential decreases) as pH gets higher. This shows that the oxide film on CoCrMo

alloy is both solution chemistry and potential dependent.

The poubaix diagram shows that the passivation region of Cr only occurs at pH>5 region
under freely corroding conditions [92], implying anincrease in susceptibility of corrosion of Cr
in more acidic solution. Addition of acidincreases the OCP while it requires higher potential
to oxidize Cr(lll) to Cr(VI) in more acidic solution. A previous study shows that acid alone favors
the dissolution of metal elements (Cr3*, Co?*) [112]. This indicates that local fretting crevice
corrosion, which commonly occurs in modular designed implants, favors the release of metal

ions due to more acidic environment.

The effect of HCIO and acid on CoCrMo electrochemistry

Significantincrease of OCP, corrosion potential, corrosion current and large decrease of
oxide impedance show that the presence of HCIO increases the corrosion susceptibility of
CoCrMo alloy, resulting in increased oxidizing power of the solution and a more defective and
less stable oxide film on the surface. Further addition of acid increases the impedance and
decreases corrosion current, implying the passivation effect of acid on oxide film in HCIO
modified PBS solution. The passivation effect of acid on CoCrMo alloy has been shown in
solutions with other simulated inflammatory species (e.g., H203?). Itis interesting to notice that
the open circuit potential exhibits significant increase to above transpassive range in both

H20: (above 0.6 V) and HCIO (above 0.85 V) modified solutions when acidis present. This acid-
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passivation behavior for ROS under freely corroding conditions may be related to increased
surface potential and shows agreement with the results in potentiodynamic tests and the
Poubaix diagram [92], implying fundamental changes in oxide structure and chemistry due to

HCIO and acid.

Possible involved reactions

During inflammatory activation, cells are able to release a series of reactive chemical
species such as H202, Fenton reagent, NO, peroxynitrite (ONOO") and acid [113, 114]. These
highly oxidative species and related intermediate species are able to accelerate the corrosion
of CrCrMo alloy and alter the redox status of inflammatory cells. HCIO/CIO- are known as
strong oxidants and previous studies have shown that they are strong enough to oxidize Cr(lIl)
to Cr(VI) over the pH range of 2-10 [110, 115]. Possible oxidation reactions and oxidant

generating reactions involving HCIO and HCl are [116]:

2HCIO + 2H*+2e---Clo+H,0  (acidic condition) 1.63V
HCIO+ H*+2e™---CI+H20 (acidic condition) 1.49V
ClO+ H20+ 2e--- ClI'+ 20H- o9V
Cla+2e™---2CI 136V

2Cr(OH)3+ HCIO---2HCrO*+Cl+H20+5H* Cr(lll) to Cr(VI) --Reaction |

Important production mechanisms for in vivo hydroxyl radical [117] and singlet oxygen
[118] are reactions associated with neutrophils that released HCIO to interact with superoxide

and the reaction of HCIO with H202, respectively:
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HCIO+0O2e--- OHe+Cl+ O2
HCIO+H202 --- 102+ Cl+ H20+ H*
Besides, OHe and 10; are involved in a series of reactions [68] which will generate other
oxygen free radicals such as: HOze, Oze and increase the oxidizing power of the cellular
environment. These radicals, H202, as well as HCIO possess higher redox potentials than

oxygen reaction and are theoretically able to oxidize metal into a higher valance state and

alter the chemistry and structure of oxide film.

Based on the Poubaix diagram of the Cr/H20 system, the potential required to oxidize
Cr03 into Cr(VI) is around 0.3V (VS Ag/AgCl) at pH 7.4 [92]. Our study shows that the OCP at
pH 7.4 is as high as 0.8V when HCIO is present. Besides, the voltage required for Cr(lll)
oxidization decreases in higher temperature conditions. Temperature increase is a major
clinical sign of inflammation and occurs under hard exercise. Local temperature increases
activated area during in vivo inflammatory conditions, which favors the formation of Cr(VI)
(Figure 3.5). The concentration of chromium species affects the oxidation reactions of Cr(lll).
For example, a decrease of chromium concentration from 10 mol/L to 10 mol/L significantly
decreases the potential required for Cr(VI) formation [119]. The concentration of in-vivo Cr(lll)
is unknown and variable. However, as long as there is Cr(lll), it is possible that it reacts with
the intermediate radical species and will be oxidized into Cr(VI) species. Although Cr(VI) in vivo
may not be ableto existfora long time becauseit will be quickly reduced to the trivalent state,
itis those potentially harmful reduction processes such as DNA-damage reactions, that define

Cr(VI) as highly toxic in vivo [120, 121]. Meanwhile, Cr(VI) is possible to be stably retained in
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the oxide film in the highly oxidative environment created by inflammatory species. Previous
XPS studies show the existence of Cr(VI) in oxide layer when the potential is increasedto 0.5V
[122], which is possible when HCIO, H202 or Fenton reaction present [104]. Future XPS work
is needed to better understand how the simulatedinflammatory conditions affectthe CoCrMo

oxide.

Evan’s diagram

Evan’s diagram can be applied to illustrate how the presence of acid and HCIO affect the
OCP and corrosion current result in this study. Open circuit potential is the voltage where the
rate of the anodic reactions (metal oxidation) equals to that of the cathodic reactions.
Addition of HCIO and acid result in significantly accelerated cathodic reactions as well as more
defective oxide film which increases the rate of oxidation reactions (Figure 3.6). Further
addition of acid increases the passivation of the oxide film, decreasing the rate of metal
oxidation, and results in a lower corrosion rate compared to HCIO only case. The effect of HCIO
on CoCrMo alloy is similar to that of of H202 based on the Evan’s diagram [104]. However,
compared with the results in H202 modified condition, higher OCP and larger increase of
corrosion current are shown in PBS solution with HCIO, implying a more aggressive corrosion

environment in created by the presence of HCIO.

Other reactive chemical species and clinical relevance

In in vivo joint fluid, inflammatory cells release other strong oxidative chemical species
such as nitric oxide (NO), peroxynitrite (NO3"), hydrogen peroxide (H202) and Fenton Reagent
(Fe3*+H20:2). These reactive chemical species have been shown to significantly alter the oxide

58



film on CoCrMo surface and increase the corrosion susceptibility of CoCrMo alloy. Recent
study has shown significant increases in OCP and change of cathodic reactions in human
synovial fluids of high inflammatory level [70], which supports the results in this study and
those in H202 and Fenton reagent modified simulated inflammatory conditions (Chapter 2).
When ROS are present, physiologically possible potentials on CoCrMo surfaces can reach as
high as 0.9 V, a remarkably higher level than -0.1V the research community reported before
[123]. Cell viability has been shown to be directly related to the OCP of metallic biomaterials
[49, 86, 87] and near 0% cell viability have been reported on CoCrMo alloy when OCPis higher
than +500 mV. Thus, the presence of ROS as well as possible release of metal ions (Cr¢*)
through ROS related oxidation reaction are likely to not only induce ICIC corrosion but also to
affect the cells and tissues adjacent to the implant. These ROS-based adverse effects may
induce cell necrosis in vivo and be related with clinical observations of adverse local tissue
reaction [15, 32] and pseudotumors [14] in patients with failed implant. Which chemical
species and what cell types and atwhat concentration are the prime factors in the cell induced
corrosion mechanism are as yet to be understood and addition studies of retrieved

inflammaed joint fluid will also be helpful.

3.5 Conclusion

This study investigated one possible mechanism of inflammatory-cell induced corrosion
and the effect of pH on CoCrMo electrochemistry. The presence of HCIO, which is an
aggressive ROS released by neutrophil MPO during respiratory burst, in PBS solution greatly

increases the corrosion susceptibility of CoCrMo alloy. On one hand, it lifts the oxidizing
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potential to be as positive as 0.9 V at 0.1 M concentration, a much higher physiologically-
possible level than previously reported, significantly increasing the oxidizing power of the
solution. One the other hand, it decreases oxide resistance of of the surface and leads to a
more defective and less stable oxide film. Increase of pH in HCIO modified solution
significantly decreases oxide film impedance and results in less protective oxide layer and
larger corrosion current. Alternatively, pH 7.4 physiological solutions with HCIO was found to
be the most corrosive to CoCrMo surface. The addition of HCl alone into PBS increases
oxidizing power of the solution, decreases the formation and growth of passive layer and
facilitates the corrosion of CoCrMo alloy under freely corroding condition. This study
demonstrates that inflammatory conditions may have a pronounced effecton the corrosion
of CoCrMo in vivo and forms the basis of our understanding on how HCIO, the most
bactericidal oxidant known to be produced by the neutrophil, can affectthe performance of

CoCrMo implants.
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Figure 3.1 Open circuit Potential plots of CoCrMo alloy in PBS solution at different pHs and
PBS solution with 0.1M HCIO at pH 3 and pH 7.4. A) OCP was raised due to the addition of HCI
and shit positively as pH gets lower. B) Summary of OCP in all investigated pH solutions with
HCIO. OCP increases significantly (p<0.05) due to the presence of HCIO. C) OCP vs time
evolution in simulated inflammatory conditions with HCIO and acid. OCP rises to above 0.85V

vs Ag /AgCl in HCIO modified solution, creating a highly oxidizing solution for CoCrMo.
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Figure 3.2 A) Potentiodynamic curves of CoCrMo alloy at different pHs in PBS solution. Right
shifts of polarization curve and increase of transpassive voltage are observed with the
decrease of pH. B) Corrosion potential becomes more electropositive as pH gets lower in PBS
solution. C) Corrosion current density shows increasing trend in more acidic PBS solution.
Corrosion current increases from 2.2 uA/cm? at pH 7.4 to 18.2 uA/cm? at pH 1 PBS solution. D)
Addition of HCIO creates a significantincrease in the corrosion currents and lead to changes
in the shape of polarization curve. Acidic shifts of HCIO modified PBS solution to pH results in

decreased corrosion rates than in neutral environment. (Values are shown in Table 3.1)
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Figure 3.3 Representative Bode Impedance (A) and phase angle (B) plots of CoCrMo alloy in
different pH PBS solutions. pH 1 solution shows the smallest impedance magnitude at low
frequency (0.01 Hz). Comparison of Bode impedance (C) and phase angle (D) plots in PBS only
solution and simulatedinflammatory conditions with HCIO at pH 3 &7. Decrease of impedance
up to 3 orders of magnitude and more depressed phase angle curves were observed in HCIO
modified solutions. Acidic solution with HCIO exhibits increased impedance magnitude than
neutral solution with HCIO.
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Figure 3.4 Plots of solution resistance, oxide resistance, capacitance and CPE exponent from
EIS analysis in different pH conditions. All values are shown in Table Il A) Solution resistance
shows the smallest value in pH 1 solution. B) Oxide resistance significantly decreases due to
the presence of HCIO. C) Capacitanceincreases as pH gets lower. Addition of HCIO dramatically
increases the capacitance from 10° F/cm? level in acid modified PBS solutions to 103 F/cm?
level in neutral solution with HCIO. (Not shown in the Figure, values are in Table Il) D) CPE

exponent value is the smallestin acidic solution with HCIO.
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Figure 3.5 Pourbaix diagrams for chromium at different temperatures. (Note: the potential in
the Figures is standard hydrogen electrode (SHE), the Ag/AgClreference electrode used in this
study is +0.197 V vs SHE). At 25°C, pH 7, potential for Cré* formation is 0.6V vs SHE, which is
about 0.4V vs Ag/AgCl, while the potential decreases to about 0.2 V VS Ag/AgCl at

100°C.Presence of HCIO raised potential to the Cré* formation range.
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Figure 3.6 Significantincreasein OCP and corrosion current due to the presence of HCIO based

on Evan’s diagram. Addition of HCIO to PBS creates a highly aggressive environment, resulting

in larger metal oxidation rates and increased cathodic behavior of CoCrMo alloy.
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Table 3.1A

Electrochemistry Different pHs
parameters pH 1 pH3 pH5 pH7.4
Ecor(V) -0.33+0.01 | -0.5840.03 | -0.6610.03 -0.6910.01
leor(UA/CM?2) 18.2+5.00 17.143.31 | 5.24+1.39 2.2+0.35
Table 3.1B
Electrochemistry
HCIO HCIO+HCI (pH 3) PBS
parameters
Ecore(V) 0.87+0.05 0.86+0.00 -0.26+0.03
lcor(UA/CcmM?2) 36.9+9.72 3.440.71 0.11+0.02

Table 3.1 Electrochemical Test results: Corrosion potential (Ecorr: the potential where the

current density changes from cathodic to anodic), Corrosion current density (lcorr: current

density at corrosion potential derived from cathodic extrapolation of the polarization curves).

A) Anodic scan started from -1V to 1V. B) Tests started from 30 mV just below below OCP.

Table 3.2
Circuit Different pHs HCIO HCIO+HCI
parameters pH 1 pH 3 pH5 pH 7.4 (pH3)
Rs (Q cm?) 27.243.2 | 76.3+7.3 | 75.0+13.0 94.0+34.4 | 35.1+1.6 38.4
0.472 . 0.53 0.48 . .3)*10* 0.014
Rox (MQ cm?) 0.45 (1.440.3)*10
+0.05 +0.03 +0.17 +0.04 +0.01
CPEox (uF/cm?) | 43.1+6.4 | 37.0+5.7 31.6%3.9 30.7£1.6 380011513 2361185
a (%) 92.842.0 | 91.8+2.6 92.940.5 89.8.+1.7 | 90.1+0.68 80.61+0.08

Table 3.2 Simulated Impedance Parameters found by nonlinear square fitting of the modified

Randle’s circuit model to the Impedance data.
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Chapter 4 ECAFM study on corrosion behavior of CoCrMo alloy in

simulated inflammatory conditions

4.1 Introduction

CoCrMo alloys are widely used as biomaterials in dental devices, joint replacements and
vascular stents due to its excellent mechanical properties as well as suitable biocompatibility
[124-126]. Corrosion resistance has been directly related to the biocompatibility in the past
[127]. CoCrMo alloys possess a high degree corrosion resistance due to a spontaneously
formed passive oxide film on the surface under normal biological conditions [123, 128].
Surface oxides typically range from 1-10 nm in thickness and protect the bulk alloy from
reacting with the biological environment [75, 76]. Thus, the passive films which contact
directly with fluid and tissue have been considered highly corrosion resistentin vivo, however,
they are actually dynamic and may lose their corrosion protection under specific conditions

[77].

Previous studies have shown high early revision rate in hip implants due to adverse local
tissue reaction caused by mechanically assisted corrosion which is associated with the use of
CoCrMo alloy [129-131]. Mechanical abrasion of surface oxides results in accelerated
corrosion of CoCrMo alloy and release of metal ions and metal debris in vivo [8, 14, 15]. On
the other hand, these oxide films are highly voltage dependent. Their morphology,
composition, thickness as well as impedance have been shown to vary with the surface

potential [132, 133] and immersion time [5]. Oxide resistance and capacitance of metallic
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biomaterials have been studied at different immersion time and these behaviors have been
demonstrated to be time-dependent [83, 84]. It has been known that mechanical abrasion on
the surface CoCrMo alloy can negatively shift the potential up to -1V and increase the

corrosion rate up to 6 orders of magnitude compared to normal static conditions [11, 85].

Recently, direct cell induced corrosion of CoCrMo alloy has been hypothesized [66, 69].
Once activated, inflammatory cells are able to release reactive oxygen species as well as acid
to facilitate the corrosion of CoCrMo alloy. This corrosion mechanism could occur with or
without mechanical abrasion on the surface. Physiologically possible potentials of CoCrMo
alloy have been found to positively shift from -0.1V up to 0.65V when H;02 and Fenton
reaction are present under simulated inflammatory conditions. Increase of surface potential
into the transpassive potential region have been demonstrated to significantly change surface
oxide film chemistry [76], thickness [75], corrosion resistance [132] etc. Release of highly
adverse metal ion such as Cr®* is thermodynamically favorable under this condition and XPS
studies have shown the existence of Cré* on the oxide layer at voltages higher than 0.5V in
simulated physiological solution [75, 123]. Increasein corrosion susceptibility of CoCrMo alloy
in simulated inflammatory conditions has been demonstrated [66]. Addition of H2O; into PBS
solution significantly increases the corrosion current and decreases corrosion resistance of
CoCrMo alloy (Chapter 2 & 3). Positive shifts of open circuit potential of CoCrMo alloy has
been directly related to inflammatory level of joint fluid [70]. Thus, in order to better
understand the cell-induce corrosion phenomenon, it is of great importance to investigate

how inflammatory solution chemistry affects corrosion behavior of CoCrMo alloy. However,
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few study has been conducted to directly image how CoCrMo alloy oxide behaves under

simulated inflammatory conditions.

To better characterize oxide films, electrochemical atomic force microscopy allows for
direct observation of oxide films in biological environment and has been previously applied to
investigate titanium [134, 135] and CoCrMo alloy [5, 77]. Electrochemistry experiments can
be applied in this ECAFM system to evaluate if surface morphology changes on CoCrMo alloy
is related to corresponding electrochemical behavior. The goal of this study was to investigate
how oxides on CoCrMo alloy surface behave and how they influence corrosion behavior of
CoCrMo alloy under simulated inflammatory conditions. More specifically, voltage, immersion
time and solution chemistry effects on oxide morphology, surface roughness and

electrochemical behavior were studied.

4.2 Materials and Methods

Cast CoCrMo alloy (ASTM F75) with a carbon content of 0.22% by weight was used in this
study. This alloy had a carbon content of 0.22% by weight and contains 27-30% Cr, 5-7% Mo,
0.75% Fe, maximum of 1% Ni, Si, and Mg with the balance Co. The samples were 12 mm in
diameter and 1mm thick and were ground using a series of silicon carbide abrasive papers
(240, 320, 400, and 600 grit). After grinding, the samples were then rinsed with deionized
water (DI) ,ethanol and cleaned with DI water in an ultrasonic bath for 10 minutes to remove
all traces of silicon carbide particles and polishing compounds. The samples then were
polished sequentially using 1, 0.3 and 0.05 um alumina suspensions. After polishing, the

samples were again rinsed by DI water, ethanol and were subjected to ultrasonic cleaning.
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Appropriate cloth was used at each polishing step.

An AFM (Digital Instruments Nanoscope Il Scanning Probe Microscope) was used in this
study for capturing images of surface morphology of CoCrMo alloy and conducting data
analysis. An electrochemistry (EC) fluid cell was attached to the AFM for in-situ imaging in
simulated inflammatory solutions. A three electrode system was used for electrochemistry
control and measurements where the CoCrMo disk sample was the working electrode, a
platinum (Pt) wire (0.25 mm diameter) was the counter electrode (CE), and a silver (Ag) wire
(99.95% purity, 0.127 mm diameter) served as a quasi-reference electrode (QRE). The relative
voltage of the silver wire to saturated Ag/AgCl electrode was -0.06V. Thus, it held a reference
voltage of +0.137 V with respect to the normal hydrogen electrode (NHE). The schematic
illustration of the electrochemical fluid cell and the total ECAFM system were illustrated in
Figure 4.1 [134]. CoCrMo alloy sample was attached to a piezoelectric tube of the AFM
through a stainless steel magnetic puck (on the bottom of the sample). A thin copper wire was
tightly inserted between the magnetic puck and the CoCrMo sample. The copper wire was
then connected to the potentiostat and provided electrical contact to the sample. In order to
electrically isolate the WE from the AFM, a sheet of thin parafilm (American National Can,
Neenah, WI) was placed between the magnetic puck and the piezoelectric tube. After the WE
was placed well on the AFM sample station, a glass electrochemical fluid cell (Digital
Instruments) was clamped on the top of the CoCrMo disk. The glass EC fluid cell was cleaned
by DI water and ethanol before to avoid disturbance from dust on the surface. The EC fluid

cell holds a silicon nitride cantilever tip (Nanoprobe SPM tip, Digital Instrument) for surface
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scanning and an O-ring to retain fluid on the top of the sample for in-situ imaging. The O-ring
has a diameter of 0.75 cmand could contain a solution volume of about 34 ulL in the chamber
of the EC fluid cell. The quaisi-reference electrode was inserted through a hole in the top of
the EC cell and was made to not touch the surface of the WE. Silicone was used to seal the
wire and prevent fluid coming out from the hole. All voltages used in this study were referred
to the silver quasi-reference electrode. Two ports for fluid output and input were designed in
the EC cell. The Pt CE was inserted into the cell through the fluid output port and was made
sure to not contact between the CE and sample. About 5 cm of the Pt wire was exposed to
the solution in order to avoid limitation of electrochemical reaction at the counter electrode.
Both the Ag reference electrode and the Pt counter electrode were connected to the external

potentiostat (Solatron 2380).

The solutions used were PBS solution and PBS solution with 30mM H20:. A syringe was
connected to the fluid input port (Figure 4.1a) and was used to inject solution into the EC fluid
cell. Fluid was slowly added into the cell until the inner chamber was just filled and fluid was
just about to flow out from the fluid output port. The syringe was removed and the exit tube

from the output port was clamped off.

A series of in-situ ECAFM measurements were conducted in freely corroding conditions
and potentiostatically held conditions. In freely corroding tests, contact mode
deflection/height images were collected every 5 minutes for 2 hours. Open circuit potential
(OCP) was first monitored for 20 minutes to make sure that the electrochemical connection

was stable and allowed the surface to reach equilibrium at the same time. Deflection and
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height images were captured during monitoring of OCP. In the potential-controlled tests, 0.1
V (vs Ag wire) was applied to the CoCrMo sample first and then the potential was
incrementally increased to 0.3V, 0.5V, 0.65V. Each potential was held for at least 20 minutes
while contact mode deflection and height images were captured. Scanning on the surface
started from 20*20 um area and then the scanning range was decreased after a specific area
including easily identified grains and carbides was targeted. Direct in-situ surface roughness
variation with potential in different solutions was recorded during this experiment. Current

measurements were also obtained during potential-held tests using CorrWare software.

4.3 Results

4.3.1 PBS solution

Figure 4.2 shows AFM behavior of a 8*8 um region of a CoCrMo alloy in PBS solution at
different time. Itis clearthat the surfaceinteracted with PBS solution afterimmersion. Surface
appeared to become less smooth after 30 minutes and more oxide domes were shown after
1 hour. New edge appeared on carbide (Figure 4.2 d-f) and friction images (Figure 4.2 g & h)
indicate different chemistry between base alloy and carbide and show variation of chemistry
at carbide boundary. Significant increase of surface roughness was observed with time.

Surface roughness of this area at 2.5 h was about 1.5 times as large as it was at 0 minute.

Figure 4.3 displays 8*8um contact mode deflection images of a CoCrMo alloy sample in
air (Figure 4.3a) and in PBS solution within 2 hours of immersion (Figure 4.3b-d). The oxide

film became rougher and small bumps appeared after immersion into PBS solution compared
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with it was in air. Surface roughness data shows that surface roughness (Ra) increased from

0.8 nm inair to 1.3 nm after 20 minutes in PBS solution (Figure 4.4 trial 1).

Although different Ra values were shown among different samples, increasing trend of
surface roughness with immersion time in PBS solution was consistent. Figure 4.5 shows
relative surface roughness ratio at 30 minute is significantly higherthan 1 at the beginning of

the test.

4.3.2 Voltage control tests in PBS

Figure 4.6 (a) shows a 8*8 um contact mode deflection image of a CoCrMo sample at
OCP condition in PBS solution. The image was collected after PBS was injected into the EC fluid
cell. Carbides were captured inthe center of the figure near the junction of two large scratches
and alloy matrix was clearly identified as well. Figure 4.6 (b-d) displays the ECAFM images of
the same area at elevated potentials from 0.1 V1o 0.5 V. At 0.3 V and 0.5V (Figure 4.6 c & d),
more oxide domes were gradually appearing on the surface and small scratches became
covered due to oxide growing (shown by the arrows). At 0.5 V (Figure 4.6 d), small oxide domes
grew and became larger while the overall surface became less smooth. As shown in Figure 4.6
(e-j), significant changes in surface morphology were captured at 0.65 V within 0.5 h.
Dissolution of alloy matrix was observed first and a large amount of dissolved materials were
shown on the surface (4.6 e-h). Then, carbide dissolution occurred and original surface
features completely disappeared due to oxide transforming and surface dissolution after 20
minutes at 0.65 V. New oxide film formed and large oxide domes became apparent and

gradually covered the total surface (Figure 4.6 i & j). Significant increase of surface roughness
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was shown at 0.65V (Figure 4.7) and was in agreement with corresponding ECAFM images.

Surface roughness increased from 2 nm to 40 nm within 0.5 h.

Figure 4.8 displays the current information at different voltages during ECAFM tests. Itis
noticeable that an increase of current density was associated with significant surface
morphology changes at higher potential (0.5 V and 0.65 V). At 0.65 V, the current density
increased up to 3 orders of magnitude and exhibits time-dependent behavior. It reached the
highest value within 5 minutes and then decreased, indicating surface passivation with time.
However, the current density level was still high compared to those at lower voltages. It was
interesting to notice that the time-dependent current behavior was corresponded to the time-
dependent surface morphology transformation. At the beginning of the surface dissolution,
the current was the highest and was associated the uniform dissolution of matrix alloy.
Following the start of oxide dissolution, new oxide film formation gradually began and current

density correspondingly decreased.

Figure 4.9 (a-d) shows a series of smaller scale (5*5 um) contact deflection images of
CoCrMo alloy at transpassive voltage ranges. A large carbide with clearly discernable
boundary was captured in the center in order to closely observe transpassive behavior of
carbide and adjacent matrix. At 0.5 V, both alloy matrix and carbide were undergoing
transformation and dissolution. Large oxide dome-shaped structures became apparent after
0.5 hours (Figure 4.9 a-c). The carbide/matrix junctions, grain boundaries and surface defects
were preferential sites of dissolution (indicated by circles and arrows in Figure 4.9c and 4.9d).

Oxide domes began to appear on carbide and small domes became larger and were grew into
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more uniformed shapes after the potential was increased to 0.65 V (Figure 4.9d).

Figure 4.10 (a-k) shows a series of 8*8 um contact mode deflection images of CoCrMo
alloy collected in PBS solution at potentials ranging from 0.1 V to 0.75 V. Figure 4.10a displays
a scan at OCP condition where a large carbide and several grains were clearly identified and
could serve as good reference features for the higher potential scans. No distinct change in
surface morphology was observed at 0.1 V (Figure 4.10b). As potential increased to 0.3V,
small remnants of oxide dome at grain boundaries (designated by the circle in Figure 4.10d)
were shown, however, no significant change regarding carbide was found. Significant
evolution of the surface morphology was observed as the potential further increased to 0.5 V.
More dome-shaped structures became apparent on both the alloy matrix and carbide. After
0.5 hour at 0.5 V, dissolution at grain boundaries (Figure 4.10f indicated by the arrows) was
discernable. Figure 4.10 g-j shows that, at 0.65 V, significant dissolution at carbide boundaries
occurred with the carbide/matrix junction becoming more apparent. Oxide domes on the
carbide were transformed and physically enlarged while dissolution of materials on carbide
was clearly observed after 1h at 0.65V (Figure 4.10h). At 0.75 V, the surface continued
undergoing dissolution with some small grains merging into larger grains and new oxide dome
structures. Figure 4.11 shows corresponding current profiles at different voltage. Similar to
the result shown before, increase of current density at higher potentials was observed
together with drastic surface transformation. Surface roughness information at different
anodic potentials was illustrated in Figure 4.12. Initial surface roughness at OCP condition was

around 5 nm and increased significantly at the transpassive voltage range (higher than 0.5 V)
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and reached 15-20 nm at 0.75 V. It should be noted that the surface roughness changed with

the surface morphology and exhibited time-dependent behavior at all potentials.

4.3.3 H202+PBS immersion test

Figures 4.13 and 4.14 show sets of 8um by 8um deflection CoCrMo contact mode AFM
images in 30 mM H202 modified PBS solution at different immersion times. Rougher surface
topography was seen on both carbide and base alloy after 0.5 h and nano-sized oxide domes
were present (Figure 4.13 ¢ & d) and swelled with time. Evolution of the carbide surface with
time was observed (Figure 4.14 a-d). After 2 hours, surface roughness became about twice as
large as it was before immersion (Figure 4.15). Consistent increase of surface roughness with

immersion time was shown in all samples.

Original surface roughness varies from samples, however, Figure 4.16 shows that relative
Ra ratio shows an increasing trend with immersion time. The Ra ratio at 1.5 h and 2 h are

significantly higher (p<0.1) than 1 at the beginning of the test.

4.3.4 PBS+H:20: voltage control tests

Figure 4.17 shows OCP evolution of a CoCrMo alloy surface in 30 mM H20, modified PBS
solution after the fluid was injected into the EC cell. The OCP was around 0.25 V which was in
agreement with the results of previous electrochemistry testing in the same solution [66].
Figure 4.18 (a-g) summarizes the ECAFM behavior of a 8*8 um region CoCrMo alloy surface in
PBS solution with 30 mM H202. The upper center of the images exhibited bumped surface

features and deep scratches which served as reference points during observation of changes
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of the surface morphology (Figure 4.18a). No significant transition of surface oxide was
observed when the voltage was first increased to just above the OCP value at 0.3 V (Figure
4.18b). Correspondingly, surface roughness stays ataround the same value as it was at OCP
condition (Figure 4.19) and current density was at a low level (around 107 A/cm?). As the
potential was increased further t0 0.65 V, noticeable changes of surface morphology occurred,
starting with the appearance of many small oxide dome-like structure remnants (Figure 4.18c).
Original small scratches were gradually filled and oxide transformation was captured at 0.5 h
and depletion of material at grain boundaries was clearly shown (Figure 4.18d). A new oxide
film had overgrown the surface and had filled in most of the scratches while small grain
boundaries disappeared after 1h (Figure 4.18e-g). Surface roughness increased with time at
0.65 V and reached to about 3 times the value as it was at 0.3 V (Figure 4.19). Significant
increase of current density to 103 A/cm? level was observed once the voltage was increased
from 0.3 Vto 0.65 V. It exhibited exponential decreasing after 10 minutes and stayed ataround

10° A/cm? level (Figure 4.20).

4.4 Discussion

Effect of immersion time on surface topography of CoCrMo alloy in PBS solution was
investigated by ECAFM. Increase of surface roughness and oxide domes show growth of the
passive film with time. Friction images indicate chemistry changes of the passive film occurs
at the same time. Interaction between CoCrMo alloy and solution chemistry was also shown
by comparing the AFM image in air and that in PBS solution. A previous study by Hodgson

[123] evaluated the effect of immersion time on the general electrochemical behavior of
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CoCrMo in NaCl solution using potentiodynamic methods and they found that passive
behavior of CoCrMo alloy increased with immersion time due to passive filmgrowth or change
in composition of passive film. This study shows similar results and exhibits the dynamics of
oxide films at open circuit condition in solution. In PBS solution with H203, significant increase
of surface roughness with time and evolution of oxide dome-shape structure exhibit
interaction between H;02 and CoCrMo alloy. The appearance and development of pit-like
structure (Figure 4.13 and 4.14) indicates addition of H20> caused local corrosion attack on
CoCrMo alloy. This result is in agreement with study by Hu et al. [136] where they observed
initiation of localized corrosion on MP35N alloy after two weeks of exposure in H,02 modified
PBS solution. Gilbert et al. investigated the effect of H202 on corrosion behavior of CoCrMo
alloy and found that corrosion susceptibility of CoCrMo alloy was significantly increased due

to the addition of H202[66].

Electrochemical information

Open circuit potential was measured (Figure 4.17) before any voltage controlled ECAFM
tests to assess the stability of the testing system. Results show that the three-electrode system
was properly set up and well controlled. OCP in PBS solution in the test was at around -0.12 V
while it shifted positively to 0.27 V in H202 contained PBS solution. The OCP results are similar
to that of previous electrochemistry study where increases of OCP up to around 0.3 V due the
addition of H202 was reported [66]. Positive shifts of OCP of CoCrMo alloy in inflammatory
joint fluid has been revealed and reactive oxygen species such as H;02 are thought to

contribute [70]. Based on previous potentiodynamic study, H>O2 significantly alters the
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cathodic behavior of CoCrMo alloy and thus shifts the zero current potential to a more positive

region [104].

Current density was simultaneously recorded while ECAFM images were captured at
different voltages. In PBS solution, significantincrease of current density was observed when
potential was increased to above 0.5 V. This result is similar to typical polarization plots for
CoCrMo alloy where passivation of oxide occurs in the voltage range from OCP to around 0.4
V and transpassive dissolution occurs at higher voltages. In solutions with H202, similar passive
to transpassive corrosion behavior was observed when the voltage was increased from -0.3 V
to 0.5 V and current density became larger in the transpassive potential region [104]. It is
interesting to notice that in both solutions at controlled voltages, current increased initially
and then decreased which indicate the growth of the oxide film after a certain period of time

in the voltage controlled test.

Relationship between surface morphology and electrochemical information

One goal of this study is to correlate changes in surface morphology with electrochemical
behavior of CoCrMo alloy under simulated in vivo conditions. Results of ECAFM imaging and
surface roughness measurements show a strong relationship with electrochemistry

information, such as current density and voltage.

In PBS solution

Figure 4.6 shows typical ECAFM images of CoCrMo surfaces in PBS obtained from anodic

potentials above OCP. From OCP to 0.3 V, no significant change of surface was shown due to
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already-present protective oxide film. Likewise, the current density was only at 107 A/cm?
level, showing the surface was under passive conditions and was protected by the stable oxide
film. Similar phenomena over this potential range were also shown in Figure 9 of ECAFM

results of another CoCrMo sample tested from OCP to 0.75V in PBS solution.

Significant changes of surface morphology of CoCrMo alloy in PBS solution were
observed as voltage increasedto 0.5 V (Figure 4.6, 4.9 and 4.11). Oxide film dissolution and
corrosion occurred at this transpassive voltage range. Meanwhile, increase of current density
up to 3 orders of magnitude revealed breakdown of oxide film and accelerated corrosion
attackon the surface and was in agreement with the results of ECAFM images. As the potential
became more positive, current density increased further. Likewise, ECAFM images show that
dissolution and depletion of materials atgrain and carbide boundaries became more apparent
at higher potentials and were in agreement with the increase of current density as well as
previous studies of the corrosion mechanism of CoCrMo alloy above transpassive potential

[137, 138].

Simulated inflammatory condition with H20>

Another goal of this study was to investigate how oxide film of CoCrMo behaves under
simulated inflammatory conditions when H20: is present. Previous study showed that OCP
shifts positively up to around 0.65 V when Fenton reaction is present [104]. Thus, potential
range from OCP to 0.65 V was chosen in ECAFM study when 30 mM H;02 was present. No
significant increase of surface topography was shown when potential increased from OCP to

0.3V, this was also shown by the surface roughness results (Figure 4.18). Correspondingly,

84



current density stayed at a low level due to only slight anodic voltage shifts from OCP at 0.3 V.
When voltage increased to 0.65 V, dissolution and corrosion attack on the surface was
noticeable and current density significantly increased to 103 A/cm? level. Corrosion attack
adjacent to carbide boundaries were observed and grain boundaries became pronounced
(Figure 4.18) during the corrosion process. Compared with the current density in PBS solution
(10* A/cm? level), the current density in solution with H202is significantly higher. This is in
agreement with the result of previous work which showed that H,02 increased the current
density at anodic polarization potentials. Interestingly, ECAFM images in PBS solution with 30
mM H20; (Figure 4.18 ¢ & d) exhibit different topography surface changes compared to those
in PBS only case. Alloy matrix were corroded away and the carbides protruded, which was
opposite to the surface evolution observed in PBS only case (Figure 4.6) where new oxide film
increasedin thickness and gradually covered the carbides. Likewise, surface roughness in H202
cases increased from 1 to 4 nm only at the transpassive potential region, and was a
significantly lowerincrease compared to thatin the PBS only case. However, it should be noted
that more significant variation in surface roughness was shown in PBS solution with H20> than
that in PBS only solution at OCP condition. Thus, it is reasonable to speculate that addition of
H202 alters the oxide film on CoCrMo alloy and significantly affects its anodic dissolution
behavior. It has been shown that stability of passive oxide film on CoCrMo alloywas decreased
due the presence of H20; and cathodic reaction as well as coefficient of friction during fretting
corrosion were significantly altered [104]. Future study of surface oxide structure and
chemistry (e.g., using x-ray photoelectron spectroscopy) to look at how reactive oxygen
species such as H20; affects the oxide film chemistry and composition are being planned.
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Reactive inflammatory species released by inflammatory cells such as H202, HCIO,
possess high oxidative potential and are thought to be involved in the cell induced corrosion
mechanism on CoCrMo alloy [66, 69]. With the presence of metal ions such as
Fe?* Fe3*,Cr3*,Cré*,Co?*, a series of Fenton-like reactions occur and other highly reactive radical
species like OH-, HO2- are generated, further increasing the corrosion susceptibility of CoCrMo
alloy [68]. On the other side, the presence of highly oxidative species increases the possibility
of metal dissolution from CoCrMo alloy and the presence of Cr®* ions is thermodynamically
favorable under simulated inflammatory conditions [66, 92]. Elevated levels of Co ions and Cr
ions in patients with metal-on-metal implants have been reported [14]. Inflammatory
conditions have been shown to significantly decrease the corrosion resistance of CpTi and
Ti6Al4V under cathodic inflammatory conditions [64]. With the presence of both protein and
H20., the rate of metal release was far higher than it was in the presence of either specie
alone and H202 increased both the rates of the anodic and cathodic reactions of Ti6Al4V alloy
[139]. With the increase of inflammation level in human synovial fluids, the corrosion behavior
of CoCrMo alloy may be significantly altered [70]. In-vitro studies have also shown that
activated inflammatory cells are able to directly corrode stainless steel and titanium [57, 58].
Recent retrieval study has reported in-vivo inflammatory cell-induced corrosion of titanium
alloy implant surfaces [96]. In this study, H202 has been shown to alter/increase the corrosion
susceptibility of CoCrMo alloy under simulated inflammatory conditions. However, the levels
of H202 concentration and at what rate it is released by inflammatory cells in vivo is not known

and needs to be further explored.
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Time-dependent behavior

Itis interesting to note that the surface morphology variation with time was in agreement
with the time-dependent current density behavior under controlled voltage conditions. For
example, Figure 4.6 (e-j) illustrate transient changes of surface morphology of CoCrMo alloy
at0.65 Vfor 0.5 h. After about 15 minutes, the previous oxide film dissolved and formation of
new oxide layer was clearly observed and gradually covered the surface in about 10 minutes.
However, as shown by the ECAFM images, this new oxide film was not as dense as the former
one and thus it is reasonable to speculate that corrosion resistance was decreased due to the
formation of a less protective oxide film. Likewise, the time-dependent current profile (Figure
4.8) is in good agreement with surface morphology evolution at different time periods.
Current density increased at first, corresponding to the breakdown of the former oxide film,
and then decreased due to the formation of a new oxide layer. However, the current density
was still at a significantly higher level than it was at lower potential, indicating that this less

dense oxide layer was not as protective as the former one.

These observations are similar to the results of previous polarization and XPS study on
CoCrMo alloy by Hodgson et al. [123]. They found strong oxidative dissolution of Cr-oxide film
and increase of metal ion release at this voltage region. Meanwhile, their XPS results revealed
the existence of a newly formed oxide-film which was thicker and was different incomposition
from the previous one while it was not highly protective. Thus, it is reasonable to speculate
that significant changes in chemistry and structure yielded a less-protective oxide film. A

previous EIS study [132] also showed similar results where a decrease of corrosion resistance
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and increase of capacitance occurs in the transpassive voltage region. Again, it is interesting
to notice that the increase of thickness of the oxide layer was also directly shown by the
ECAFM images in this study. Results from this study further demonstrate that susceptibility to
corrosion of CoCrMo alloy is affected by a combined effect of oxide thickness, chemistry and
structure. Interfering only from variation of one factor is not enough to determine how the

corrosion behavior of the oxide changes.

Preferential sites on dissolution of CoCrMo alloy

Significant depletion of materials at the boundary between carbides and alloy matrix are
shown in Figure 4.9 (a-d) and Figure 4.10 (e-1) and demonstrate that the carbide boundaries
are the preferential sites for anodic dissolution and corrosion attack of CoCrMo alloy. This may
be due to the chromium leeching of alloy matrix near the carbide/alloy boundary during
carbide formation. Bettini et al. [138] studied the influence of metal carbides on dissolution
behavior of CoCrMo alloy and found that the matrix areas adjacent to large carbides exhibit
lower nobility compared to the matrix. The carbides, therefore, become preferential sites for
metal dissolution. During the initiation of localized corrosion and dissolution, the boundary
regions behave as an anode while the carbides act as cathodes. Another interesting finding
from in this study is the dissolution and morphology change on the carbides during anodic
dissolution at high potentials in some cases (Figure 4.10). This phenomenon hasn’t been
reported before and indicates the heterogeneity of chemistry exists on carbides. Another
noticeable site for anodic dissolution of CoCrMo alloy is the grain boundary. As itis shown in

Figure 4.10, as potential increases to 0.5 V, grain boundaries became slightly apparent. When
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the potential was further increased to 0.75 V, dissolution at the grain boundaries were clearly
observed. Itis also interesting to note that small carbides exists at some grain boundaries and
further contribute to the corrosion attack at these sites. Preferential dissolution at grain
boundaries may be attributable to the grain boundary Cr depletion, heterogeneous
microstructure and Cr distribution along grain boundary, all of which affect local dissolution

of CoCrMo alloy [137].

4.5 Conclusion
This study is the first to directly image surface oxide variations during electrochemical
testing under simulated inflammatory conditions. Physiologically possible anodic potentials
were applied in different solution conditions with or without the presence of H20. Analysis
of ECAFM images, surface roughness and potentiostatic polarization information exhibited a
correlated relationship between surface morphology and electrochemical behavior of
CoCrMo alloy. The following conclusions were reached:
* Surface topography shows variation with immersion time both in PBS solution and PBS
solution with H202 at OCP condition. Increase of surface roughness with time indicates
interactions between oxide film and solution. More significant increase in surface

roughness is shown in PBS solution with H202 compared to PBS only.

* ECAFM images reveal significant surface dissolution and corrosion of oxide on CoCrMo
alloy occurs at around 0.5V and are directly related to increased current density at the

same potential.

* New oxide formation is observed at the transpssive potential region in PBS solution.
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However, it is not highly corrosion protective as the passive oxide film at OCP condition.

Surface morphology variation, surface roughness and current density exhibit strong time-

dependent behavior.

Carbide boundaries and grain boundaries are preferential sites for oxide dissolution at

transpssive potential regions.

ECAFM images show presence of H202 in PBS solution alters oxide film behavior.
Significantly higher current density, positive shifts of OCP and less increase in surface

roughness are observed. The results indicate different corrosion reactions occur at Sl

conditions.
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Figure 4.1 Schematic illustration of (a) underside of electrochemical fluid cell and (b) side view

of ECAFM system design; fluid cell in this view is vertically flipped view from (a).
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(a) 0 minute (b) 30 minutes

(c) 1h (d) 1.5h
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(e) 2h (f) 2.5h

g (Friction image (1.5h)) h (Friction image (2.5h))

Figure 4.2 AFM deflection images (a-f) and friction images (g&h) for a CoCrMo alloy in PBS
solution at different immersion time (8*8 um). Note, the arrows in g and f show chemistry

variation between carbide and carbide boundary.
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(a) In air( 0 minute) b) 20 minutes
(c) 40 minutes (d) 2 hours

Figure 4.3. AFM deflection images for a CoCrMo alloy in PBS solution at different immersion
time (8*8 um). The arrow and circle show the areas where oxide films become rougher and

more scratches show up.
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Figure 4.4 Surface roughness of CoCrMo alloy in PBS solution as a function of immersion time

(8*8 um).
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Figure 4.5 Relative Ra ratio of CoCrMo alloy at different immersion time.
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(a) OCP (b) 0.1V (15 minutes)
(c) 0.3V(40 minutes) d) 0.5V (40 minutes)
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(e) 0.65V 0 minute

(g) 0.65V 10 minutes h) 0.65V 15 minutes
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(i) 0.65V 20 minutes (j) 0.65V 25 minutes

Figure 4.6(a-j) AFM contact mode deflection images of CoCrMo alloy in PBS solution at
different voltages (8*8um). Note, arrows in (a-d) show oxide domes appeared on the surface
as voltage increases from 0.1 to 0.5V. At 0.65 V (e-j), oxide films kept on dissolving and

reforming and significant morphology changes were observed.
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Figure 4.7 Time-dependent surface roughness of CoCrMo alloy at anodic voltages.
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Figure 4.8 Time-dependent current at different voltages in PBS solution. Current density
increases up to 3 orders of magnitude as the voltage increased to 0.65 V.
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(a) 0.5 V (5 minutes) (b) 0.5V (10 minutes)

(c) 0.5V (0.5h) (d) 0.65V (0.5 h)

Figure 4.9 ECAFM contact mode deflection images of CoCrMo alloy at transpassive voltages in

PBS solution (5*5um)
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(a) OCP

(c)0.3Vv (d) 0.3V 15 minutes
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(g) 0.65 0 minute (h) 0.65 5 minutes
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(k) 0.75V 10 minutes (1) 0.75V 40 minutes

Figure 4.10 ECAFM contact mode deflection images of CoCrMo alloy at different voltages in
PBS solution (8*8um). Not, grain boundary depletion of base alloy element was observed (f

and I). Dissolution on carbide boundary (j) and carbides (h) were shown.
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Figure 4.11 Current profiles at different voltages during ECAFM experiments in PBS solution.

Significantincrease of current density at voltage above 0.5V were shown.
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Figure 4.12 Surface roughness of CoCrMo alloy at different potentials in PBS solution. Increase

of surface roughness at transpassive voltages (0.65V and 0.75 V) were shown.
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(a)Oh (b) 0.5h

(c)1h (d)2h

Figure 4.13 AFM deflection images for a CoCrMo alloy in PBS+30 mM H20zsolution at different
immersion time (8*8 um). Surface roughness is shown in Figure 7. Note. Stretched images are

due to sticking of O-ring.
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(@)0h (b) 0.5h

(c)1.5h (d) 2h

Figure 4.14 AFM deflection images for a CoCrMo alloy in PBS+30mM H20; solution at different
immersion time (8*8 um). Surface roughness is shown in Figure 7 (trial 3). Arrows and circles

show evolution of a carbide.
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Figure 4.15. Surface roughness of CoCrMo alloyin PBS+30 mM H20:> solution as afunction of

immersion time (8*8 um).
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Figure 4.16. Surface roughness ration at different time in simulation inflammatory solution

with H20,.
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Figure 4.17 OCP of CoCrMo alloy in PBS solution with 30 mM H20..
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(a)OCP ‘ (b) 0.3V

(c) 0.65V (0 minute) (d) 0.65V (30 minutes)
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(e) 0.65V (40 minutes) (f) 0.65V (1h)

(g) 0.65V (2h)

Figure 4.18 ECAFM contact mode deflection images of CoCrMo alloy at different voltages in
PBS solution with 30mM H20,.(8*8um). Revolution oxide film dissolution and new oxide

formation were observed (c-g) at 0.65 V.
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Figure 4.19 Surface roughness of CoCrMo alloy at different voltages in H202 modified PBS

solution. Increase of oxide surface roughness were observed as voltage increased to 0.65 V.
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Figure 4.20 Current profiles at different voltages during ECAFM experiment in PBS solution
with 30mM H20,. Current density increased up to 3 orders of magnitude when the voltage

was increased from 0.3V to 0.65 V.
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Chapter 5 The effect of simulated inflammatory conditions on

fretting corrosion of CoCrMo alloy surfaces

5.1 Introduction

CoCrMo alloy has been widely used in orthopedic, dental, spinal and cardiovascular
devices due to its excellent mechanical properties, corrosion resistance and biocompatibility
[4, 5]. CoCrMo alloy owes its high corrosion resistance to the presence of a spontaneously-
formed thin passive oxide film on the surface under normal conditions [75, 140, 141]. This
passive film is usually only a few nanometers thick and is able to isolate the reactive base
metal from the surrounding solution in vivo and becomes a kinetic barrier to active metal
dissolution reactions [128, 142]. However, the oxide film losses its protection to corrosion if
there is abrasion or other oxide disruption process on the surface of CoCrMo alloy. Once the
oxide filmis abraded due to fretting or other mechanical disruption, the corrosion rate of base
metal significantly increases during repassivation. Moreover, corrosion debris and metal ions
are generated and are thought to be associated with adverse local tissue relations [18, 88],
adverse reaction to metal debris [15, 16] and pseudotumors [14, 143]. Recently, high early
failure rate of hip implants has been directly linked to fretting corrosion of modular taper
interfaces. Unfortunately, CoCrMo alloy has been involved in many cases [35, 104, 144].
Therefore, the passive oxide film plays a significant role in determining the fretting corrosion

susceptibility of CoCrMo alloy.

Although oxide films contribute to the corrosion resistance of CoCrMo alloy under
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normal non-fretting conditions, they are not inert. The morphology, thickness and chemistry
of oxides change in solution and depend on the surface potential and solution chemistry.
Previous studies have shown that the oxide only forms at voltage higher than -500mV (vs
Ag/AgCl) in PBS [5, 81]. The thickness increases almost linearly with potential from 2.2 nm at
-0.35V (vs Ag/AgCl) to 3.1nm at 0.25V (vs Ag/AgCl) [75]. At lower potentials, the passive oxide
is mainly Cr20s3. As the potential shifts into the transpassive region, strong thickening and loss
of compactness of the oxide, as well as significant change in the composition of oxide film,
take place. The oxide film thickness increases to around 9 nm at 0.75 V (vs Ag/AgCl) with Co-
oxide and Mo-oxide entering into the outside layer [145]. Chromium oxide begins to dissolve
in the transpassive voltage region and Cr (VI) appears in the oxide film at voltages higher than
0.5 V (vs. Ag/AgCl) [123]. These significant voltage-dependent surface changes will alter the
corrosion resistance, semiconductor behavior, tribology performance and biocompatibility of
CoCrMo alloy. Open circuit potential of CoCrMo alloy stays at -0.3 V to 0.1 V in PBS solution
under normal conditions. Fretting corrosion or surface disruption increases oxidation
reactions and releases electrons to the metal surface which shifts OCP to more native values.
Cathodic excursion of OCP is a common phenomenon for metallic biomaterials under fretting
corrosion conditions and depends on surface area, normal load, fretting frequency as well as
materials combination. For CoCrMo alloy, the potential shifts as much as -0.8 V at high-speed

scratch conditions in PBS [81, 85].

The dynamic oxide film interacts with the complex biological system and therefore the

solution chemistry plays a critical role in the oxide film behavior [146] and fretting corrosion
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behavior of CoCrMo [10, 82]. Under fretting crevice corrosion conditions, oxygen depletion

occurs and pH decreases [8] which affect the corrosion behavior of CoCrMo alloy.

Recently, inflammatory cell-induce corrosion (ICIC) on CoCrMo alloy has been
investigated by Gilbert et al. [66]. They found apparent cell-induced corrosion patterns on
retrieved implants. Phagocytic cells associated with inflammation release a variety of reactive
oxygen-based oxidizing species, so-called ROS, as part of their response to infection, foreign
bodies and other inflammation-inducing conditions. ROS released by inflammatory cells
include H20;, HCIO, and hydroxyl radicals amongst others. Some ROS species can engagein
Fenton reactions which combine transition metal ions with hydrogen peroxide to generate
significant amounts of radical species. These chemical species are hypothesized to have
significant effects on the corrosion behavior of titanium and CoCrMo alloysurfaces. Metal ions
and chemical species thought to be involved in the corrosion mechanism Include H20; and
Fenton reagent (Fe?*, Fe3*, H202). Inflammatory cell-based solution chemistry changes
significantly alter the corrosion susceptibility of CoCrMo alloy and surface oxide impedance
[66]. For example, OCP shifts positively to 0.6 V in Fenton reagents modified PBS solution with
a significantincrease in corrosion current and decrease of impedance [104]. Large increases
of OCP lead to dramatic changes of oxide film and may affect both the corrosion and fretting
corrosion behavior of CoCrMo alloy in vivo. Laura et al., have investigated the clinical
relevance of ICl corrosion on 100 CoCr alloy hip implants, they found 59% of the implants

show evidence of ICl corrosion [69].

In ICIC, inflammatory cells are hypothesized to directly corrode CoCrMo alloy with or
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without fretting. However, the ICIC mechanism is poorly understood and how the
inflammatory cell-released chemical species affect fretting corrosion behavior of CoCrMo
alloy have not been studied. Therefore, the goal of this study is to investigate the effect of
simulated inflammatory conditions on fretting corrosion behavior of CoCrMo alloy. Corrosion
experiments were conducted to understand how pH and Fenton reagent (H202 & iron ions)

affect the static corrosion behavior and fretting corrosion behavior of CoCrMo alloy.

5.2 Materials and Methods

The materials used in the experiments were CoCrMo (ASTM F-1537) alloy pins and disks.
This pin was cone-shaped and with a flat bottom which had a nominal contact area of about
2 mm?. The true contact area depends on normal load and material hardness. A larger circular
geometry disk was mounted into the fretting corrosion cell. Details about the pin-on-disk
fretting corrosion system are introduced elsewhere [81]. In the fretting corrosion system,
fretting motion was controlled by a high load piezoelectric actuator (Piezosystems Jena,
Germany). The electrochemical chamber where the disk was mounted was fixed to an X-Y
linear stage (Newport) and connected to the piezoelectric actuator. Linear Z-stage with
micrometer screw to adjust the loading arm was designed to achieve the vertical loading
control. A multiaxial load cell (MINI 45 F/T, ATI Industrial automation) was mounted under the
loading arm and to which the pin sample was attached. A high resolution (1 um) contact DVRT

(Microstrain) was used to obtain relative displacement on the pin-on-disk interface.

Pins and disks were prepared through sequential wet sanding to a 600 grit finish, cleaned
with ethanol and distilled water. The exposed disk area was circular and fixed at 0.25 cm? and
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controlled by covering the remaining disk area with an acrylic coating material. The pin and
disk samples were rigidly mounted in the fretting corrosion system and electrically short
circuited to each other to allow for electrochemical measurements from both surfaces.
Electrochemical tests were conducted by using a three electrode system where the pin-disk
couple was the working electrode, Ag/AgCl reference electrode and carbon counter electrode
were used. All electrochemical measurements were obtained through a potentiostat
(Solartron 1280C, Solartron Analytical). Mechanical and electrochemical information was
obtained using a National Instruments™ data acquisition card (NI PCI-6229), Labview™

program tool and CorrWare™ software.

Three solutions were used to simulate the inflammatory conditions: 1. PBS (phosphate
buffered saline) (Sigma, P3813, 0.135 M NacCl, 0.0027 M KCI, 0.01 M Na;HPO4 and 0.002 M
KH2PO4) solution ; 2. PBS (pH 3) solution. pH 3 solution was made by adding hydrochloric acid
in PBS with the measurement of a pH meter (Hanna, HI208); 3. PBS with Fenton reagent (0.1
mM FeClz and 10 mM H20;). Fenton reagent solution was made by mixing 0.1 mM ferric

chloride (FeCls) into PBS firstand 30 mM H202 was then added before the measuring of OCP.

Varied potential tests

Fixed normal load (6 N), fretting frequency (1.25 Hz) and fretting displacement (50
um) were controlled by the system and applied in this experiment. The potential of the
working electrode was varied from -800 mV vs Ag/AgCl to 600 mV vs Ag/AgCl with an
increment of +200 mV between each voltage. Potentiostatic tests were conducted at each

voltage for 15 minutes to equilibrate the sample surface before initiating the fretting and the
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current was recorded. Fretting was performed for 150 s at each voltage and the DVRT was
connected to capture the displacement information during fretting while load, force and
current data was continually collected. After the fretting was stopped, current was continually
captured for 5 minutes at each voltage before the next fretting test at higher potential was

conducted. At least three samples were tested in each solution.

Longer-term tests

Longer-term fretting tests were conducted sequentially in PBS with H20>, PBS solution
with HCl and H;02, PBS solution at 600 mV, and PBS solution with H20; at 600 mV. Fretting
was performed for 12 hin PBS with H202 solution and for 1 h in the other three solutions. This
potential was selected because it is the OCP of CoCrMo when exposed to simulated

inflammatory solution conditions

Post-test analysis

Damage of fretting interface was investigated using Scanning Electron Microscope (SEM,
JEOL 5600). Fretting areas on pin and disk were measured by digital optical microscope (Hirox

8700).

Data analysis

Fretting current was determined by calculating the difference between the current
captured during fretting and the baseline current before fretting. Fretting current density was
the calculated by averaging the fretting current and dividing by the fretting area (pin fretting

area + disk fretting area) obtained from quantitative measurements using the digital optical
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microscope. The baseline current density was determined by dividing the baseline current at
each voltage by the total exposed area (pin exposed area + disk exposed area). Fretting COF

was calculated by averaging the ratio of tangential force to the normal force.

Statistical analysis

Analysis of variance (ANOVA) and post hoc comparisons (Tukey’s method) were used. A
two-way ANOVA statistic was applied to assess the effects of potential and solution on the
fretting current density, fretting COF and the work done per fretting cycle at the interface. A

p-level of 0.05 was considered significant in all statistical analyses.

5.3 Results

Figure 5.1 shows plots of voltage evolution with time of CoCrMo surfaces caused by hand
abrasion using emery paper to assess the maximum possible negative potential drop under
fast-abrading conditions in different simulated inflammatory solutions. In both PBS and HCl
solution (pH 3), surface abrasion caused voltage drops to as negative as -0.8 V (vs. Ag/AgCl)
although the starting OCP in acidic solution (pH 3) was more positive. In PBS solutions with 30
mM H203, OCP shifts negatively from 0.3V (vs. Ag/AgCl) to -0.5 V (vs. Ag /AgCl) due to surface
abrasion. In solutions with Fenton’s reagent, voltage dropped from 0.5 V (vs. Ag/AgCl) to
around -0.2 V (vs. Ag/AgCl) after mechanical abrasion started and did not recover significantly

after ceasing abrasion.

Representative raw current density data including baseline current density, fretting

current density in a group of fretting corrosion tests for CoCrMo/CoCrMo couple in PBS
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solution is shown in Figure 5.2. All currents were recorded under potentiostatic conditions.
Static current density variation was recorded before the start of fretting motion at 900 s. The
influence of fretting on current can be clearly identified from the sudden deviation of current
from the stable baseline current when fretting motion was initiated. The recovery current was
recorded and was used to determine if there was self-sustaining corrosion present after
fretting for 200s. It is clear that both the baseline current and fretting current vary due to the
change of potential. Current density jumped to a larger anodic value once the fretting was
started and became stable (with mean and oscillatory currents corresponding to the motion)
during fretting. The detailed relationship between cyclic motion and currents can be seen in
Figure 5.2 insert. Current recovered fast after the cessation of fretting and no significant
difference was observed between the baseline current and recovery current in all tested

conditions.

A summary of the potential versus log current density for both baseline and fretting
current densities in different simulated inflammatory solutions including acid or Fenton
reagent (see Figure 5.3) shows significant effects of solution on both. It should be noted that
different areas were used in calculating fretting current density and baseline current density.
For fretting current density, fretted area measured by digital optical microscope after fretting
corrosion tests was used while total exposed area was used in determining baseline current
density. Baseline current density varies with potential and solution. In PBS and pH 3 solutions,
baseline current exhibits similar behavior in terms of general trends. However, current density

in pH 3 solution is higher than that in PBS solution at negative voltages, while the opposite
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outcome was observed at positive potential range. As potential changes from 0.4 Vto 0.6 V,
current density increases from 10 uA/cm? to 27 uA/cm? in PBS solution, while no significant
change was shown in pH 3 solution. In Fenton reagent solution, baseline current was in the
scale of mA/cm? at negative potential range and was at least 10 times larger than it was in PBS
and pH 3 solutions. It is also interesting to note that the lowest current density in Fenton
reagent solution occurred at 0.4 V, a much higher value than those were in PBS sol ution (-0.6
V) and pH 3 solution (-0.4 V). Compared with baseline current, fretting current density level
was significantly higher in PBS and acidic solutions, it increases by at least 2 orders of
magnitude at potential higher than -0.4 V. In Fenton reagent solution, significant rise of

current density due to fretting conditions was observed at voltages higher than 0 V.

Figure 5.4 presents the Log current density plot versus potential for different solutions.
There were statistically significant effects of both potential and solution on the fretting
corrents (P < 0.05) based on the 2-way ANOVA. At potentials negative to -0.4 V, no current
due to fretting was observed in all solutions. In PBS solution and acid solution, fretting current

began to occur at -0.4 V with a value of 125 uA/cm2 and 100 uA/cm? respectively.

Fretting current density then rises with potential in a linear fashion with a slope of 4.6
mA/V cm? in PBS solution and 2.9 mA/V cm? in pH3 solution. Fretting current in PBS solution
was the highest among all solutions at all voltages with the highest value of 4.5 mA/cm? at 0.6
V, while it reached the highest in pH 3 solutions at 0.6 V with a value of 3 mA/cm?. Fretting
current density exhibits different behavior in Fenton reagent solution and shows the lowest

value among all solutions at all potentials. No fretting current was observed at negative
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voltage potentials from -1 V to -0.2 V in Fenton reagent solution. Fretting current began to
appear at 0 V with a value of 0.6 mA/cm? and exhibits an linear relationship with potential,
reaching at the highest value (1.5 mA/cm?) at 0.6 V. Trend line of the linear region was
extrpolated to the potenital axis to determine the onset potential (Eonset) for fretting
corrosion in different solutions. The Eonset in Fenton reagent solution is somewhere between -

0.2 Vand 0V, a higher value than -0.37 V for PBS solution and -0.41 V for pH 3 solution.

Fretting COF varied significantly (P < 0.05) with solution and potential (Figure 5.5). In PBS
and pH 3 solution, fretting COF is in the range from 0.28 to 0.42. Fretting COF exhibits
statisticallysignificantly higher values (P < 0.05) from -0.4 Vt0 0.2 V in PBS solutions compared
to that in pH 3 condition. The highest fretting COF in PBS solution is 0.42 at -0.4 V, while
fretting COF in pH 3 solution doesn’t show significant variations with potential (P > 0.05).
Fretting COF in PBS solution increases from 0.32 at -0.8 V to 0.4 at-0.4 V and then decreases
to 0.28 with increased potential. Fretting COF shows large variations (0.25-0.5) with potential
in Fenton reagent. It shows the highest value of 0.5 at -0.6 V and -0.4V, decreases t0 0.45 at -
0.2 V. A large drop of fretting COF to 0.25 occurred at 0 V, after which it increases with a linear
fashionto 0.32 at 0.6 V. Fretting COF in Fenton reagent exhibits statistically significantly higher

values at potentials from -0.6 V to -0.2 V compared to PBS and acidic solutions.

Representative tangential force at the fretting interface versus displacement at different
potentials in different simulated inflammatory solutions (Figure 5.6) show the changes in

fretting sliding mechanics with solution and voltage. PBS solution (Figure 5.6A) and pH 3

solution (Figure 5.6B) exhibit similar effective displacement (about 45 um). However, the
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hysteresis loop in PBS solution shows more variation (greater variability in force) at different
potentials. At -0.4 V, the tangential force is the highest among all potentials in PBS solutions.
Significant variations of hysteresis loop at different potentials are also shown in Fenton

reagent (Figure 5.6C).

In Fenton reagent at very negative potentials (-0.4 V and -0.6 V), tangential force is larger
than 3 N, a much higher value than is seenin the other conditions evaluated. At more positive
potentials, tangential force becomes smaller and effective displacement significantly

increases.

Work done during a single cycle of fretting is estimated by calculating the area of the
hysteresis loop in the tangential force-displacement plot and is shown in Figure 5.7. In PBS
and pH 3 solutions, the work done per cycle of fretting shows similar statistically significant
potential variations. In Fenton reagent, work done per cycle exhibits a significant decrease
with the increase of potentials from -0.6 V to 0.2 V and then plateaus. Compared with work
done in PBS and pH 3 solutions, significantly lower mechanical energy dissipated at the

interface is shown in Fenton reagent solution at potentials from -0.4 V to 0.6 V.

OCP and current information from the longer-term fretting corrosion test (Figure 5.8 (a-
d)) show a decrease from 0.35 V to 0.2 V due to fretting in PBS solution with H20> and acidic
PBS solution with H,0> (Figure 5.8a and 5.8b). Fretting current density was as high as 1073
A/cm? (Figure 5.8c and 5.8d), which was more than 100 times higher than the baseline current,
showing that fretting of the surface led to faster corrosion of CoCrMo alloy. After fretting in

different simulated inflammatory conditions for 15 hours, the current density was 3*10"
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3A/cm?. The current density was at the same level compared with that of short-term fretting

corrosion tests at 600 mV in simulated inflammatory conditions.

Figure 5.9 (a-c) shows the representative SEM micrographs of CoCrMo surfaces after
fretting tests under potentiostatic conditions from -0.8 V up to 0.6 V. Corrosion damage in PBS
solution and Fenton reagent solution is more pronounced than that in acidic solution. Pitting
corrosion is observed on the surface after fretting in PBS and Fenton reagent solution.
However, no pitting is shown in the acidic solution samples. After long-term fretting corrosion
in simulated inflammatory conditions, fretting corrosion surface damage (Figure 5.9e and 5.9f)
becomes more severe. Surface dissolution and slip bands are observed and pits are shown in

crevice geometry area (Figure 5.9¢).

5.4 Discussion

The goals of this paper were to assess the effects of simulated inflammatory solutions on
the fretting corrosion of CoCrMo alloys. Simulated inflammatory solutions consisted of
phosphate buffered saline solutions (PBS) with additions of hydrogen peroxide, acid, or a
combination of hydrogen peroxide and iron ions to simulate a Fenton reaction condition.
These chemistries are generated during respiratory burst processes associated with immune
and inflammatory responses. While the exactlevels of these chemistries in vivo are not known,
all literature suggests that the range of concentrations investigated is possible at leastin local
cellular regions [4, 72, 91]. Each solution significantly altered the fretting corrosion
performance of CoCrMo when fretted againstitself. The electrochemical behavior, the fretting

contact mechanics as described by the fretting coefficient of friction and the work per cycle
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of fretting, were both affected by solution and potential.

Effect of acid and potential on CoCrMo electrochemistry and fretting corrosion

Previous studies have shown that potential of the surface alone greatly influence the
morphology [77], thickness [145] and chemistry of CoCrMo oxide films in simulated biological
solutions [123]. This study shows that fretting current density, baseline current density, as well
as passivation effect were potential-dependent under simulated inflammatory conditions,
however, they were also pH dependent. Addition of acid (pH 3) significantly decreased the
fretting corrosion current density and indicates that CoCrMo alloy is more fretting corrosion
resistantin acidic solution than it is in PBS solution. Oxide formation potential, inferred from
the voltage where fretting current starts to appear, was at the same level (around -0.4 V) in
acidand PBS solution. This indicates that no protective or little oxide filmis formed ator below
-0.6 V (vs Ag/Cl) and the surface is under active-passive transition from -0.6 V to -0.4 V. At
sufficiently cathodic potential (below -0.6 V), increased cathodic behavior was observed in

more acidic solution, showing that acid facilitates cathodic reactions.

Static corrosion behavior based on the baseline current results in this study (Figure 5.3)
is generally similar to typical anodic polarization results. It should be noticed that acidic
solution shows stronger passivation effect on CoCrMo surface compared to PBS solution. In
the normal transpassive region, baseline current density increases significantly with potential
in PBS solution while a drop in current density is observed in acidic solution, showing that
passivation still exists at 0.6V in acid solution. However, it should also be mentioned that

baseline current density in pH 3 solution is larger than that in PBS solution in the normal OCP
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(-0.3V-0V) range, indicating that acidis still more corrosive to CoCrMo surface than PBS under
normal static condition. From the SEM micrographs (Figure 5.9), PBS solution and Fenton
reagent solution show more severe fretting corrosion damage on the surface than the acid
solution, where no pitting was observed. This might be caused by the passivation effect of

acid on the oxide film at positive voltage range.

Effect of Fenton reagents and potential on CoCrMo electrochemistry and fretting corrosion

Significant amounts of iron may be present in biological proteins (e.g. ferritins) or
sequestered in synovial tissues. It may also be present in solid solution in the CoCrMo alloy as
was reported in previous retrieval studies [66, 69]. Hydrogen peroxide is a major ROSin living
organisms and is known to be released by activated inflammatory cells toattack some biologic
targets. Therefore, the presence of Fenton reagent is possible and highly oxidative s pecies

such as hydroxyl radical and superoxide can be produced via a variety of Fenton reactions [68]:

Fe?*+H20,----Fe3*+ OH+OH" Fe3*+H20,----Fe2*+ HO2 +H*

Theses reactive oxygen species increase the oxidizing power of the solution and makes
the oxide film more defective [104]. The addition of Fenton reagents significantly alters
baseline current behavior and increases corrosion susceptibility of CoCrMo alloy. Baseline
current density increased up to 3 orders of magnitude compared with that in PBS solution.
The cathodic reactions were largely increased and become dominant at a wider range
potentials (below 0.4 V vs Ag/AgCl) (Figure 5.3). Two linear parts with different slopes are
observed in the cathodic range (Figure 5.3) of the polarization plot. One is from -0.6 Vto 0V,
where current density decreases slightly with increasing potential; the other is from0 V to 0.4
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V with a higher rate of current density drop as potential increases, The former part shows a
diffusion-controlled reaction mechanism at negative potentials while the latter part indicates
strong passivation occurs from 0 V to 0.4 V in Fenton Reagent solution and is related to the

linear increase of oxide film thickness with increase in voltage [85].

Fretting current begins to appear at -0.2 V in Fenton reagent solution, while it starts to
occur at round -0.4 V in the other two solutions. This indicates that oxide film becomes less
stable in Fenton reagent solution compared to it is in other conditions. Interestingly, based on
baseline current plot in Fenton reagent solution, 0 V is where significant drop of cathodic
current starts as potential increases. It could be inferred that the protective oxide film starts
to form at potential from -0.2 V to 0 V in Fenton reagent solution. Fretting current density
shows the highest value in PBS solution and is the lowest in Fenton reagent solution. This also
supports the idea that oxide film on CoCrMo in PBS solution is the most protective to corrosion

among these solutions while it becomes more defective in solution with Fenton reagent.

Fretting contact mechanics

Fretting COF was influenced by both solution chemistry and potential. Results of this
study on the Fretting COF of CoCrMo alloy in PBS shows agreement with previous study by
Swaminathan et al [81]. Potential chemically and structurally affects the oxide film and
influences fretting COF behavior. In acidic solution, fretting COF was lower than that in PBS
solution, indicating that acid might alter the oxide film chemistry, thickness and structure. In
Fenton reagent, solution chemistry dramatically alters oxide film behavior and fretting COF

significantly drops from 0.5 at -0.4 V to 0.25 at 0 V where protective oxide film starts to form.
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Interestingly, once the oxide film was formed, the fretting COF increases with potential in
Fenton reagent solution. This potential-dependent behavior is different from that in acid and
PBS solution, showing that potential-dependent friction behavior is significantly altered by
Fenton reagent. The reason why fretting COF reaches as high as 0.5 at very negative potential
in Fenton reagent solution is probably due to that different oxide layeris formed. It may also
be caused by the formation of H2 and O2 from the H20: reactions, which impedes the fretting

motion.

Addition of Fenton reagent increases the friction force and results in the decrease of
effective displacement at negative voltage range. This could be due to the oxide film change
induced by the Fenton reagent or because that the product of Fenton reaction suchas Fe(OH)3
precipitates on the surface and affects the fretting motion on the interface. Mechanical work
done at the interface is affected by the friction motion and is both potential and solution
dependent. The energy dissipated due to mechanical motion in Fenton reagent condition is
the lowest among three solutions and this is caused by significant drop of sliding

displacements in Fenton reagent condition due to the machine compliance of the test system.
Fretting corrosion model

A fretting corrosion model developed previously [81] was used to compare the effect of
solution chemistry on the mechanical and electrochemical parameters of fretting corrosion
system. Fretting current in this study mainly consists of film formation currents while

dissolution reaction current is relative small.
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Based on the model, fretting current density increases linearly with potential when
potential is higher than the E°"s¢t and this shows good agreement with our experimental data.
This linear relationship result is also supported by previous high speed scratchtest on CoCrMo
alloy [85] and anodic oxidation study on titanium alloys [147]. Different increase rates of
fretting current density with potential were shown in different simulated inflammatory
conditions. Solution chemistry affects the anodization (m), oxide properties (p, n, Mw) and
friction motion (&, A) and therefore result in different slopes in the linear relationship. The
current density-potential slope in PBS is 4.6 mA/cm?*V, a value about twice as large as that is
in Fenton reagent solution (2.2 mA/cm?*V). This result also implies that oxide formation is

depressed in some level due to the presence of Fenton reagent.

Longer-term fretting corrosion

Compared to short term tests, long term fretting corrosion under inflammatory
conditions increases the corrosion damage of the surface (Figure 9e and 9f). Retrieval studies
show that corrosion on CoCrMo alloy in vivo causes more severe corrosion damage than that
is shown in in vitro corrosion studies [66, 96, 148]. Solution chemistry such as inflammatory
cell-released species might be an important factor that aggravates corrosion in vivo and it is
highly possible that long term fretting corrosion under this condition is able to further increase

corrosion damage of the implant.

In vivo fretting corrosion conditions

In all experiments presented in this study, different simulated inflammatory conditions
were set up to assess how the solution chemistry and inflammatory cell released chemical
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species affect the fretting corrosion behavior of CoCrMo alloy. However, these solutions do
not completely represent the complicated in-vivo conditions. Additional factors also play
significant roles in the fretting corrosion behavior of metallic biomaterials. For example,
proteins present on the surface of metallic biomaterials, interacting with other solution
chemistry and surface oxide, may affect the fretting corrosion behavior of CoCrMo alloy.
Recent study finds that Co (ll) and Cr (lll) ions released from CoCrMo alloy interact with
albumin in solution and increases friction coefficient of CoCrMo alloy [149]. Study shows that
biofilm canplay arole in forming an effective lubricating film that reduces friction [150]. Other
highly oxidative species such as HOCI, which is estimated at a concentration of 0.2 M in
neutrophils, might also be an important factorin the cell induced corrosion process and alter
the fretting corrosion behavior of CoCrMo alloy. Recent study in our group has shown HOCI
significantly increases the corrosion susceptibility of CoCrMo alloy (Chapter 3). Temperature
during inflammatory conditions at the fretting interface could be much higher than room
temperature. Contact temperature has also been reported to be high in the contact area of
an artificial hip joint [151]. Thus, the corrosion rate may be accelerated and the protein activity
may be altered as well. Crevice geometry is known to result in more severe corrosion
conditions not only including lower pH condition but also oxygen depletion [102]. The voltage
of the systemin this study is held fixed, however, in vivo potential of the surface could undergo
dramatic change depending on solution chemistry, exposed implant areas [152] and fretting
motions [81]. How fast the variation of the potential is and how this affects the stability and
properties of the oxide film is not fully understood. Previous study has shown that both
resistance and capacitance of oxide film is strongly voltage dependent and time-dependent
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[123]. Instability of oxide film could result in more severe corrosion damage on the implant.
Inflammatory levels in the synovial fluid of patients with hip implants are different [70].
Different concentrations of reactive oxygen species and different pHs are possible, which
might significantly alter the Fenton reagent and reactive oxygen species involved as well as
the surface potential. Thus, fretting corrosion behavior of the implant and the clinical

performance could vary largely among patients.

5.5 Conclusions

This study investigated the effect of solution chemistry (acid, H202 and Fenton reagent)
and potential on the fretting corrosion behavior of CoCrMo alloy under simulated
inflammatory conditions. Mechanical and electrochemical data including static current,
fretting current, normal force, fretting COF, fretting displacement were collected during the
tests and were used to evaluate how the performance of oxide film on CoCrMo alloy are
affected by solution chemistry and potential. Long-term fretting corrosion tests under
simulated inflammatory solutions were conducted to assess possible fretting corrosion
damage of CoCrMo alloy after long-term implantation. Fretting corrosion model was applied
to assess the potential-dependent fretting current behavior and oxide film properties during
fretting corrosion. The main findings are summarized below:

* Fretting corrosion behavior of CoCrMo alloy is significantly affected by both solution
chemistry and potential. Inflammatory cell based species (Fenton reagent) result in less
stable oxide film and increased oxidizing ability of solution, altering the fretting corrosion

behavior of CoCrMo alloy.
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* Fretting current increases in a linear fashion with potential above oxide formation potential
and shows great agreement with the fretting current model. Fretting current is the
largestin the PBS solution and smallestin the Fenton reagent solution, indicating less
stable oxide film formed in Fenton reagent and acid solution.

Oxide formation potential varies in different simulated inflammatory solutions. Fenton

reagent solution shows the highest oxide formation potential in all solutions and increase

in corrosion susceptibility of CoCrMo alloy was found.
Fretting COF, effective displacement and work done at the interface varies with potential
and solution chemistry. High COF in Fenton reagent solution was observed just below
the oxide formation potential and is related to the new oxide and solution chemistry.
Passivation of oxide film is the strongest in acidic solution, where baseline current was
the lowest and no pitting corrosion was found. Pitting corrosion was observed in PBS

and Fenton reagent solutions.

Long term fretting corrosion in simulated inflammatory conditions resulted in more

sever corrosion damage compared to short-term varied potential tests.
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Figure 5.1 OCP variation with time on CoCrMo surface in abrasion tests using an emery paper
in different simulated inflammatory solutions. OCP shows at leasta drop of 0.5 V due to
abrasion in all conditions. OCP during abrasion in PBS solution was the lowest (-0.8 V) while
that for solution with Fenton reagent was the highest (-0.2 V) and showed only part of
recovery after stop of abrasion. OCP during abrasion stayed at about -0.7 V for pH 3 acidic

solution and -0.45 V for PBS solution with 30 mM H20,.
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Figure 5.2. Raw current data for fretting corrosion test at different voltages in PBS solution for
CoCrMo alloy. Both baseline current and totoal current during fretting beomes more positive

with the increase of potential.
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Figure 5.4 Log current density plot versus potential and linear relationship plot in different
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rates were observed in different inflammatory conditions. Slop in PBS condition was the
largest (4.6 mA/(cm?*V) ) while that in Fenton reagent condition was the lowest (2.2
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Figure 5.5 Fretting COF variation with potential in different solutions. Similar fretting friction
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Figure 5.6 Tangential force versus displacement relationship at different potentials in PBS
solution (A), pH 3 solution (B) and Fentron reagent solution (C). Tangential force-displacement
relationship were voltage dependent and varies with solution. In Fenton reagent condition,

displacement was lower at negative voltages compared with that was in other conditions.
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Figure 5.7 Work done per cycle of fretting at the interface at varied potentials in different
solutions. Work done per cycle in Feonton reagent condition was significantly lower than that

in pH 3 and PBS conditions at voltages higher than -0.6 V.
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Figure 5.8 (a-d) OCP and current density information of long-term fretting corrosion test. The
arrows indicate start of fretting. a) OCP in PBS solution with 30 mM H202; b) OCP in PBS
solution with HCl & H202; c) Current density in PBS solution at 600 mV during fretting; d)

current density in PBS solution with 30 mM H20: during fretting. Red arrows indicate starting

of fretting.
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Figure 5.9 SEM micrographs after varied potential fretting corrosion tests (a-c) and long term
fretting corrosion test under simulated inflammatory conditions (d-f). a) PBS solution; b)
PBS+H,0; solution; c) PBS+ HCI solution; d-f) Long-term fretting test. Pitting corrosion were
observed after fretting in PBS solution and Fenton reagent solution. Both pitting and surface

dissolution were observed after long term fretting corrosion tests.
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Chapter 6 Area effect on voltage shifts during fretting corrosion of

Ti6Al4V

6.1 Introduction

Mechanically assisted corrosion of metallic biomaterials has been a serious concern in
orthopedic implants [33, 80, 102]. It can also occur in other medical devices such as dental
implant, spinal implant and cardiovascular stents where mechanical disruption on the metal
surface exists [153-156]. During mechanically assisted corrosion, wear or fretting motion on
the surface damages the protective passive oxide film and results in the accelerated corrosion
of metallic biomaterials. On the other hand, accelerated corrosion, once activated, affects the
mechanical motion by altering the surface contact condition [11]. Fretting corrosion occurs at
several locations of the hip implants such as the bearing surfaces, modular taper junctions
[157] as well as cement-stem interfaces [80, 102, 148]. Diseases such pseudotumor [14, 158,
159], adverse local tissue reactions, adverse reaction to metal debris have been associated
with fretting corrosion and cause removal or replacement of the implant. High early failure
rate and recent recalls of MoM hip implant devices by Food and Drug Administration (FDA)
have raised significant serious concerns about the safely of metallic biomaterials used in hip

devices.

While the basic mechanism of fretting crevice corrosion in modular tapers has been
studied for a long time and generally well documented [8, 80, 102, 160-164], there are still

elements of the process that remain poorly understood in terms of physics, chemistry and
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biology. Fretting crevice corrosion occurs in modular taper interfaces when small-scale relative
motion between different components happens. During the process, corrosion attack is
accelerated due to the disruption of oxide film and pH in the crevice site drops due to the
change of solution chemistry resulting from the electrochemical reactions. Meanwhile,
release of metallic ions increases and oxide debris is generated and accumulated. Thus,
fretting initiated crevice corrosion is possible. This means, under severe conditions, once

activated, accelerated corrosion can continue even the fretting motion ceases [33, 165].

The spontaneously formed oxide film layer plays a significant role in protecting metallic
biomaterials (Ti-alloy, CoCrMo allys and 316L Stainless Steel alloys) from corrosion and is
relatively stable under static conditions. However, these 1-10 nanometers thick oxide films are
actually highly dynamic once the environment changes [4, 166-169]. For example, the
thickness, chemistry and structure of oxide films are solution-chemistry dependent. Protein
on the surface and pH variation affect the properties of the oxide films. Another important
factor influencing the oxide film behavior is the surface potential [11]. Previous studies have
shown that surface oxide corrosion resistance, capacitance, composition and stability are
significantly potential dependent [83, 84]. Under normal conditions, the surface potential of
metallic biomaterials is in the range from -0.3 V to 0 V. However, during fretting corrosion
process, surface disruption and accelerated corrosion result in burst release of electrons
which negatively shifts the surface potential. Fretting corrosion on metallic biomaterials can
result in the surface potential becoming negative to -1V for Ti-alloy and -0.8 V for CoCrMo

alloy [11]. In addition, voltage shifts and recovery are time-dependent and appears to be of
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an exponential-like form. Previous study have shown negative excursion of the potential could
have numerous biological effects such as inducing cell death [86, 87]. Holding potential at
more negative than -400 mV (vs Ag/AgCl) can kill cell within 2 h. Thus, in addition to the effects
of elevated levels of metallic ions and metal debris, the reduction half-cell could also have

significant effects on the biological response during fretting corrosion process.

Cathodic trainsients in electrode potential across the metal-electrolyte interface due to
fretting corrosion is affected by oxide conditions and thus is affected by materials combination,
solution chemistry as well as fretting motion [170-172]. However, there is very little systematic
theory developed to explain this phenomenon. Papageorgiou and Mischler [173] have
proposed a model to predict negative potential shifts using Tafel equation, where effect of
cathodic reaction and exposed area for reduction on voltage drop have been involved and
studied. This approach helps to explain the magnitude of voltage drop due to fretting
corrosion, however, the time-course of potential transient and recovery process have not
been explained. Also, the conditions of the fretting motion such as normal load, fretting
frequency, etc. are not incorporated into this model. Recently, Gilbert et al. [152] have
proposed a physical-mathematical model, based on the area-dependent impedance
characteristic of the surface and the behavior of the Randle’s circuit to model the current
return path to predict the extent and time course of the potential excursion resulting from
any arbitrary tribocorrosion process. This voltage excursion model is linked to the fretting
corrosion equation previously developed by Gilbert et al. so that the effects of mechanical

variables (fretting magnitude, frequency, contact stress), and electrochemical variables
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associated with fretting corrosion are included.

Thus, the goal of this study is to present experimental assessment of the model with a
series of impedance tests and pin-on-disk fretting corrosion tests of Ti-6Al-4V/Ti-6Al-4V
couples in phosphate buffered saline (PBS). Electrochemical Impedance Spectroscopy (EIS)
tests were used to assess the corrosion resistance and capacitance characteristics of Ti-6Al-
4V alloy and the influence of electrode area on them. Comparison of electrode potential drop
and related time-dependent behaviour between experimental data and model prediction was
conducted. How the variation of electrode area affects the voltage drop during fretting

corrosion and voltage recovery after ceasing of fretting motion were investigated.

6.2 Theory

The theoretical model for voltage drop during fretting corrosion is developed by Gilbert
et al. and is briefly introduced below (details of developing this model are shown elsewhere
[152]). The basicidea in this model is that the electrochemical impedance characteristics of
the surface of an electrode undergoing tribocorrosion, along with the tribocorrosion currents
generated and subsequently returned as reduction reactions at the cathodic area, control the

overall potential transient. Several assumptions are made in developing this model:

a. The oxide film thickness increases linearly with the increase of voltage [36].

b. lonic dissolution reactions are ignored because they are small compared to the oxide

film currents.

c. The cathodic surfaceis assumed to be lumped into a single Randle’s circuit, distribution
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of current is not incorporated (Figure 6.1).
d. The solution resistance is much lower than the oxide resistance.

e. No ongoing crevice corrosion or other active corrosion process remains during the

voltage recovery process after the stop of fretting corrosion.

All tribocorrosion (Film) currents, lr, generated are returned via the Randle’s circuit by
reduction reactions which are lumped into single parameters. The parameters, R’ox, C’ox, and
R’s are extrinsic (area dependent) parameters. Based on these assumptions and a constant
abrasion rate, the electrode potential transients are expressed as

t

KR -
E=- - ~ —e T Eq. 6-1
CE %’Hﬁ R K q

AROXCOX
T, =——
trIbO A+ ROXK Eq. 6'2

E is the voltage drop away from the Open circuit potential, Ecorr. A is the exposed electrode
area for current dissipation, Rox is the intrinsic oxide resistance, Coxis the intrinsic capacitance.

Kis the tribocorrosion admittance (S) and is dependent on material and tribological conditions

K = PF Ao A5
M, A  dt

w

[8]:

Where p is the density of the oxide, n is the valence, My is the molecular weight of the oxide
film, d&/dt is the sliding speed, m is the anodization rate for the oxide film (in cm/V). The
factor A is the average inter-asperity distance in the sliding direction and Anom is the nominal

contact area. The relationship between intrinsic and extrinsic resistances, capacitances are
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assumed to be given by:

R
R' = Eq. 6-3
0oX A
Cox '= CoxA Eq. 6-4

where Rox’ is the extrinsic resistance and Cox’ is the extrinsic capacitance.

Voltage recovery from tribocorrosion

When the fretting corrosion processes are stopped, then the voltage will recover to more
positive potentials as the accumulated electrons in the metal from oxidation reactions get
dissipated across the interface in reduction reactions. This is like a discharging of the Randle’s

circuit capacitor which, for constant Rox and Cox, will have the form:

t

V-E, 7 V.8 Eq. 65
Where Vdrop is the voltage drop just before the stop of fretting corrosion and tis RoxCox. V is the
voltage at any arbitrary time t after fretting motion ceases. These demonstrate that as the
overall electrode area increases, the lumped surface resistance and capacitance fall and rise

respectively.
6.3 Materials and Methods

Materials

The materials used in the experimental section were Ti-6Al-4V pin and disk samples
(ASTM F-1472). The circular flat-bottom pin had a nominal contact diameter of between
500um and 800um, while the disk area was approximately circular and varied over a range

that depended on the experiment, between 0.8 and 6.0 cm? by covering the remaining disk
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area with an acrylic coating material. The coating was allowed to dry completely and it was
ensured that there is no porosity in the coating (to avoid solution coming in contact with metal
surface) before performing the tests. The advantage of having a small isolated test area is that
the electrochemical noise (corrosion response from outside the fretting regions) is
significantly reduced and high -fidelity current measures can be made. Surfaces were
prepared by mechanical polishing to 600 grit and 1.0 um alumina, and cleaned with ethanol
and distilled water. The average surface roughness of the pin tip (flat end) was Ra=1.2 um. The
samples were immersed in phosphate buffered saline (Sigma, P3813, 0.135 M NaCl, 0.0027 M
KCI, 0.01M Na2HPO4 and 0.002 M KH2POa4), pH 7.4, and allowed to equilibrate for 1h prior to

testing. The experiments were conducted at room temperature.

Impedance measurement of area dependence

Electrochemical impedance spectroscopy (EIS) was performed on Ti-6Al-4V disks of 3
different areas (0.8, 2.6, 6.0 cm?) in the absence of fretting. The potential of the disk was held
at-0.1V versus Ag/AgCl (to reflect approximate resting open circuit potential, Ecorr, for Ti-6Al-
4V) for 15 minutes for each test after the sample was immersed in PBS for 20min. For EIS
measurements, a small sinusoidal voltage (10 mV) was applied to the interface while varying
the frequency of input voltage from 20 kHz to 10 mHz. Solution resistance (Rs), oxide
resistance (Rox) and interfacial capacitance (Cox) were obtained by fitting the EIS spectra to
the Constant Phase Element (CPE) modified Randle’s circuit. Equivalent circuit modeling of all
impedance data was performed using a non-linear square fitting software (Zview 2.0, Scribner

Associates). Three independent tests per area were performed.
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Electrode potential measurements during pin-on-disk fretting corrosion testing

Disks and pins were mounted into the fretting corrosion test system which has been
introduced in detail before [8]. Fretting frequency, normal load and fretting displacement
magnitude were controlled by the test system. Motion was applied by a high load piezoelectric
actuator (Piezosystems Jena, Germany). An electrochemical chamber containing the disk was
fixed to a motion stage (Newport) and connected to the actuator. A linear Z-stage, where a
micrometer screw was used for adjusting the loading arm, was used for load control. The pin
was attached to a multiaxial load cell (MINI 45 F/T, ATl Industial Automation) which was
mounted under the loading arm. A high resolution (1 pm) contact DVRT (Microstrain) was
used for the fretting displacement measurement. A potentiostat (Solatron 1280C, Solartron
Analytical) was used for electrochemical measurements. National Instruments data
acquisition card (NI PCI-6229) AND LabView 9.0 graphical programming tool were used for

data acquisition.

Effect of area

To understand how the voltage drop varied with disk area, fretting corrosion tests were
performed for disks of 3 different areas (0.25, 1 and 4 cm?) for three times each. Pin-disk
couples were allowed to sitat Ecorr for at least 20 minutes before applying the contact load.
After applying a fixed normal load of 5 N, the fretting motion was initiated and a fixed nominal
displacement of 50 um was applied to the interface at a chosen fretting frequency. Fretting
was performed for around 150 s and voltage was recorded from the beginning of the test until

it recovered to near the starting Ecorr. The voltage drop and time constant was determined
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from the voltage during fretting corrosion minus the Ecorrand the time it took to go 0.63 times
the change in voltage. The results from these tests were compared to the model predictions

using Eq. 6-1 and Eq. 6-2.

Statistical analysis

Data analysis included determination of voltage drop at each area, load and frequency.
Voltage drops were calculated by finding the potential at each area and subtracting it from
the baseline Ecorr value prior to the fretting test. Where appropriate, statistical analysis were
performed using ANOVA methods and Tukey’s post-hoc comparisons, with p<0.05 considered
significant. Specific results will be utilized to make comparisons with the theoretical model

proposed.

6.4 Results

6.4.1 Impedance vs Area

The impedance of different areas of Ti-6Al-4V surface is shown in Figure 6.2. Three areas (0.8
cm?, 2.6 cm?, 6 cm?) were measured and the impedance is given in Ohms. Clear variation of
impedance is observed among different areas. Impedance decreases as area becomes larger
over the range of frequencies tests. These scans were used to determine oxide resistance,
capacitance, solution resistance, and impedance at 0.01 Hz and the results are shown in Figure
6.3 a-d. Randle’s circuit was used in the curve fitting of the impedance scans using Z-view
software. A constant phase element was applied to modify the capacitance component due

to the non-ideal behavior of the interface. From equations 6-3 & 6-4, the extrinsic resistance
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should vary as 1/A while the extrinsic capacitance should increase linearly with area.The area-

dependence for these parameters can be clearly seenin the figure as anticipated (p<0.05).

6.4.2 \oltage shifts during fretting and recovery

An example of how the voltage of the pin and disk electrodes shifts with fretting can be seen
in Figure 6.4. This plots shows the open circuit potential for Ti-6Al-4V pin and disk sample prior
to fretting, during fretting (2.5 Hz. 50 um at 5 N) and after fretting is ceased. The initial resting
OCP in this case is about 180 mV (vs Ag/AgCl). At fretting onset, the potential drops
exponentially to about -750 mV (vs Ag/AgCl) and remains there during fretting. When the
fretting stops, the OCP immediately begins to recover, againin an exponential fashion where
the time constant for recovery is different than that for onset. Figure 4 shows the curve fitting
results for the fretting equations for fretting transitions and recovery (Eg. 6-1 & 6-2),
respectively. The values used to fit these equations are shown in Table 6.1 and are in
reasonable agreement with the values measured for these materials. The difference in the
time constant for fretting onset and recovery are related to the fact that during fretting the
time constant is dependent on the fretting corrosion admittance (K) while the recovery time

constant is simply the product of Rox and Cox.

6.4.3 Effect of area on voltage drops during fretting corrosion

Test results for frequency of 0.125 Hz
The effects of area on the equilibrium voltage drops and the time constants for fretting

corrosion (not recovery) seen experimentally at fretting frequency 0.125 Hz are shown in
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Figure 6.5a and 6.5b. These plots show both measured electrode potential drops (Figure 6.5a)
and time constants (Ttribo, Figire 6.5b) versus area and the corresponding values from Eq 6-1
using a single set of selected values of Rox, Cox, Kand Rs for the equation (see Table 6.1). It can
be seen that there is reasonable agreement between both the voltage drop and the time
constant with area as predicted by Eqg. 6.1 & 6.2. Voltage drop values decrease as electrode
area becomes larger as expected while time constant during voltage drop exhibits the
opposite trend. The difference between the measured values and the constant R and C theory
likely relates to the variability in the starting electrode potential, which ranged between -20
mV (for the smallest areas) to -200 mV (for the largest areas). These curves are fit with
constant values forthe R’s, C’s and K and do not account for any variation in these parameters

with voltage.

Test results for frequency of 1.25 Hz

Comparison of voltage drop and time constant between the theory (Eg. 6-1 & 6-2) and
experiment results during fretting corrosion at fretting frequency 1.25 Hz are shown in Figure
6.6 a & b. Selected values of Rox, Cox, K and Rs (see Table 6.1) were used. Significantincrease
of voltage drop due to the increase of fretting frequency are shown in all tested areas.
Electrode potential transients during fretting corrosion decrease as area gets largerand are in
the range of -0.4 V and -0.6 V. It can be seen that there is fair agreement between both the
voltage drop and the time constant with area as predicted by Eq. 6.1 and 6.2. The difference
between the measured values and the constant R and C theory likely relates to the voltage

dependence of these parameters, however, while the data and theory do not overlay one
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another in these plots, the trends shown by both the experiment and the theory are
consistent. When each individual potential transient used to make these plots are fit with Eq.
6.1 and 6.2, the Rox’s and Cox’s vary with both area and voltage (See Fig. 6.6 c & d). These are
plots of the mean and standard deviation of the Rox and Cox used in the best fit versus the
potential reached during fretting (which was more negative for smaller electrodes). These
data imply that a single set of constant Rox and Coxmay not be best for the overall performance,

but that voltage-dependent values may be more suitable for wide ranging potentials.

6.4.4 Effect of voltage recovery after fretting corrosion

The effect of area on the voltage recovery time constant after ceasing of fretting corrosion
experimentally are shown in Figure 6.7. Significantdifferences (p<0.05) are observed between
1 cm? and 4 cm?, while no significant differences are shown between other groups. The time
constant of 4 cm? is significantly smaller than that of 1 cm?. Based on the Randle’s circuit
model, the recovery time constant equals to the product of intrinsic R and C and should
remain unchanged assuming the intrinsic parameters are constant. This result indicates that
intrinsic R and C are voltage dependent. Different voltage conditions during voltage recovery

among different electrode areas affects both intrinsic and extrinsic R and C.

6.5 Discussion

This work has shown that voltage variation on surfaces of Ti-6Al-4V alloy undergoing
fretting corrosion of their oxide films under freely corroding conditions are influenced by the

overall electrode area available for reduction, the impedance characteristics of the surface as
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well as the conditions of oxide abrasion (e.g., fretting frequency). The mechanics of the tribo-
electrochemical interface and the materials dependence are accounted for in this model. The
theoretical underpinning of these responses is able to describe and predict the voltage
behavior both in terms of the magnitudes of the shifts but also in the time course of the
changes seen. When Randle’s circuit behavior is coupled with the fretting current equation
previously described [11], the resultant expression can predict the behavior of the voltage in
terms of the magnitude of the shift and the time course of the changes. Additionally, once the
open circuit potential versus time during the fretting process, V (t), is known, the fretting
currents can be obtained. Indeed, it is possible to use the measured voltages to make direct

measurement of tribocorrosion currents.

Cathodic electrode potential excursions increased when the cathodic area decreased
because the extrinsic resistance of the surface rose. Voltage drops also increased when the
fretting frequency increases (faster surface oxide abrasion). Normal load on the surface is
another important factor influencing the voltage drop by affecting the surface fretting
condition. Increasing loads to a certain of level could lead to a decrease in the voltage drop
when sticking of the fretting interface occurs [11]. Details of how the fretting frequency and
normal load affect the voltage drop is described elsewhere [81]. The maximum voltage drop

is limited by Vo, the onset voltage for oxide formation.

The solution resistance did not significantly alter the voltage transient behavior because
terms containing Rs were much smaller than other parameters due to the ionic concentration

in the solution (isotonic saline). Typically, Rs is on the order of 10 to 100 Q while Rox is in the
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10° to 10° Q range, and K is typically inthe 10 to 10 S range. Thus, terms containing Rs are
typically three orders of magnitude smaller than other terms in the equations developed and
therefore do not significantly contribute to the response. However, when solution resistance
is large (i.e., dilute aqueous solutions, distilled water), then Rs may play a role and therefore

has been included here.

The solution to the Randle’s circuit differential equation due to the fretting current
equation, Equation 6.1, presents some interesting observations worth mentioning. The
equation has a pre-exponential term and a time constant for the transient response which
arises from assumed constant tribological conditions and constant resistances. This approach
allows for direct linkage to be made between the mechanics of the process and the
electrochemistry. Additionally, the time constant for tribocorrosion is shown to be sensitive
to the mechanics, impedance and area, as was seen in the experimental results. It increases

with area, Rox and Cox and decreases with increasing K.

The time constant for the voltage recovery after fretting corrosion T is theoretically
independent of area and voltage. However, different of voltage recovery time constant was

observed in this study. tis expressed as the product of R and C:

_ Al
7=RC ="——2— = pg¢
A I PEE,

where p isthe electrical resistivity of the material, ¢ isthe relative static permittivity of the

material, &,is the electric constant (g0 = 8.854x10712 F-m™). Thus, the electrical resistivity
or the relative static permittivity of the oxide film may vary with voltage. Previous studies [36,

38] have shown that voltage alters not only the thickness of the oxide but also the oxide film
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chemistry, valence and defect density. These changes of oxide during voltage recovery could

result in variation of electrical resistivity and permittivity of the oxide film.

There are limitations to the models presented in this study. First, the ideal Randle’s circuit
(with constant R’s and C) is a first order simplified approximation of a much more complicated
and voltage-dependent surface. Even though, the resultant potential transients were

reasonably good approximations of the experimental results.

The concepts of voltage-dependent circuit elements could be applied to replace the
constant R and C values in the equation. As voltage becomes more negative, the resistance of
the oxide decreases and the capacitance increases [83]. One explanation for this is to apply
the Tafel element, Mott-Schottky concept (for the capacitance of the oxide) and assume the
cathodic reactions are activation limited [152]. The Tafel-element/constant capacitance and

Tafel/Mott Schottky discharging models were better able to describe the potential recovery.

Another limitation of this study is that the fretting equation used assumed that the
fretting speed is slow enough such that the repassivation reactions happen much faster than
abrasion of new oxide. Thus, the rate of repassivationis governed by the slower abrasion rate.
At high abrasion sliding speeds this assumption will not hold. However, since oxide
repassivation reactions under potentiostatic conditions occur in the millisecond range,
fretting speeds would need to be much higher than those presented here to violate this

assumption.

The assumption was also made that only film forming oxidation currents were at play.
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Where there are significant ionic currents present that contribute to the film currents,
adjustments to the model will be needed. Additionally, the byproducts of the oxidation and
reduction reactions may alter local solution chemistry which can alter oxide film properties

and structure. These effects have not been accounted for in this model.

Eq.1 also predicts that the time constant for potential transients during fretting will
approach zero as the area of the cathode approaches zero. However, this is not likely to be
the case. The model does not deal with cases where the abraded area is a significant fraction
of the total area. In this case, the bare abraded surface would contribute significantly to the

voltage response deviating away from the theory presented.

This effort attempts to model the links between fretting corrosion processes (mechanics
and electrochemistry), impedance, and geometry and the potential drops observed. Linkage
of these factors has important consequences. One direct consequence is that the amount of
corrosion that occurs during oxide abrasion depends on the amount of oxide repassivated.
This analysis shows that as the potential becomes more negative, the amount of oxide
repassivating decreases and the amount of oxidation currents generated alsogoes down. Thus,
the relationship between mechanical sources of material loss and electrochemical sources
cannot be decoupled or summed algebraically. Rather, the cathodic area and its properties

will affect the process.

Additionally, voltage changes on metallic biomaterial surfaces have been shown to
impact redox reactions may occur at the surface and that living cells cultured on these surfaces

under cathodic bias can rapidly die [87]. Thus, implants in the body that are subject to
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mechanically assisted corrosion will have similar voltage drops that may result in conditions
that adversely affect the local biological environment and may contribute to local cell death.
The results of this work can provide estimates of the cathodic surface area needed to keep
implants from developing potentials below the threshold for impact on cells, and may be

helpful for designing against some of the biological effects of tribocorrosion.

6.6 Conclusions

This study has conducted experiments to evaluate and demonstrate the validity of a
theory for predicting the voltage shifts observed in mechanically assisted corrosion processes
for oxide-film covered alloys. The voltage drop depends on the surface and solution
impedance characteristics, the area of the electrode, the material and the mechanical
conditions giving rise to the oxide film abrasion. The theory predicts all of the voltage-time
behaviors seen in such systems. The time-course of the voltage change during onset as well
as recovery were shown to be predicted by the model where the time constant during voltage
drop was dependent on the electrode area. As electrode area increases, cathodic excursion
during fretting corrosion decreases while the voltage drop time constants increases. As
fretting frequency increases, voltage drop during fretting corrosion becomes larger. This
model can be used to estimate voltage drops in metallic implants (or other structures) being
subjected to mechanically assisted corrosion mechanisms and provides a tool to better

understand and model tribocorrosion behavior.

158



RI

— W=
Reduction l

Oxidation

R’OX —— ,
- Cox Anode
Cathode

Figure 6.1 Schematic of the Randle’s Circuit approximation for the electrode area where

tribocorrosion currents are returned atthe cathode during a freely corroding process.
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Figure 6.2 Experimentally-determined impedance of Ti-6Al-4V in phosphate buffered saline
(PBS) at three different electrode areas. Electrodes were planar and polished to 1 um with

areas of 0.8, 2.6, and 6 cm?. Note the systematic drop inimpedance with increasing electrode

area.
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Figure 6.3 a-d. At fretting frequency of 0.125Hz, summary of electrical parameters for the
Randle’s circuit based on the impedance measurements of Ti-6Al-4V at different electrode
areas. Extrinsic resistances (R’s and R’ox) vary with the reciprocal of area while extrinsic
capacitance varies directly and linearly with area as expected. a) R’s — solution resistance, b)
C’ox — capacitance, c) Z@0.01Hz impedance magnitude at 0.01 Hz, and d) R’ox — oxide

resistance. Inset plots show R’s plotted against 1/A. These plots approximately show the area

dependence expected from the impedance tests.
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Figure 6.4 Electrode potential transient response of Ti-6Al-4V subject to fretting corrosion and

recovery. The theory prediction is shown in the dashed line applying Eq.6-1 and Eq.6-2. The

values for all parameters used in these plots are listed in Table 6.1
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Figure 6.5 Plots of a) the voltage drop and b) the time constant for fretting corrosion onset
resulting from fretting corrosion tests of Ti-6Al-4V with three different total electrode areas
at fretting frequency 0.125Hz. The conditions for fretting were held fixed (e.g., load, sliding
distance, sliding speed), n=3 for each area. The predicted values for the time constant and the

voltage drop based on Eq. 1 are also shown. Values used are in Table 6.1.
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Figure 6.6 Plots of a) the time constant for fretting corrosion onset, and b) the voltage drop
resulting from fretting corrosion tests of Ti-6Al-4V with three different total electrode areas
at fretting frequency 1.25Hz. The conditions for fretting were held fixed (e.g., load, sliding
distance, sliding speed), n=3 for each area. The predicted values for the time constant and the
voltage drop basedon Eq. 1 are alsoshown. Values used are in Table 1. Also shown are average
and standard deviations for c) Rox and d) Cox used to get best fits to each individual potential
transient curve at each area. Note that these are intrinsic values yet they appear to vary with
the potential attained in each experiment indicating that R and C are sensitive to the voltage

conditions.
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Figure 6.7 Voltage recovery time constant after ceasing of fretting corrosion for different areas

at fretting frequency of 1.25Hz.
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Table 6.1
Summary of defined variables and their values for specific figures. Values were either known

from the literature, determined from experiment, or adjusted to obtain the best fit of the

theory with the data.

Table 6.1: Parameters and Values
Parameter Definition Unit 3 4 5 6

R Intrinsic Solution Resistance QOcm? 100 100 100 100

Ry, Intrinsic Oxide Resistance Ocm?  [1.50E+06 |1.20E+06 3.00E+04 [8.00E+05
Cox Intrinsic Oxide Capacitance F/cm?  [2.50E-05 |[1.10E-04 6.00E-05 |3.00E-05
A Total Area cm? 1.0

Dt Time Increment S 0.1

K Fretting Corrosion Admittance | S 7.74E-06 2.00E-06 (3.00 E-06
Ecow Open Circuit Potential at Rest \4 -0.18/-0.28 0.1 0.2

V, Oxide Formation Onset Voltage \ -0.8 -1.0 -1.0

M Anodization Rate cm/V 1.80E-07

d Sliding Speed (2) cm/'s 0.05

A Average Interasperity Distance Cm 0.05
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Chapter 7 Synthesis of results

Recent report of inflammatory cell-induced corrosion mechanism of CoCrMo alloy
challenged traditional understanding of the relationship between corrosion and biology in hip
implant systems. To better understand the role biology may play in the corrosion of CoCrMo
based-hip implant devices, this study explored the mechanism of inflammatory cell induced
corrosion on CoCrMo alloy and investigated how simulated inflammatory conditions and
Fenton chemistry affect the electrochemistry behavior, oxide film behavior and fretting
corrosion behavior of CoCrMo alloy. The hypothesis is that the presence of inflammatory cells-
based reactive oxygen species, acid and Fenton chemistry in joint fluid alter the corrosion
resistance of oxide film and increase the oxidizing power of the solution to affectthe corrosion

and fretting corrosion behavior of CoCrMo alloy.

In Chapter 2, electrochemical corrosion tests found that the corrosion susceptibility of
CoCrMo alloy can be significantly increased by inflammatory cell released ROS such as H20>
and Fenton reaction. These inflammatory cell based chemicals have been shown to create a
highly corrosive environment at physiologically possible concentrations. Presence of H,02 and
Fenton reaction increase the oxidizing power of the solution and significantly increase the
cathodic behavior of CoCrMo alloy. Meanwhile, these reactive chemical species decreasedthe
impedance of oxide film and led to a more defective and less stable oxide. This combination
effect, as hypothesized, resulted in a significant increase in the corrosion current and more
positive open circuit potential. One major finding of this study is that physiologically possible
potential of CoCrMo alloy has been shown to be as positive as 0.65 V, a much higher level than
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previously thought. OCP increased to around 0.65 V in Fenton chemistry modified PBS
solution at pH 7 or PBS solution with 30 mM H20: at pH 1. Increase of OCP to 0.65 V brings Cr
ions to +6 state and could potentially lead to adverse local tissue reactions due to the toxicity
of Cr®*in vivo. Interestingly, in 30 mM H>0, modified PBS solution, decreases in pH increased
corrosion resistance of CoCrMo alloy, which is counter in counterintuitive in that lower pH
solutions are normally associated with increase in corrosion susceptibility. Thus, pH 7.4

physiological solution with H203 is the most corrosive to CoCrMo alloy.

In chapter 3, the effect of HCIO, an important and aggressive ROS released by neutrophil
myeloperoxidase (MPQ) during respiratory burst, and hydrochloric acid on corrosion behavior
of CoCrMo alloy was investigated. Corrosion susceptibility of CoCrMo alloy was significantly
increased in simulated inflammatory solution when 0.1 M HCIO was added. Open circuit
potential significantly increased from -0.1 V to 0.9 V, where Cr®" generation was
thermodynamically favored. Corrosion current density in HCIO modified solution increased
more than 300 times compared to PBS-only solution, while significant decrease of impedance
magnitude was observed in simulated inflammatory solution with HCIO. HCIO exhibited
similar effect on CoCrMo electrochemistry as H20:. It increased the oxidizing power of the
solution, damaged the oxide film and facilitated the corrosion of CoCrMo alloy. Interestingly,
pH 7.4 physiological solution with HCIO was found to be more corrosive than more acidic PBS
solution with HCIO. This “ acid-passivation” effect was similar to that of H202. The presence of
acid alone increased the oxidizing power of the solution, decreased the formation and growth

of the passive oxide layer and resulted in a more aggressive (corrosive) environment for
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CoCrMo alloy.

In chapter 4, the effect of simulated inflammatory solution with H202 on oxide of CoCrMo
alloy was investigated by electrochemical atomic force microscopy (ECAFM). Physiologically
possible anodic potentials reported in Chapter 2 & Chapter 3 were applied in physiological
solutions with or without H202. ECAFM images showed that the presence of H202 in PBS
solution altered the oxide behavior and indicated different corrosion reactions occurred in
simulated inflammatory solutions. ECAFM images, surface roughness and polarization results
demonstrate a correlated relationship between surface morphology and electrochemical
behavior of CoCrMo alloy. Significant surface dissolution and corrosion of oxide on CoCrMo
alloy were observed with increase of corrosion current density as potential was increased to
0.5 V or higher, which are physiologically possible potentials when H>0>, acid, Fenton
chemistry or HCIO are present. New oxide film formation was observation at transpassive
potentials, however, the new oxide is not as corrosion protective as the passive film at OCP
condition in PBS. Surface morphology variation, surface roughness and current density
exhibited strong time-dependent behavior. Carbide boundaries and grain boundaries were
observed to be preferential sites for oxide dissolution at transpassive potential. This study
indicated both voltage and simulated inflammatory solution altered the corrosion behavior of
CoCrMo alloy. Significant corrosion of CoCrMo alloy can happen at sufficiently positive

physiologically possible potentials.

In chapter 5, the effect of simulated inflammatory conditions and potential on the

fretting corrosion behavior of CoCrMo alloy was studied. Cell-based (H203, acid and Fenton
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reaction) and implant-based (acid) solution chemistry were applied in this study to represent
possible simulated inflammatory conditions. Fretting corrosion behavior of CoCrMo alloy
were significantly affected by both solution chemistry and potential. Presence of Fenton
chemistry resulted in less stable oxide film and increased oxidizing ability of solution. Oxide
formation potential varied in different solutions and was the most positive under Fenton
chemistry modified PBS solution, indicating increase in corrosion susceptibility of CoCrMo
alloy when H20; and iron ions were present. Fretting current density was the largestin PBS
solution and smallest in the Fenton reagent solution, showing less stable oxide film in
physiological solution with Fenton chemistry. Fretting current density increased in a linear
fashion with potential above oxide formation potentials for all solutions, but with different
slopes and shows great agreement with the fretting corrosion model developed by Gilbert et
al. before. Fretting COF, effective displacement and work done per fretting cycle at the
interface were both potential and solution chemistry dependent. Interestingly, high fretting
COF was observed just below the oxide formation potential in Fenton chemistry modified
solution, indicating a change in frictional behavior due to the formation of new oxide. Pitting
corrosion damage was shown in PBS and Fenton chemistry cases. Passivation of oxide films
was the strongest in acidic solution, where no pitting corrosion was observed. Longer-term
fretting corrosion in simulated inflammatory conditions resulted in more sever corrosion

damage compared to shorter-term tests.

In Chapter 6, the effect of electrode area and impedance characteristics on the voltage

drop during fretting corrosion of Ti6Al4V was investigated. Experiment results showed good

170



agreement with the impedance-based fretting corrosion model in predicting the time-
dependent voltage excursionbehavior during fretting corrosion process. Increase of electrode
area leads to decrease of cathodic voltage excursion and increase of voltage drop time
constant. This study has shown that the fretting corrosion model can be applied in estimating
voltage drops in metallic biomaterials being subjected to fretting corrosion and provides
useful tool to better understanding the nature of voltage excursion due to fretting corrosion

for metallic biomaterials.

In conclusion, this study has explored the role of possible reactive chemical species
released by inflammatory cells on the corrosion of CoCrMo alloy and has shown inflammatory
cell released ROS such as H202, HCIO, Fenton chemistry and acid increase oxidizing power of
physiologically simulated solution, decrease oxide film impedance and significant increase in
corrosion susceptibility of CoCrMo alloy. These reactive chemicals are able to create a highly
corrosive environments and demonstrate at least part of the hypothesized mechanism of
inflammatory cell-induced corrosion. Oxide film plays an important role in the corrosion
behavior of CoCrMo alloy. Morphology, surface roughness and friction behavior of oxide film
are directly associated with electrochemical corrosion behavior of CoCrMo alloy and have
been shown to be significantly altered by the presence of simulated inflammatory species
such as H20;. Direct oxide dissolution and reformation were observed by ECAFM under
physiologically possible potentials when simulated inflammatory species present. Fretting
corrosion behavior of CoCrMo alloy is significantly altered by simulatedinflammatory solution

with Fenton chemistry. Oxide film was significantly altered by the combined effect of fretting
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motion and aggressive chemical species, which led to different oxide formation potentials,
fretting COF and fretting corrosion rates under simulated inflammatory conditions. This study
has systematically demonstrated that inflammatory cell-based species play a significant role
in CoCrMo electrochemistry and represented a major step in our understanding of the
hypothesized cell-induced corrosion mechanism and the interaction between biology and
corrosion. The role of biological response on the corrosion behavior of metallic biomaterials
should be carefully considered and better understood. The immune system and the solution
chemistry it develops may be the missing link between current in vitro corrosion studies,
which can’t completely duplicate all the corrosion modes on retrieved implants, and actual

implant corrosion in vivo.
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Chapter 8 Conclusions

This study explored the mechanism of inflammatory cell induced corrosion. Several

important finding were made on how simulated inflammatory conditions and Fenton

chemistry affect the electrochemistry, oxide film and fretting corrosion of CoCrMo alloy. The

key findings are summarized below:

The corrosion susceptibility of CoCrMo alloy can be significantly increased by simulated
inflammatory cell releasedreactive oxygen species (H202 acid, HCIO) and Fenton reactions.
These chemicals are similar to what is expected to occur under phagocytic cells during
activation and demonstrate at least part of the mechanism of inflammatory cell induced
corrosion.

Addition of reactive oxygen species (H202, Fenton reagent and HCIO) increased the
oxidizing power of the solution and decreased the impedance of surface on CoCrMo alloy.
Physiologically possible potential of CoCrMo alloy was found to be as positive as 0.9 V
when HCIO presents. The level is 0.8 V higher than what was thought before.

In H202 or HCIO inflammatory conditions, decrease of acidity significantly increased the
corrosion susceptibility of CoCrMo alloy.

ECAFM study showed that simulated inflammatory condition (H20:) and potential
significantly altered oxide film behavior (surface roughness, topography, corrosion
resistance).

Variation of surface roughness, corrosion resistance were related with potential and time-

dependent oxide film topography.
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Fretting corrosion behavior of CoCrMo alloy was significantly affected by both solution
chemistry and potential.

Simulated inflammatory conditions (Fenton reaction) led to less stable oxide film and
increased oxidizing ability of solution, altering the fretting corrosion behavior of CoCrMo
alloy.

Cathodic electrode potential excursion during fretting corrosion depends on the surface

and solution impedance characteristics and the area of the electrode.
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Chapter 9 Future study

This dissertation answered many questions associated with the mechanism of
inflammatory cell-induced corrosion on CoCrMo alloy and was the first effort to explore the
effects of biological processes on the corrosion and fretting corrosion behavior of metallic
biomaterials. There still remain a series of significantandinteresting aspects to be investigated
in order to better understand the ICIC mechanism and its possible effects on patients. This
chapter describes several future studies related to the topic of this thesis. Some proposed
studies aim at providing supplemental information associated the work presented in previous
chapters, while the others suggest new directions on the ICIC topic. Some suggestions for

future efforts are listed as below:

Joint fluid

All tests in this study were conducted in simulated inflammatory solutions to investigate
which chemical species were mainly responsible for ICIC. In vivo joint fluid is more complicated
and contains a variety of chemicals and proteins. Thus, the corrosion behavior of CoCrMo alloy
may differin joint fluid and should be better understood. A previous study has shown that the
inflammation degree of joint fluid affects electrochemistry of CoCrMo alloy. It is important to
conduct electrochemistry, surface characterization and fretting corrosion tests on CoCrMo
alloy in joint fluid. Meanwhile, to characterize the constituents of joint fluid from patients is
meaningful and will provide valuable guidance in preparation simulated solution for in vitro

corrosion tests.
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Cell-materials interaction

Another proposed study is to investigate the inflammatory cell-CoCrMo alloy interaction
and duplicate the ICIC damage on CoCrMo alloy in vitro. Currently, it is unknown what types
of cells are involved in the ICIC process and what local environment created by inflammatory
cells is toinduce CoCrMo alloy corrosion. Thus, cell culture experiments on CoCrMo alloy may
provide valuable information to the answers of these questions. Different types of
inflammatory cells can be used in this study to determine the cell types responsible for ICIC.
This study can be used to monitor the time inflammatory cells need to induce CoCrMo alloy

and this is directly related to the clinical performance of the implants.

XPS study

Another suggested study is to use X-ray photoelectron spectroscopy (XPS) to investigate
the chemistry of oxide film on CoCrMo surface. It has been shown in this study that simulated
inflammatory species are able to positively shift the surface potential about 1V to as high as
0.9V, which brings the oxide into transpassive voltage region. Under sufficiently positive
potentials, metal element in oxides may be oxidized into high valance state and be retained in
the oxide or releasedinto the solution [75]. It is known that some metal ions, such as Cr, is
highly toxic at high valance state (Cr®*) and is undesired in vivo. Thus, this study will provide
meaningful information on possible release of highly toxic metal ions by CoCrMo-based

implants.

Metal ions concentrations
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It has been shown that implantation of CoCrMo alloy increase metal ion concentrations
injoint fluid, some metal ions (Co, Cr) are dangerous beyond a certain level of concentrations.
Thus, it is important to study how simulated inflammatory solutions affect the metal ions
release of CoCrMo alloy and know what concentrations and which valance states the metal
ions are in solutions. Simulated inflammatory solutions significantly increases corrosion
susceptibility of CoCrMo alloy, changes the oxide film behavior and may significantly influence
the release of metal ions from oxide. This information can also be used to speculate on
reactions associated with oxide film and, together with XPS technique, may provide better

understanding of the possible influences ICIC has on the implant and joint fluid system.

Long-term tests

Currently, the time inflammatory cells needed for ICICis unknown. All experiments in this
study were shot-term tests which may not be able to reveal what actually happens to implant
long-term after implantation. Long-term corrosion and fretting corrosion tests under
simulated inflammatory conditions or joint fluid will provide supplemental valuable
information for better understanding long-term corrosion performance of CoCrMo alloy after
implantation. The corrosion damage is probably more sever after long-term attack by cells and

fretting motions, which may lead to same damage modes observed from retrieval study.

Reactive nitrogen species

This dissertation has investigated the effect of a series of possible inflammatory cell-
based reactive chemical species, including H202, HCI, HCIO and Fenton chemistry on the
corrosion behavior of CoCrMo alloy. Other important reactive chemical species released by
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activated inflammatory cells and have high strong oxidative ability are nitric oxide (NO) and
peroxynitrite (NOs3’). Previous studies reported that macrophages and their released NO
altered oxide film of CoCrMo alloy [59]. Thus, it is important to study how simulated
inflammatory solutions with reactive nitrogen species affect the electrochemistry and oxide

film behavior of CoCrMo alloy and exam their possible roles in the ICIC mechanism.

ICIC on titanium

Recently, ICIC has been reported on retrieved titanium implants. Similar to CoCrMo alloy,
titanium alloy may be attacked by activated cells in vivo. The effect of H202 on corrosion of
titanium alloy has been studied for a long time and is well documented. However, how other
reactive chemical species released by inflammatory cells influence the corrosion susceptibility
of titanium alloy is poorly understood. Thus, to perform corrosion tests, ECAFM test and
fretting corrosion tests on titanium alloy under simulated inflammatory solutions will provide
answer to this question and may be able to duplicate ICIC damage similar to what has been

observed on retrieved titanium implants.

Fretting COF variation with voltage

Fretting corrosion tests in this study has shown that fretting COF on CoCrMo alloy is
voltage and solution chemistry depended. However, why this occurs is poorly understood.
Fretting COF affects fretting motion and corrosion behavior of hip implants and is of
significance in selection of material in hip and knee implants. ECAFM study with friction mode
combined with varied potential tests will reveal the reasons of variation in COF at different
potentials at nano-scale level and may provide useful suggestions for alloy processing and
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improving fretting corrosion performance of CoCrMo alloy.
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